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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 
July 1985 
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SAUL PATAI 
Z V I  R A P P O P O R T  



The Chemistry of Functional 
Groups 
Preface to the Series 
The series ‘The Chemistry of Functional Groups’ is planned to cover in each volume all 
aspects of the chemistry of one of the important functional groups in organic chemistry. 
The emphasis is laid on the functional group treated and on the effects which it exerts on 
the chemical and physical properties, primarily in the immediate vicinity of the group in 
question, and secondarily on the behaviour of the whole molecule. For instance, the volume 
The Chemistry ofthe Ether Linkage deals with reactions in which the C-0-C group is 
involved, as well as with the effects of the C-0-C group on the reactions of alkyl or aryl 
groups connected to the ether oxygen. It is the purpose of the volume to give a complete 
coverage of all properties and reactions of ethers in as far as these depend on the presence 
of the ether group but the primary subject matter is not the whole molecule, but the 
C-0-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 
reusonabfe 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. 

ix 



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 lit 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 Derioatives (two parts) 
nte Chemistry of Diazonium and Diazo Groups (two parts) 
The Chemistry of fhe 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) 
Supgleme,nt 8: The Chemistry of Acid Deriuatiues (two parts) 
Supplement C: The Chemistry of Triple-Bonded Functional Groups ( fwo parrs) 
Supplement D: The Chemistry of Halides, Pseudo-halides and Arides (two parts) 
Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and their Sulphur 

The Chemistry of the Sulphoniurn Group (two parts) 
Supplement F: The Chemistry of Amino, Nitroso and Nitro Groups and their Deriuatiues (two 

The Chemistry of the Metal-Carbon Bond (three volumes) 
The Chemistry of Peroxides 
The Chemistry of Organic Se and Te Compounds Vol. 1 

Titles in press: 

Analogues (two parts) 

parts) 

The Chemistry of Cyclopropanes 
The Chemistry of Organic Se and Te Compounds Vol. 2 
Advice 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 eficient and patient 
cooperation of several staff-members of the Publisher also rendered me invaluable aid (but 
unfortunately their code ofethics 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 2. 
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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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, 0, 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, is .  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 0x0 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’.2 and organotelluri~m~ 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.  
IV-VII elements 

Periodic Table of Group 

Group 
Period IV V VI VII 

~~ 

2 C N O F  
3 Si P S C1 
4 Ge As Se Br 
5 Sn Sb Te I 
6 Pb Bi Po At 
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TABLE 2. 0x0-anions of Group IV-VII elements in their highest 
oxidation state 

3 

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. 

II. 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- t o  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 (1UPAC)4 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 0-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 a h  because the Chemical 
Abstracts indexes enter systematically correct terms without cross-references t o  new 
trivial names. 

The prefix seleno- has, however, traditionally also been used to  indicate replacement of 
0 by Se. The IUPAC Commissions of both organic4 and inorganic5 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 IUPAC names. 

In analogy with the suffix name-thione for =C=S, the name -selenone has repeatedly 
been used in the literature to designate :Se=O. This is, however, confusing since 
-selenone is the suffx also for a n  isologue of a sulphone, R,SeO,. 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 IUPAC 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 Chemistry4 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 TV). A comprehensive 
discussion of the nomenclature of organoselenium compounds is also available6. 

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. 

111. 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 1865'. 

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 1840F. Wohlers prepared the first organic Te compound, diethyl 
telluride, in a similar way to the sulphide. L6wigg 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 laboratory1 ' : ethaneselenol (1847), diethyl telluroxide (1851), 
dimethyl telluride, dimethyl diselenide (1856), and others. Selenonium and telluronium 
salts'* were discovered in 1865, but ~elenoxides'~ not until 1893. From SeO,, inorganic 
selenocyanate, selenourea ( d i ~ o v e r e d ' ~  in 1884), and some heterocyclic compounds, 
containing N and Se in the same ring, were prepared in 1889-9015-'7. 2,SDimethyl- 
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. ANALOGUESOFALCOHOLSANDETHERS 

A. Alcohol Analogues 

Thiols (l), 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 HZY R'YR' 
(4) Y = s 
(5) Y = Se 
(6) Y =Te 

(1) Y =s  
(2) Y = Se 
(3) Y = Te 

(7) Y = s 
(8) Y = Se 
(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 
in the 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 diary1 ditellurides to reduction (with NaBH,, or Na in liq. NH,), or by base- 
induced disproportionation, yielding tellurinates as the oxidized p r o d ~ c t s ' ~ .  Insertion of 
metallic Te into the carbon-metal bond of various organolithium compounds, notably of 
the heteroaromatic series, provides a convenient route to lithium arenetellurolateszO. 

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 uic-dibromides to alkenesZ ', 
and of a-halocarbonyl compounds to the reduced halogen-free counterpartsz2. Similarly, 
sodium hydrogen telluride serves as an efficient, selective reagent for reducing a$- 
unsaturated carbonyl compounds (aldehydes, ketones and esters) to the saturated 

B. Ether Analogues 

Organic sulphides (7), selenides (8) and tellurides (9) are generally more stable than the 
corresponding hydrides, (l), (2) and (3). Numerous diorganyl chalcogenides are known, 
varying widely in the nature of the radicals R' and R 2 ;  thus, besides the more common 
alkyl and aryl radicals, R' and R2 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 intermediatesz4. 

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 occurz5. This seems also to be the case with diorganyl 
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tellurides26. 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 R2Y, (Y = S,Se,Te) have a pronounced 
ability to combine with transition metals thus producing a large number of coordination 
compounds2’. 

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. 

D 

V. ONlUM SALTS AND YLIDES 

A. Onium Salts 

Triorganylsulphonium ions (10) and the isologous selenonium (1 1) and telluronium (12) 
ions were discovered in 1865”. 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. 

R1\  + 
R2- Y 

/ 
R3 

(13) (14) Y = S 

(16) Y = Se 

(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’, R2 and R 3  represent 0, 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 isolated2*. 

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 2  # R3) which was achieved for lo in  190029~30 and for 11 in 19023’. The reported 
resolution of a telluronium salt3’ could not be confirmed33. 
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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 C1 to I. Therefore, deviations from a purely ionic structure are especially 
prominent among telluronium halides34. 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, lS 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 y l i d e ~ ~ ~  
which undergo reaction with non-enolizable carbonyl compounds to give oxirans in both 
the Se37 and the Te3' series (path a, equation 1). 

b +R*C=O I A 
R' R2 

R3@C= CHCO, Et 

If R' = CO,Et,RZ = H and Y = Te, however, the reaction proceeds differently, the 
stabilized tellurium ylide giving an a,l(-unsaturated ester39 (path b, equation I )  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 (Ss,3e,, 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 selenapentasilacyclohexane40. Similarly, Te 
inserts into the Si-P bond of the phosphine Me,SiPBu', rather than producing a phos- 
phine telluride (cf. Section XI), to give a product containing the - SiTeP group4'. Other 
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examples comprise insertion of selenium dioxide into stannoxanes, R,SnOSnR,, to give 
distannyl selenites, R3SnOSe(0)OSnR,42 and of sulphur dioxide, selenium dioxide or 
tellurium dioxide into the Mo-C bond of the cycloheptatrienylmolybdenum compounds 
q-C,H,Mo(CO),CH,, to give products of the type ~-C,H,MO(CO),Y(O,)CH~~~.  Often, 
however, reduction takes place at the same time. Thus, Se0,reacts with ditellurides to 
form tellurenyl tellurinyl selenides, RTeSeTe(0)R44. 

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 (rpCSH5),(Me,P),Co, to give products containing a CoYCo structure4s. 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,NCH2NR,, to give diselenocarbamate esters, 
R,NCH,SeC(Se)NR,46. 

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 data4,. 

>Y=O LyHO ' No 

(17) Y = S (20) Y = s 
(18) Y = se (21) Y = se 
(19) Y = Te (22) 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 recently4'. Enantiomerically enriched 
telluroxides (19) are unknown3,. 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 B- 
positioned hydrogen atoms. If so, they undergo a remarkably facile, stereospecitic E 
elimination, often at temperatures well below 20 "C (equation 2). 
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This reaction, discovered less than a decade ago, has rapidly been put to good use in 
modern organic synthesisz4. 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 r o ~ t e s ~ ~ ~ ~ ~  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 required51. In recent years aromatic telluroxides have 
attracted interest as mild oxidizing reagents5’. 

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 n u c l e o f ~ g e ~ ~ .  The properties and 
chemistry of selenones deserve further exploration. 

The first, fully characterized tellurone, 23, was described only in 198254. 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 intere~t’~. 

Ar,Y = NS02R 

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. 

,C=Y=O \ \ //o 
N O  

,C=Y 

(27) Y = S, Se ,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 PhzTe(OH)N0355. 

VIII. 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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,c=o \ ,c=s \ \ ,C=Se >C=Te 

A. Analogues of Aldehydes and Ketones 

A great variety of thials and thiones can be found in the l i t e r a t ~ r e ~ ~ ,  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 thiof~rmaldehyde~', thioacetaldehydes8, thioacet~ne'~, t h i ~ k e t e n e ~ ~  and 
selenoacetaldehyde60 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 OC6'. 

o=c=y 

(33) Y = s 

(34) Y = Se 

,C=Y \ 

CI 

(40) Y = S 

(41) Y = Se 

s=c=y Se=C=Se Te=C=Te 

(35) Y = s ( 38) (39) 

(36) Y = Se 

(37) Y = Te 

CI c'x:x:: 
(42) 

Thials (43) and thiones (46) no longer constitute chemical curiosities. The recent 
synthesis of 2,2-dimethylpropanethial(48) as a distillable pink monomeric compound6' 
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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Me C 
\ 'c=s ,C=Y 

R 

H H' 

(43) Y = s (46) Y = S (48) 
(44) Y = Se (47) Y = Se 

(45) Y = Te 

Me C 
3 \  

Me& /C=Se 

(49) Se 

(50) 

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 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' = R2 = H), through the remarkably general and efficient flash 
thermolysis of 1,2,3-thiadia~oles~~. An analogous approach resulted in the synthesis and 
characterization of the first selenoketenes (52), including the parent compound 52 (R' = 
R2 = H)65. In both series, the nature of the substituents, R' and R2, defines the stability. 
With bulky radicals, selenoketenes can be isolated and stored in the cold66. Telluro- 
ketenes have not yet been prepared. 

R'R2C=C=S R'R2C=C=Se 

(51) (52) 

8. 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 0, 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. 5S6'. 

R ~ C S R ~  
II 
Se 

R'CSeR2 R,NC 
II 
se 

R'CTeR2 R'COR' 
I I  
Te 

II 
0 

PhCNH, 

Te 
II 
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RTeCN 

(61) 

13 

Derivatives of tellurocarboxylic acids are of a more recent data. Tellurol esters (56) have 
been prepared by acylation of tellurols68, and the first species with double-bonded Te (57) 
were prepared from steroid alcohols, t-butyl(chloromethylene)dimethylammonium 
chloride and sodium hydrogen telluride6’. 

Selenoamides, selenosemicarbazides and selenoureas, as well as several heterocyclic 
derivatives of these (selenouracil etc.) are fairly stable compounds. Recently, also 
telluroamides (58)70*71, tellurohydrazides (59)’O and a derivative of tellurourea 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 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 Cnitrobenzyl tellurocyanate 
has recently been determined74. 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- 
bony1 derivatives; with due precautions in synthetic methodology the preparation of 
many additional tellurocarbonyl compounds seems feasible and hence to be expected. 

IX. OX0 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 = S, 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. 

0 0 
II II 

II 
0 

RYOH RYOH RYOH 

(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, Te(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. 
Ag,TeO,). However, the Te0,’- ion is a polymer, containing hexacoordinate Te wlth 
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oxygen bridges. The only known organic derivative of telluric acid appears to  be the ester 
Te(OMe),. N o  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. 

8. 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 ~ h e m i s t r y ’ ~ - ~ * .  Organic derivatives 
of tetravalent Te behave rather differently. Although TeO,, 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 t e l l u r ~ c y a n a t e ~ ~ .  The first known 
tellurenyl compound, 4-methoxybenzenetellurenyl methanesulphonate, reacted with 0- 
methyl dithiocarbonate to  form the corresponding tellurenyl derivatives0. 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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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 

RY X R2YX2 RYX3 R-Te" 

Hol 

I ,,@ R 

I ': 

(65) (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 1975''. They combine with 
halide ions to ions of the type RTeBrCI- (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 ionss3. S and Se do not form analogous compounds. 

6. 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 I 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(H20)+, 
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 temperaturee4. 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(0)CI. which, however, behaves more like an inorganic oxide 
chloride. The structure of PhTeCI, is polymeric with bridging CI atoms so that each Te 
atom is surrounded by four C1 atomss5. On the other hand, 8-ethoxy-4- 
cyclooctenyltellurium trichloride has been established as monomeric", undoubtedly 
because the bulky organic radical shields the TeC1, 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. 

XI. 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) (71) 

Trifluromethylselenyl bromide reacts with ammonia to form CF,SeNH,, (CF,Se),NH 
and (CF3Se),Nn7, 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 ~ h l o r i d e ~ * , ~ ~ ,  is a useful substitute for selenenyl halides in a great variety of reactions 
(cf. the reactions of similar N-sulphenylphthalimide~~~). 

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 s t ~ d i e s ~ ' . ~ ~ .  The known 
selenoximides (26) are stable analogues of the extensively studied su lph~ximides~~.  

The easily prepared selenium diimides (70; R = t-Bu, 4-MeC6H4S02) have been 
utilized as efficient reagents for allylic amination of alkenesg4. 

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)95. 

Diphosphanes react with ditellurides to yield telluradiphosphanes, R,PTePR,, by 
insertion of Te abstracted from the ditelluride4'. The analogous reaction in the Se series 
takes a different course, giving a substituted 3-membered ring compound, derived from 
selenadiph~sphirane~~. 

Phosphorus trichloride and arsenic trichloride react with (CF,Se),Hg to form the 
substituted phosphines and arsines, (CF,Se),P and (CF,Se),AsS7. 

Numerous derivatives of Se isologues of phosphorus acids are known9', 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- 
~ogenate)~'. The Te compound (EtO),P(O)TeNa has recently been utilized as an eficient 
reagent for the deoxygenation of epoxidesg9. 
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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. 

NCYCN 

CI’ 
I U L  

(72) Y = s 
(73) Y = Se (75) (78) (77) 

(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)’ O0. 

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,l-dichloro compound, (75), 
on reaction with C1,. Otherwise, the similarity persists into numerous other Te-containing 
heterocyclic systems O1. 

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, 5dimethyl-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’”. More recently, several salts of the type TMTSF2X, where X represents 
various inorganic anions, have been found to exhibit supercondu~tivity*~~. Only recently 
has the synthesis of an analogous Te compound been reported104. 

Saturated Te heterocycles such as l,Coxatellurane, l,Cselenatellurane, 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[4-1,2- 
tellurazole exhibits abnormal physical properties, attributed to very short intermolecular 
Te-N bondslo5. 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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I. INTRODUCTION 

Even before Mendeleev introduced the concept of periodicity of the chemical elements, 
certain atoms and their compounds were studied in relation to one another. One of these 

21 



22 R. A. Poirier and I .  G. Csizmadia 

TABLE I .  
(eV) of Group VI elements and their dihydrides 

A comparison of experimental first ionization potentials 

Species x=o S Se Te 
~ ~ 

X' 13.614 10.357 9.750 9.01 
H,X2-' 12.6 I 10.47 9.88 I 9. I38 

families of elements was 0, 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 (0 to Te) are all of ns2np4 configuration, where 
n is the principal quantum number. Therefore the four atoms 0 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 (IP) of the atoms (X), 

X(nsznp4) .+ X+(ns2np3) + e- 

and the first I P  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 (EHF), the correlation energy (Ecor) and the 
relativistic energies (Ere,). Two points should be made concerning the energy values quoted 
in Table 2. Firstly, the energies are quoted in Hartree atomic units (1 hartree = 
2625.5 kJmol-' = 627.51 kcalmol-' = 27.232 eV particle-'). Secondly, it should be 
noted that E,,, and Ersl are increasing rapidly as one goes from 0 to Te. The consequence 
or implication of this is that experimental quantities such as I P  are insignificant with 
respect to E,,, and Erel. 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 
- 26.92 and - 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 ZP is not expected 
to increase significantly from 0 to Te. Consequently, certain atomic and molecular 

TABLE 2. 
ments and their theoretical computable componentss39 

Total experimental electronic energies of Group VI ele- 

Energy (hartree) 

Component 0 S Se Te 

- 74.8095 - 397.5050 - 2399.8669 - 661 1.785 
- 0.2575 - 0.6400 - - 

-75.1160 -399.1785 - - 

E", 
4 0 ,  

Elold 

Ere, - 0.0490 - 1.0335 - 26.9247 - 165.6293 
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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 (AEs) ,  the correlation (AE,,,) and 
relativistic (AE,,,) contributions effectively cancel, that is, AE,,, = 0 and AE,,, N 0. 

II. 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. 

Spectroscopic observations 
UV, IR, ESR, Romon, 
NMR, etc 

Mechanistic observations 
kinetics, etc 

Serniempiricol MO, CNDO, 
MINDO, etc. 

I 1 9 Instrument Ab initto MO, HF, VB, I CI, etc 

FIGURE 1. An illustration of the dynamic interaction between experiment and theory 
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A 0  basis set 

R. A. Poirier and I.  G. Csizmadia 

A - Ab mil10 method 

problem 

A 

Observobfes 
/ 

Energies -1P 
'A€ 

Geometries 

Dipole moments 

Quodrupole moments 

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 ob initio 
method or level of sophistication (e.g. SCF, MC-SCF, CI) 

A. Atomic Orbital Basis Sets 

combination of a set of functions, q, or atomic orbitals (LCAO), 
In molecular orbital theory", molecular orbitals (MO), 4, are expressed as a linear 

4 j  = Eicijqi 

Therefore a fundamental question involved in these types of calculations is choosing the 
type of functions for q. 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: q(4) = NCr("-')e-@ SI,,(U4 
and secondly the Gaussian-type orbitals (GTO or GTF), 

GTO: q(a) = N,rZ("-')e-"''Sl,,(B, 4) 
where only the lowest angular functions are usually used, that is, Is, 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 tit 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 ( i i )  schemes. These are 
specified in the following way: 

Minimal basis 
H Is 
C,N,O,F ls2s2p 
Si,P,S,Cl Is ... 3s3p 
Ge,As,Se,Br Is . .  .3d4s4p 
Sn,Sb,T_e,I Is ... 4d5s5p 

Double-zeta basis 
H Isls‘ 
C, N, 0, F 

Ge,As,$,Br Isls’. . . 3d3d14s4s’4p4p’ 
Sn,Sb,B,I Isls’. . .4d4d‘SsSs‘5p5p’ 

Split Valence (double-zeta in valence) 
H Isls‘ 
C,N, O,F 1 s2s2s12p2p’ 
Si,P,S,Cl ls2s2p3s3s’3p3pf 
Ge, As, S s  Br Is..  . 3s3p3d4s4s’4p4p1 
Sn, Sb, 2, I Is . .  . 4s4p4d5s5st5p5p‘ 
where the notation 2p, 3p,. . . stand collectively for 2p,, 2py, 2p, and 3p,, 3py, 3p,. . .and 
3d .. . stand collectively, in the case of GTOs, for 3d,,, 3dy,, 3d,,, 3d,,, 3d,,, 3dy,. . . . 

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, 
3p and 3d exponents (3s = 3p = 3d) and so 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 A 0  basis set. The rules are commonly known as Slater’s Rules”, 
and were originally proposed by Slater and subsequently have been elaborated on by 

Several basis sets, many more for the lighter elements and fewer for the heavier 
elements, exist for most of the elements of the periodic table14. Table 3 summarizes the 
available STO basis sets (single-zeta and double-zeta) for Se and Te. Whenever possible, 
the compatible 0 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 el~ewhere’~, it must be 
recognized that there are a great many GTO basis sets for 020-51, a relatively large 
number for S14,31.41.42,45,52-64 and only a few for Se65-69 and Te70-72. 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. 

1 s 1 s’2s2s’2p2p’ 
Si,P,S,Cl I S I S ’ .  . .3p3p‘ 
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TABLE 3. STO basis sets for elements of Group VI 

Orbital 0 S Se Te 
~ 

Single-zeta basis sets 
Is  
2s 
3s 
4s 
5s 

2P 
3P 
4P 

3d 

Ref. 

Is 
2s 
3s 
4s 

2P 
3P 
4P 

3d 

Ref. 

Is 
2s 
3s 
4s 
4s 

2P 
3P 

4P 

3d 

Ref. 

4P 

7.6579 
2.2458 

2.2266 

12 

7.6579 
2.2458 

2.2266 

12 

Double-zeta basis sets 
I S  9.46635 
1 s' 6.83768 
2s 2.68801 
2s' 1.67543 
3s 
3s' 
4s 
4s' 
5s 
5s' 

2P 3.69445 
2P' 1.65864 

15.5253 
5.2721 
I S309" 

5.9719 
1.26Sb 

15 

15.5409 
5.3144 
2.1223 

5.9885 
1.8273 

12 

17.07720 
12.69440 
6.72875 
5.24284 
2.66221 
1.68771 

9.51251 
5. I2050 

33.2068 
12.31 57 
4.7764" 
1.404 1 ' 

14.8916 
4.4567b 
I .  1 248b 

6. I697 

15 

33.2622 
12.4442 
6.4678 
2.4394 

15.0326 
6.2350 
2.07 18 

6.1590 

12 

33.255 
12.448 
6.466 
2.569' 
2.589d 

15.033 
6.235 
2.280' 
2.221d 

6. I59 

16 

35.03650 
24.361 40 
16.58670 
13.73710 
7.95809 
5.66700 
3.13870 
1,88996 

22.43360 
13.83180 

53.41410 
36.66320 
27.70620 
23.28810 
17.29340 
11.83340 
6.98359 
5.10844 
3.14692 
1.90179 

33.70530 
22.38020 
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TABLE 3. (Contd.) 

2 1  

Orbital 0 S Se Te 

3P 
3P' 
4P 
4P' 
5P 
5P' 

3d 
3d' 
4d 
4d' 

Ref. 

IS 

Is' 
2s 
2s 
3s 
3s' 
4s 
4s' 

2P 
2P' 
3P 
3P' 
4P 
4P' 

3d 
3d' 
4d 
4d' 

Ref. 

Is 
Is' 
2s 
2s' 
3s 
3s' 

2P 
2P' 
3P 
3P' 

Ref. 

19 

10.1085 
7.0623 
2.6216 
1.627 1 

3.6813 
I .6537 

17 

9.55070 
6.87575 
2.67094 
1.66028 

3.68560 
1.65546 

18 

2.33793 
1.33331 

19 

17.6913 
13.7174 
5.7486 
3.0757 
3.1596 
1.8151 

8.9026 
4.9073 
2.3336 
1.3217 

17 

17.0249 
12.6622 
6.2 8 9 0 5 
4.88212 
2.74325 
1.71063 

9.50066 
5.11766 
2.33450 
1.33110 

18 

7.27814 12.65670 
4.68101 11.13750 
2.7 I504 6.95455 
1.51 140 4.73195 

2.73670 
1.561 77 

9.29756 18.76030 
4.53759 10,90960 

6.33002 
3.6888 I 

19 19 

35.0365 
24.36 14 
16.5867 
13.7371 
7.95809 
5.66700 
3.188 
1.918 

22.4336 
13.8318 
7.27814 
4.68101 
2.699 
1.503 

12.018 
6.61 1 
3.658 
2.440' 

1 6' 

'These are for 2s-type STOs 
bThese are for 2p-type STOs. 
'Optimized for the C,, structure of SeH:. 

'Inner core from Rd, 19. 

do ptimized ' ' for the D,, structure of SeH:. 
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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 - 396.641 I - 2392.4892 - 
- 74.5404 - 396.6276 - 2392.7274 - 

- 74.8042 - 397.4990 - - 
- 74.8043 - 397.5023 

Double-zeta - 74.8043 - 397.5023 - 2399.756 - 661 1.762 

- - 
HF* - 74.8095 - 397.5049 - 2399.867 - 661 1.785 
~~ 

TABLE 5. GTO basis sets for Se and Te 

Contraction coefficients 

Function Exponents s-coeff. p-coeff. dcoeff. 

s2 

s3 

s4 

s5 

PI 

Extended [5s4p2d6’ 
SI 1.10166( + 5)” 

I .6454( + 4) 
3.7725( + 3) 
1.096q + 3) 
3.69448( + 2) 
1.35783( + 2) 
3.447( + 1) 
1.51604(+ 1) 

4.40667 
1.921 I4 

3.8505( - I )  

l.5( - I )  

7.872( + 2) 
1.86702( + 2) 
5.93369( + 1) 
2.13502( + 1) 

P2 6.61516 
2.3 I882 

P3 3.86413( - 1) 

P4 1.2( - 1) 

DI 4.9208( + 1) 
1.37737( + 1) 
4.45 
I .4 

D2 3.3( - 1) 

Minimal [4~3pI(11~~ 
s1 5.7153831( + 3) 

8.665 I303( + 2) 
1.9030059( + 2) 

1.66( - 3) 
I .28q - 2) 
6. I76( - 2) 
2.0702( - 1) 
4.2560( - I )  
3.9446( - 1) 

4.093q - I )  
6.7456( - I )  

4.893q - 1) 
7.5122( - I )  

1 .o 

1 .o 

2.31q - 2) 
1.5197( - 1) 
4.41 lo( - 1) 
4.8726( - I )  

4.5975( - I )  
6.5091( - I )  

1 .o 

1 .o 

7.258( - 2) 
3.1279( - I )  
5.2895( - 1) 
3.6502( - 1) 

1 .o 

6.291( - 2) 

6.8429( - I )  
3.7333( - I )  
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TABLE 5. (Contd.) 

Contraction coelfcients 

Function Exponents 

s 2  2.5523194( + 2) 
2.41 1743( + I )  
9.8 101 6 

s 3  2.057072( + I )  
3.26003 
1.34144 

s 4  1.99401 
3.4561( - 1)  
l.3017( - I )  

P1 3.3471076( + 2) 
7.757597( + 1) 
2.261235( + 1) 

P2 5.864604( + 1) 
6.58902 
2.20366 

P3 4.50393 
4.1935( - 1) 
1.2751( - 1) 

DI 3.033647( + I )  
7.90696 
2.1 2105 

Minimal STO-3G fits 
I s27  2.22766 

4.05771( - I )  
l.09818( - I )  

2sp27 9.94203( - I )  
2.31031( - I )  
7.5 I386( - 2) 

3spdS8 4.55950( - 1) 
1.39079( - 1) 
5.36614 - 2) 

4sp68 2.46458( - I )  
9.09586( - 2) 
4.01683( - 2) 

4spd7' 2.33486( - I )  
9.09 182( - 2) 
4.00224( - 2) 

5sp7' 1.34901( - 1)  
7.26361( - 2) 
3.20846( - 2) 

s-coeff. p-coeff. d-coeff. 

- 1.0632( - 1) 
7.1498( - I )  
3.5219( - I )  

- 2.3096( - 1) 
7.6658( - 1) 
3.6426( - I )  

-2.1281( - 1) 
6.5746( - I )  
4.7783( - I )  

9.028( - 2) 
4.4372( - I )  
6.184( - 1) 

- 2.808( - 2) 
4.693( - I )  
6.1892( - 1)  

- 4.306( - 2) 
5.1696( - 1) 
5.8734( - I )  

1.5381( - I )  
5.1289( - I )  
5.7605( - 1) 

1.54329( - I )  
5.35328( - I )  
4.44635( - I )  

- 9.99672( - 2) 
3.99513( - 1) 
7.001 IS( - I )  

- 2.27764( - 1) 
2.17544(- I )  
9.16677( - 1) 

- 3.08844( - I )  
1.96064( - 2) 
1.1 3103 

- 3.30610( - 1) 
5.761 10( - 2) 
1 . 1  1558 

- 3.84264( - 1) 
- 1.97257( - 1 )  

1.37550 

1.55916( - 1) 
6.07684( - 1) 
3.91957( - 1) 

4.95151( - 3) 
5.77766( - 1) 
4.84646( - 1) 

- l.21547( - 1) 
5.71523( - 1) 
5.49895( - I )  

- I .28393( - 1) 
5.85205( - I )  
5.43944( - 1) 

- 3.48169( - I )  
6.29032( - I )  
6.66283( - I )  

2.19768( - I )  
6.55547( - I 
2.86573( - I )  

I .25066( - I )  
6.68679( - 1) 
3.05247( - 1)  

'This paper contained a printing error: the basis set is listed as [Ss4p2d], but the table showed only 4s, the 
contraclion was therefore assumed to be (6,2,2, I ,  1/4,2, I ,  1/4, I )  instead of the (6,4, I ,  1/4,2,1,1/4,1). 
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TABLE 6. 
Te STO-3G fits of Table 56s.71 

Exponents (scale factors) for the Se and 

Exponents” 

Orbital Se Te 

IS 33.37 5 1.07 
2SP 14.40 22.7 I 
3spd 6.22 12.03 

2.22 - 
- 5.36 

4SP 
4spd 
5SP - 2.28 

‘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 

CS/P/dI Contraction scheme Energy (Ref.) 

- - 

C5/4121 (6221 11421 1/41) 
c4/3/1 1 (3333/333/3) 
c413/11 (3333133313) 

- 2399.786915(61). 
- 2399.1717(62)8 
- 2399.703348(61)” 
- 2395.9455(63)b 
- 2390.0932(65)’ 
- 2373.52734(64)d 

Te 
(1  8/14/8) [I611 2/83 (31 I 1 . . . /3l I I . . . / I  I 1 . . .) - 66 I I .6648(66) 

(3333313333133) - 6547. 12236(67)d 
5211 1 .../ 41 I I .../ 31 1 1  ...) - 661 1.0593(68)88c 

( 1511 2/31 [~/4/21 
(15/11/6) C1018141 

’Energy for uncontracted basis set. 
bFirst basis set in Table 5. 
‘Second basis set in Table 5. 
dSTO-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 e ~ i s t ~ ~ . ~ ~ * ~ ~ * ~ ~ - ~ ~  on the quality of basis sets for first- 
row47*48p73 and s e c ~ n d - r o w ~ ~ , ~ ~ , ~ ~  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. 

B. Ab Initio Computational Methods 

All theories of molecular quantum chemistry aim to obtain a solution for the 
Schrtidinger equation, HY = EY, 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 Y has to be assumed initially10. 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 

C 

a 

al 
W 

e 

HFL 

NRL 

EXD 

FIGURE 3. The theoretical components of the total experimental 
energy; E,, at the Hartree-Fock Limit (HFL), EHF+ E,,, at the 
Non-Relativistic Limit (NRL) and Eerp = E,, + E,,, + E,, 
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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 0 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 exist76. 

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 forces77 (i.e. the first partial derivatives 
of the energy with respect to the geometrical parameters, qi). For a molecule with N atoms, 
the energy will be multidimensional function of 3N - 6 independent internal coordinates: 

= (q13q23 439 . . . , 4 3 N - 6 )  

with 3 N  - 6 partial derivatives: 

w a q  = ( w a q , ,  w a q , ,  . . . , a E / a q 3 N - 6 )  

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: 

Stable molecules (minimal and transition states (first-order saddle-Doints) are distin- 

For example, for a minimum, all the eigenvalues ofH arepositive(0th order) and for a first- 
order saddle-point, one eigenvalue is negative. Other critical points are also possible, but 
these are the two types ofcritical points which are chemically significant. Examples of three 
efficient gradient optimization  method^^'-^^ used by the authors are, two variable- 
metric methods, one developed by Broyden, Fletcher, Goldfarb and Shanno (BFGS)78 
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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111. 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 ofdifferent 
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 SeS3. 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-3G27*49.68,71 basis set which is 

TABLE 8. Previous calculations on organic Se and Te compounds 

Energy 
Species/Geornetry' (hartree) Basis set Ref. 

H z S e  (C2") 
H-Se 
HSeH 

H -Se 
HSeH 

H -Se 
HSeH 

H -Se 
HSeH 

CH,SeH (C,) 
C-Se 

H -Se 
CSeH 
HCH 

C-H 

Se=C=O (CmJ 
Se-C 
c-0 

HzTe  (G") 
H -Te 
HTeH 

Te=C=S (CJ 
Te -C 
c-s 

nBrZ(C2") 
Te-Br 
BrTeBr 

1.454 
93.8 

I .52 
92.0 

1.42 - 2097.403 
92.9 

1.439 -2374.69243 
92.4 

1.931 - 2413.27744 
1.085 
1.441 

94.9 
109.0b 

1.662 - 2484.79450 
1.168 

1.624 - 6548.26782 
92.4 

1.859 - 6977.67673 
1.517 

2.512 - 11636.51567 
98.0 

( 1  2s8pSd) + [Ss4p2d] 61 
(LWD) 

Pseudopotential 81 
calculations 

FSGO 82 

STO-3G 68 

STO-3G 68 

STO-3G 68 

STO-3G 71 

STO-3G 71 

STO-3G 71 

~ ~~ ~ 

'Bond lengths in A, bond angles in deg. 
bAverage value. 
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H 

H H 
H\ /C =x >c=c=x 

7 ( G V )  8 (C2V) 

H’ 

H H  
H ,I~+-+,tH 

X 

IO(C2v)  11 (C2V) 

FIGURE 4. The structures which have been studied; X = 0, S, 
Se or Te 

available for 0, S, Se and Te, and MINI-147*61*69 which is available only for 0, S and Se. 
The ‘split valence’ basis set used for Se is due to Lehn, Wipff and Demuynck (LWD)67 and 
a 3-21G48*49*62 basis set of similar size was used for 0 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 1 1  and of the 
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TABLE 9. 
their 0 and S analogues 

Total STO-3G energies (hartree) of organic Secompounds and 

35 

Molecule x = o  S Se 

1 - 74.0650 17 

2 - 74.965901 

3a - 75.330440 
3b - 75.328392 

4 - 112.706365 

5a - 1  
5b - 1  

6a - I  
6b - I  
6c - 1  

3.549190 
3.545983 

3.929589 
3.927448 
3.926562 

1 - 112.354347 

8 - 149.726105 

9a - 152.133873 
9b - 152.125018 
9c - 152.129285 

10 - 150.928501 

11 - 225.751253 

-393,505782 

- 394.3 1 1630 

- 394.6667 1 7 
- 394.6 1038 1 

-432,105884 

- 432.896073 
- 432.893752 

- 433.272428 
- 433.270066 
- 433.2201 18 

- 431.671 367 

- 469.047854 

- 471.482795 
- 47 1.476644 
- 47 1.47977 I 

- 470.276760 

- 545.0923 13 

-2373,971037 

- 2374.692428 

- 2315.021599 
- 2374.976386 

- 2412.558568 

- 241 3.277422 
- 2413.275780 

- 2413.635563 
- 241 3.633824 
- 2413.587693 

- 2412.053568 

- 2449.431475 

- 245 I .863997 
- 2451.859916 
- 2451.861986 

- 2450.659590 

- 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 0, S, Se and Te. An example is the energy of hydrogenation, in 
which the 0, S and Se compounds are hydrogenated to methane and their corresponding 
dihydrides (H,X). 

With the aid of Koopman’s theoreme4 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 IP is 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 0, 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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Proton affinities (kJmol-' x lo-,) of organic Se compounds and their 0 and S TABLE 15. 
analogues calculated with the results given in Tables 8, 9 and 10 

x = o  x = s  X = Se 

Molecule A" B" C" A B C A B C 

1 23.7 20.9 18.8 21.2 15.5 14.6 18.9 14.9 14.8 
2 9.57 7.91b 8.01b 9.32 5.82 6.50 8.80 5.87 7.29 
4 22.1 19.3 17.7 20.7 15.5 14.9 18.9 15.0 15.1 
Ja 9.99 8.32 8.58 9.88 6.61 7.26 9.40 6.62 7.97 
Deviationc 3.1 1.0 - 4.5 0.7 - 2.7 +0.7 - 

'A = STO-3G. B = MINI-I, C = 3-21G/LWD. 
bCalculated using structure 3b. 
'Mean absolute deviation from the 3-21G/LWD basis set. 

TABLE 16. 
compounds and their 0 and S analogues 

Energies of hydrogenation (kJmol-I) for a series of isodesmic reactions of organic Se 

Reaction" 
- 

X 

Energies of hydrogenationb 

A B C 

CH,XH + H, -+ CH, + H,X 

H,C=X + 2 H, + CH, + H,X 

CH,XCH, + 2 H, -+ 2CH, + H,X 

0 
S 
Se 
0 
S 
Se 
0 
S 
Se 
0 
S 
Se 
0 
S 

H,C=C=X + 4 H, + 2CH, + H,X 

C,H,X + 3 H, -+ 2CH, + H,X 

C,H,X + 7 H, +4CH, + H,X 

Mean absolute deviation 

Se 
0 
S 
Se 
0 
S 
Se 

- 68.4 
- 65.4 
- 64.0 
- 271 
- 347 
- 343 
- 133 
- 125 
- 124 
- 587 
- 650 
- 642 
- 364 
- 357 
- 352 
- 787 
- 799 
- 820 
+ 67.8 
+ 62.2 
+ 62.2 

- 120 
- 85.1 
- 78.7 
- 318 
- 302 
- 291 
- 235 
- 167 
- 155 
- 593 
- 588 
- 572 
- 475 
- 372 
- 351 
- 816 
- 802 
- 

+ 57.7 
+ 37.2 
+ 16.8 

- 110 
- 84.8 
- 85.8 
- 250 
- 261 
- 299 
- 212 
- 168 
- 175 
- 450 
- 503 
- 540 
- 447 
- 348 
- 
- 742 
- 730 
- 728 
- 
- 
- 

'Energies (hartree) for H, and CH, are: - 1.1  17506 and - 39.726864 for STO-3G. - 1 .I 22073 and - 39.928559 for 
MINI-I and - 1.122960 and - 39.976878 for 3-21G/LWD, respectively. 
bA = STO-3G, B = MINI-I, C = 3-21G/LWD. 



44 

TABLE 17. 
their 0 and S analogues 

R. A. Poirier and I. G. Csizmadia 

First ionization potentials (eV) (Koopman's theorem) for organic Se compounds and 

x = o  x = s  X = S e .  

Molecule A" B" C" A B C A B C 

1 
2 
3a 
3b 
4 
5a 
5b 
6a 
6b 
6c 
7 
8 
9a 
9b 
9c 

10 
11 

- 
10.68 
24.65 
24.2 1 

9.78 
9.70 

20.82 
20.66 
20.40 
9.64 
7.56 
9.24 
8.93 
9.07 
9.99 
7.39 

- 

- 
12.64 

25.'36 

11.74 
11.66 
21.45 

21.37 
11.89 
10.19 
11.22 
10.94 
11.06 
12.10 
9.64 

- 

- 

- 

1.76 
12.99 7.57 10.76 10.68 
- 20.37 21.40 20.97 

25.22 17.88 19.69 19.20 
1.16 - 0.25 1.57 

11.82 7.08 10.07 9.91 
11.74 7.06 10.05 9.88 
21.34 18.66 19.63 19.25 

18.59 19.57 19.18 
21.32 16.40 18.04 17.55 
11.78 6.59 9.79 9.65 
9.78 6.10 9.49 9.07 

11.15 6.70 9.53 9.30 
10.88 6.60 9.46 9.22 
10.99 6.65 9.49 9.25 
12.12 6.94 9.73 9.51 
9.01 7.22 10.07 9.30 

- - - 

- 

- 
7.59 

19.06 
16.85 

7.07 
7.05 

17.66 
1 7.61 
15.53 
6.60 
6.29 
6.64 
6.57 
6.60 
6.79 
7.14 

- 

0.31 1.74 
10.04 9.84 
20.50 20.28 
18.39 17.85 
0.42 1.50 
9.42 9.17 
9.40 9.16 

18.91 18.73 
18.86 18.68 
16.88 16.53 
9.07 9.03 
8.92 8.65 
8.91 7.41 
8.87 8.57 

8.59 
9.00 7.89 

8.98 

- 

- 

'A = STO-3G, B = MINI-1, C = 3-2lG/LWD. 

TABLE 18. 
centage errors of the calculated first ionization potentials 

Experimental ionization potentials (eV) and per- 

Molecular X 

2 0 
S 
Se 

5a 0 
S 

I 0 
8 0 
9a 0 

S 
10 0 
11 Se 
Average 

% Error" 

Exp.' A B C 

12.61 
10.47 
9.881 

10.85 
9.43 

10.88 
9.60 
9.96 
8.7 

10.56 
8.86b 

- 15 
- 28 
- 23 
- 9.9 
- 25 
- 11 
- 21 

- 23 
- 7.2 

- 0.5 
- 19 
- 17 

+ 04 
+ 2.8 
+ 1.6 
+ 8.2 
+ 6.8 
+ 9.3 
+ 6.1 
+ 1.3 
+ 9.5 
+ 1.4 

+ 4.7 
- 

+ 3.0 
+ 2.0 
- 0.4 
+ 8.9 
+ 5.1 
+ 8.3 
+ 1.9 
+ 1.2 
+ 6.9 
+ 1.4 
+ 1.4 
+ 3.6 

'A = STO-3G, B = MINI-I, C = 3-21G/LWD. 
bAverage of the two reported values in Refs. 86 and 87. 
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TABLE 19. Conformational stabilities AE (kJ mol- '1 for organic Se compounds and their 0 and S 
analogues 

~~ 

x=o  x = s  X = Se 

Conformers A" B" C' A B C A B C 

3b-38 5.38 - - 148 73.9 81.6 134 117 157 
5b-5s 8.42 6.30 6.19 6.09 4.00 4.54 4.31 3.43 4.45 
6b-6a 5.62 - 29.2 6.20 3.89 5.01 4.57 3.57 6.08 
6c-6a 7.95 0.76 0.21 137 65.8 75.8 126 103 144 
9b-98 23.2 17.6 17.5 16.1 10.4 12.9 10.7 8.50 - 1 5 5 I b  
9c-9s 12.0 9.38 11.0 7.94 5.03 - 5.28 - - 1557b 

'A = STO-3G. B = MINI-I, C = 3-2IG/LWD. 
bThis reflects the instability of 9p. 

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 = 0, Sand Se and are tabulated in Table IS. A plot of P A  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-I and 3-21G basis set values. The MINI-I basis set predicts PAS which are 
generally in good agreement with the 3-2 1 G 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 0, S and Se 
respectively, whereas the MINI- 1 mean absolute deviations are 1 .O, 0.7 and 0.7 for 0, Sand 
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TABLE23. Dipole moments (D)' for organic Se compounds and their 0 and S analogues 
calculated with the STO-3G, MINI-I and 3-21G/LWD basis sets 

x = o  x = s  X = Se 

Molecule A b  Bb Cb A B C A B C 
- 
2 
5a 
5b 
7 
8 
9a 
9b 
9c 

10 
11 

1.71 2.04 2.39 1.03 2.00 1.83 1.47 1.66 1.19 
1.51 1.81 2.12 0.96 2.14 2.12 1.53 1.89 1.81 
1.58 1.87 2.23 1.04 2.20 2.19 1.60 1.94 1.86 
1.54 2.06 2.66 0.82 2.49 2.42 1.69 2.27 2.13 
0.84 1.48 1.82 0.30 2.47 2.46 1.44 2.28 1.97 
1.33 1.64 1.85 0.87 2.11 2.07 1.49 1.88 3.82 
1.43 1.70 1.97 1.05 2.20 2.21 1.64 1.98 2.04 
1.39 1.69 1.93 0.97 2.17 2.16 1.57 - 2.00 
1.46 1.83 2.78 0.75 2.54 2.81 1.67 2.39 4.66 
0.53 0.73 1.10 0.11 1.48 1.35 0.57 - 0.96 

'I HaRree/angstrom' = 2.5417655 D. 
bA=STO-3G, B=MINI-I, 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 0 
S 
Se 

5a 0 
S 

1.85 
0.97 
0.62 

88 
88 
89 

- 7.6 
+ 6.2 

+ 137 

+ 10 
+ 106 
+ 168 

+ 29 
+ 89 
+ 92 

1.70 
1.52 

88 
88 

- 11.2 
- 37 

+ 6.5 
+ 41 

+ 25 + 39 

+ 14 

+ 29 

7 0 

8 0 

9a 0 

2.33 

1.414 

1.30 

88 

90 

91 

- 34 

- 41 

+ 2.3 

- 12 

+ 4.7 

+ 26 

+ 9.0 
+ 169 
- 

+ 42 

11 0 
S 
Se 

MADb 0 
S 
Se 

0.67 
0.55 
0.398 

94a 
94a 
94a 

- 21 
- 80 
+ 43 

+ 64 
+ 145 
+ 141 

0.3 1 
0.35 
0.51 

0.17 
0.86 
1.04 

0.45 
0.75 
0.57 

'A = STOJG, B = MINI-I, C = 3-21G/LWD. 
bMAD = Mean absolute deviation. 
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Se, respectively. Where the STO-3G basis set has the largest deviation for the S 
compounds, the MINI-I basis set has the largest deviation'for the 0 compounds. 

The trend on going from 0 to Se varies slightly with basis set. However, the overall trend 
is that the P A S  decrease on going from 0 to Se compounds with P A ( 0 )  < PA(S) < PA(Se) 
and the PAS of S and Se are similar. The 3-21 G actually consistently predicts an increase in 
P A  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-I basis sets. The MINI-I results are in better 
agreement with the 3-21G results than are the STO-3G results. Both the STO-3G and 
MINI-I basis sets do progressively better overall in going from 0 compounds to Se 
compounds. Generally the STO-3G basis set is known to do poorly at predicting energies 
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FIGURE 6. Energies of hydrogenation (kJmol- ' )  as a function of 
atomic number; 0 : STO-3G values, x : MINI-I values and A: 
3-21G/LWD values 
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of hydrogenation, giving a mean absolute deviation of 93 kJmol-' for first-row 
corn pound^^^. 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 
corn par is on^^^. Therefore the results of Table 16 should in general be in similar agreement 
with the experimental energies of hydrogenation. 

R. A. Poirier and I. G. Csizmadia 

3. lonization potentials 

First ionization potentials (IPS) 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  value^^*^'*^'. Ionization potentials are available for the series of 0, 
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 I P  predicted by each basis set. The 3-21G and MINI-1 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-3C 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- 
~cription~'* '~,  while the minimal MINI-1 basis set was optimized for good orbital 
energie~~'.'~*'', thus explaining the excellent values predicted for the IPS.  In general the 

8 16 34 
Atomic number 

FIGURE 7. First ionization potentials (eV) as a function of atomic number; 0 : 
STO-3G values. x : MINI-1 values and A: 3-21 G/LWD values 
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calculated values using the 3-21 G and MINI-I 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 set92 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 highcompared to the true values. A systematic study using the DZ basis set 
gives values which are 8% too highg3. 

The I P S  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 0 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 0 to S for both the STO-3G and MINI- I and from S to Se for 
the 3-21G basis set do not follow the trends. 

4. Relative stabilities of conformers 

For structures 3,5, 6 and 9, a number of conformations were calculated. The relative 
stabilities of these conformations are given in Table 19. 

The first energy diKerence in Table 19 (3b-3a) represents the inversion barriers for the 
protonated dihydrides. These inversion barriers are predicted to generally increase in 
going from 0 to Se, indicating a preference for pyramidality in going from 0 to Se. Only 
the STO-3G basis set predicts a non-planar C,, structure for H 3 0 + ,  where the other two 
basis sets predict only the planar D3,, structures. 

The stability of conformer 5b relative to 5a increases in going from 0 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 0 to Se. 

The relative stabilities of 6a and 6b would also be expected to decrease in going from 0 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 0 to 
Se, whereas the stability of 6c increases with respect to 6a in going from 0 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 9c 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 0, 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-I and 3-21G/LWD basis sets, respectively. The dipole 
moments are tabulated in Table 23. Net charges at 0, Sand 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 0 and the net charge at Se is predicted to be in some cases more positive and in other 
cases more negativefin 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. Net charges at X(X = 0, 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 0 to Se, e.g., H,O ( p =  1.85), 
H,S(p = 0.97) and H,Se 01 = 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 0 to S for the MINI-I 
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 This is consistent 
with the calculated errors in Table 24. The MINI-I minimal basis set, unlike the STO-3G 
basis set, gives values which are generally too large and are more similar to the 3-21 G basis 
set. Mean absolute deviations are also included in Table 24 for the 0, S and Se 
compounds. These indicate that the STO-3G results are better than the MINI-I 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 I4 for the STO-3G, 
MINI-I and 3-21G/LWD basis sets, respectively. Some of the available experimental 
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I I I 

8 16 34 
Atomic number 

FIGURE 9. Dipole moments (D) as a function of atomic number; 0 : STO-3G 
values, x : MINI-1 values and A: 3-21G/LWD values 

geometriesg4 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-I does poorly on bond 
lengths for the S compounds but very well on the bond angles of compounds containing 0, 
The largest error being for the C-S bonds, which are predicted to be too long by about 
1 A. Previous studies4' 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 0.016 A (6 comparisons) for the STO-3G 
and 3-21G basis sets, respectively. 

V. CONCLUSIONS 

Ab initio MO computations on Secompounds 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 0, 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 subtle, this increases the 
dificulty 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 0 and S analoguesg4 

Molecule/ 
parameter x=o  S Se Te 

2 H-X 
HXH 

5a C-H 
C-H' 
c-x 
H-X 
XCH 
XCH' 
CXH 
HCH 

7 C-H 
c-x 
XCH 

8 C-H 
c-c 
c-x 
CCH 

9a C-H 
C-H' 
c-x 
cxc 
XCH 
XCH' 
HCH 

10 C-H 
c-c 
c-x 
CCH 
ccx 
cxc 
HCH 

11 C-H 
C-H' 
c-c 
c=c 
c-x 
CCH 
XCH' 
c-c=c 
c=c-x 
cxc 

0.959 
2 03.9 

1.093 
I .093 
1.42 1 
0.963 

129.8 
107.0 
108.0 
108.5 

1.101 
I .203 

127.0 

I .07 I 
I .329 
1.150 

118.35 

I .096 
1.096 
1.410 

111.7 
- 
- 

109.5 

I .082 
1.472 
1.436 
- 
- 

61.4 
116.7 

1.077 
1.075 
1.431 
1.361 
1.362 

127.94 
1 15.92 
106.06 
110.68 
106.55 

1.336 
92. I 

1.09 I 
1.09 1 
1.819 
I .336 
- 
- 

96.5 
109.8 

1.093 
1.61 1 

126.2 

- 
- 
- 
- 

1.091 
I .09 1 
1.802 

98.9 
- 
- 

109.6 

- 
- 
- 
- 
- 

- 

- 

I .08 1 
1.078 
1.423 
1.370 
1.714 

124.27 
119.85 
112.45 
112.47 
92.17 

1.460 
91 

- 

- 

- 
- 
- 
- 

- 
- 

- 
- 
- 

- 
- 
- 
- 

1.096 
1.088 
1.945 

96.3 
110.3 
105.0 
109.9 

- 
- 
- 
- 
- 
- 
- 

1.081 
1.078 
1.423 
1.370 
1.863 

122.54 
124.39 
114.92 
1 1  1.22 
87.72 

'Bond lengths in A, bond angles in deg. 



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

Molecule/ 
parameter X A B C 

Bond lengths 
2 H-X 

5a H-X 

c-x 

7 c-x 

8 c-x 

9a C-X 

10 c-x 

11 c-x 

MAD 

Bond angles 
2 HXH 

5a CXH 

9a CXC 

10 cxc 

11 cxc 

MAD 

0 + 0.030 
s +0.018 
Se +0.014 
Te - 0.029 

0 +0.028 
S -0.005 

0 +0.012 
s -0.022 

0 +0.014 
S -0.037 

0 +0.033 

0 +0.023 

Se -0.017 

0 - 0.004 

0 +0.014 
s +0.018 
Se +0.001 

0 0.02 
s 0.02 
se 0.01 

S - 0.006 

0 - 3.9 
S f 0 . 4  
Se + 1.5 
Te + 2.2 

0 -4.1 
s - 1.1 

0 -2.2 
S -0.7 
Se +0.5 

0 +0.9 

0 - 1.1 
s - 1.8 
Se - 1.3 

0 2.4 
s 1.0 
se 1.1 

+ 0.046 + 0.076 
+ 0.059 
- 

+ 0.043 
+ 0.075 

+ 0.056 
+0.103 

+ 0.065 
+ 0.086 

+ 0.078 

+ 0.065 
+0.115 
+ 0.083 

+ 0.066 

+ 0.053 
+0.136 
- 

0.06 
0.10 
0.07 

- 0.5 
+ 2.5 
+ 2.1 
- 

- 1.6 
+ 0.7 

- 1.0 
- 0.1 
+ 0.5 

+ 0.2 

- 0.5 
- 3.2 
- 

0.8 
1.6 
1.3 

+ 0.008 
+ 0.015 
- 0.004 
- 

+ 0.003 
+ 0.016 

C0.019 
+ 0.075 

+ 0.004 
+ 0.027 

f0.012 

+ 0.023 
+ 0.083 
+ 0.103 

+ 0.034 

+ 0.018 
+ 0.083 
+ 0.013 

0.02 
0.05 
0.04 

+ 3.8 
+ 3.7 
+ 1.6 
- 

+ 2.4 
+ 1.4 

+ 2.3 
+ 0.2 
+ 3.6 

- 1.2 

+ 0.4 
- 3.0 
- 0.9 

2.0 
2.1 
2.0 

'A = STO-3G, B = MINI- I ,  C = 3-2 I G/LWD. 
bMAD = 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-I 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 sets6g 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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1. 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 ofthe 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. 

'Visiting Professor of Physics (1983/84) and Chemistry (1984/85) at The University of Connecticut, 
Storrs, CT 06268, U.S.A. 
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The criterion for a structure to be included in this review is that at least one of the Se or 
Te bonds is tocarbon. 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 stere~chemistry~. 
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 Tefor 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 re ,  ro,  rs, ra, 
rg ,  r,, r ,  etc. are summarized and references are given in the review4 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 (MW)’. The length of 
the C=Te bond is 1.904A. 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 sp2 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- 

C-X bond distances(A()” with X = 0, S or Se TABLE 1. 

X ocx SCX secx cx 
0 1.1 5986 1.1 543(3)’ 1.1535( 1)’ 1.12834(1)’ 
S 1.5628(4)’ 1.5526’O 1.553(2)” 1.53496(3)’ 
Se 1.7098(1)* 1.695(2)’ 1.6917(15)’2 1.67620(7)’ 

”All distances are re 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 M W  

X =  0'6 S i 7  S e t s  

H-N(A) 0.986 0.989 0.99 (assumed) 
L 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 I .73( I )  A in crystalline (1  -6-q-methylbenzoate)dicarbonylseleno- 
carbonyl~hromium'~, [Cr(PhCOOMe)(CO),(CSe)]. The Cr-C(Se) bond is 1.786(11) A, 
shorter than the Cr-C(0) 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 ~ r d e r ' ~ . ' ~ .  

A new molecular species, isoselenocyanic acid, HN=C=Se, was detected in the 
microwave s p e c t r ~ m ' ~  as HBr gas was passed through dry AgNCSe. The molecular 
parameters are given in Table 2 together with those ofisocyanic acidI6 and isothiocyanic 
acid' 7. 

Selenoketene, H,C=C=Se, was obtained by pyrolysis of 1,2,3-selenadia~ole'~~'~. Bak 
and  coworker^'^ suggested the reaction path shown in Scheme I .  MW allowed the 
elucidation of a complete substitution geometry (rs)''. It is presented in Table 3 together 
with the structural parameters of keteneZ0 and thioketene2'. 
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TABLE 3. The molecular geometries of ketene, thioketene and selenoketene, H,C=C=X, 
from MW" 

X =  OZO S2' S e i 9  

c =x(A) 1.1614 (r,) 1.554 (rs) 1.698 (rJ 
c =c(A) 1.3142 (r,) 1.314 (rs) 1.311 (rJ 
C-H (A) 1.0768 (ro) 1.090 ( rr) 1.090 (rJ 
L H-C-H(deg.) 122.24 (r,,) 120.3 (rr) 119.7 (r,) 

' rO  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. 
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I 
F 

FIGURE 1. The molecular model* 
cyanato)phosphine (after Reference 22) 

of difluoro(isose1eno- 

The molecular structure of difluoro(isoselenocyanato)phosphine, F, PNCSe, has been 
determined by electron diffraction (ED)zz (Figure 1). The effects of perpendicular 
vibrations on the molecular configurations of isothiocyanates and analogues have been 
discussed in detail4. Due to the low-frequency bending modes, the effective bond angle P- 
N=C as determined from ED (ra parameter) may be considerably smaller than that which 
would correspond to the average structure (rJ. 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 ra parameters 
have been directly obtained from the analysis. The results are shown in Table 4 together 
with those for F,PNCS and F,PNCO. Noteworthyis thegradual increasein the P-N= 
C bond angles from 0 to Se. 

The consequences of the low-frequency, large-amplitude bending vibrations are 
particularly striking for the bond angles Si -N=C of isoseleno~yanatosilane~~, 
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 data2&. 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 sp2 
carbon atom. The structure of this molecule has been determined by ED in the vapour 
phasez6. The geometrical parameters are presented in Table 6 together with those of 

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

~ ~~~~ ~ 

1.683(6) 1.686(6) 1.670(12) r,(P--N) (A) 

r,(N=C) (A) 1.256(6) 1.221(6) 1.220(8) 
r,(C=X) (4 1.165(6) 1.553 1.700(10) 
L P-N=C(r,Xdeg.) 134.8(8) 144.q7) 149.0(15) 
L P--N=C(r&deg.) 130.6(8) 140.5(7) 143.9(13) 

r,(P--F) (A) 1.563(3) 1.566(3) 1.547(4) 

TABLE 5. 
isothiocyanatosilane and isoselenocyanatosilane, from ED 

Bond lengths and bond angles of H,SiNCX, 

X =  SZS Se24 

ra(Si-N) (A) 1.704(6) 1.716 
r,(N=C) (4 1.197(7) 1.183 
r,(C=X) (A) 1.563(6) 1.754 
L Si-N=C(r&deg.) 180 180 
1 Si-N=C(r.)(deg.) 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 

X =  0" Sb Se' 

c=x(A) 1.170(3) 1.589(2) 1.743(3) 
C-F(A) 1.3 17(2) 1.316(2) 1.314(2) 
,L F-C-F (deg.) 107.6(2) 107.1(2) 107.5(4) 

OMW'', r= parameters. 
'ED + MWZ6, r,. parameters. 
'EDz6, r: parameters. 

thiocarbonyl difluorideZ6 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) modelz8 according to which multiple 
bonds exercise greater repulsions towards the neighbouring electron pairs than do single 
bonds. 

The molecular structure of selenoacetaldehyde, CH,CH=Se, has been determined by 
microwave spectroscopyz9. The geometry of the CH,CH fragment was assumed to be the 
same as in thi~acetaldehyde~~, CH,CH=S. The parameters for the thio and seleno 
derivatives are as follows: 

CHJCH=S CH3CH=Se 
c=s 1.610(9)A C=Se 1.758(10)A 

L C-C=S 125.3(11)" L C-C=Se 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 
Reference 33 



68 Istvan Hargittai and %la Rozsondai 

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. 

O n  the other hand, Anthoni and coworkersg1, based on CND0/2 calculations, have 
recently suggested that ‘selenation’ may involve considerable changes in the electronic 
structure. The term selenation3’ 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 substit~tion’~’. Anthoni and coworkersg1 have 
examined in detail the foundation and limitations of this method. 

The crystal and molecular structure of selenourea, (H,N),C=Se (l), and several of its 
derivatives has been determined by X-ray diffraction (XD). The crystal structure of 
selenoureag3 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 C a l ~ o ~ ~  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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FIGURE 3.(a) Part of a honeycomb to illustrate the 
0.6 A selenourea crystal structure. Photograph reproduced 

by courtesy of Professor PA1 Zoltan Orosi. (b) The 
crystal structure of selenourea projected onto the x,y 
plane. Displacements of molecules along the z axis are 
indicated below. Reproduced by permission of the 
Akademische Verlagsgesellschaft, Wiesbaden from 
Reference 33 

(b)  

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 
r(C=Se) = 1.86(3)1( and r(C-N)= 1.37(2)1(. The C=Se bond is much longer than in 
selen~acetaldehyde~~. The average Se=C-N bond angle is barely larger than 120°, v iz  
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(n1)-selenourea(l/2)~~, 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)1(, C-N = 1.320(12)A and LN-C-N = 118.3(4)". The 

2- pyr - CH=N-NH \ , NH2.. .. 
C "Se 

II 
Se., 

II 
C 

""H2N' ' NH-N=CH-pyr-2 
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selenourea moieties are brought into chains by N-H . . . Se intermolecular hydrogen 
bonds of 3.49A length. The selenourea moiety of the selenourea solvate of 
tris(selenourea)sulphate-selenourea-~ater(l/l/2)~~, [SeC(NH2)z]3S0,SeC(NH2)2. 
2 H z 0  (2) has the following geometrical parameters: C=Se = 1.867(4) A, C- 
N = 1.316(5)A, L Se=C-N = 120.6(3)’ and LN-C-N = 118.8(4)”. The bonding 
arrangement in the N,CSe part of 2-formylpyridine selenosemi~arbazone~~ (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. 

111. TWO-COORDINATED SELENIUM AND TELLURIUM 

A. Acyclic Selenides and Tellurides 

The carbon-selenium bond lengths and the selenium bond angles offree 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*38. 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 
MeZSSo*”. The C-Se-C skeleton is highly bent (6. Table 7). A suggestion that it is 

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

C-Se (A) 
Molecule 

L C-Se-X 
(deg.1 Reference 

Me,Se ra 1.945(0.4) 
rs 1.943(1) 

(CF,),Se ra 1.980(9)” 
ra 1.975(9)b 

MeSeH ro 1.959(10) 
EtSeH, anti rs 1.962(2) 

gauche rs 1.957(4) 
anti ro 1.958(5) 
gauche 1.958‘ 

MeSeCN r, 1.956’ ro 1.837e 
ro 1.950(25)‘ 1.851‘ 

F,CSeCN rn 1.984(20)”.‘ 1.854( 1 6pe 
rs 1.984(20)b*d 1.851(20)b*C 

PhSeMe rs 1.957(19)‘ 1.912( 13)’ 
PhSeBr r, 1.899(6)’ 
(F,CSe),N rB 1.973(5) 
(Me Se), B ra 1.954(4) 

‘ . b T ~ o  possible solutions: model A and B (see text). 
‘Assumed parameter. 
‘qsp’)--Se bond. 
‘C(sp)--Se bond. 
’C(sp’)-Se bond. 

96.3(1) 
96.2(2) 
94.1(20)” 
97.0(20)b 
95.45(174) 
93.5(6) 
93.1(3) 
93.3(10) 
93.9( 10) 
96.1 
95.6 
92.2(20)” 

103.0(25)b 
99.6(25) 
99.8(12) 

104.3(9) 
102.5(5) 

37 
38 

39 

40 

41 

42 

43 
44 
45 

46 
47 
48 
49 
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C-Hs 1.088(13) A 
C-Has 1.096(4) A 

Se-C- HS 105.0(7)O Hos-C-bs 109.9(5)O 
Se-C-Was 110.3(3)O Has-C-HS 110.6(5)O 

FIGURE 4. The molecular model of dimeth 1 selenide and the 
geometrical parameters (rJ of the Me group K, 

linear5’ has been strongly criticizeds3 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 reported5“ together with those of Me,S 
and Me,O. 

Two solutions (A and B forms in Figure 5 )  have been reported as to the conformational 
properties of bis(trifluoromethy1) selenide, (CF,),Se from an ED inve~tigation~~. 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 
angledecreasesfrom 98.9(2)0in Me,SSo to 97.3(8)0in(CF,),S55. Thischangeisincomplete 
agreement with the valence-shell electron-pair repulsion (VSEPR) model2’. According to 
this model, increasing ligand electronegativity results in increasing electron-withdrawing 

F\p/F 

F 

c 

I \  

F 6 F 

A B 
FIGURE 5. The two models of bis(tri- 
fluoromethyl) ~ e l e n i d e ~ ~  viewed along the C- 
Se bond 
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Bond angles and non-bonded distances in X,S and X,Se 

H2Y 92.12 1.923" 56 90.57 2.075O 59 
Me,Y 99.05 2.746" 51 96.3 2.898" 37 
(CF3)2Y 97.3 2.731" 55 94.1 2.90 39 
(SiH,),Y 97.4 3.210 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 noted3' 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. r1 ,3  
(H) = 0.92, r1,,(C) = 1.25, rlv3(S!) = 1.55 and r1,JGe) = 1.58A62963. H,S and H,Se are 
included in Table 8 for companson. The angle H-Te-H is 90.25' in H,Te64 with a 
2.350 8, H.. . H distance. A recent ED investigation of dimethyl telluride, Me,Te yielded 
Te-C=2.142(5)& C-.-C=3.14A, LC-Te-C=94(2)"65. The analogous 0 bond 
angles are considerably greater with smaller non-bonded distances: Me,O I 11.7". 
2.334A66; (SiH,),O 144.1", 3.107A6'; and (GeH,),O 126.5", 3.154 Ass.  

The diminishing bond angles in the series of analogous 0, S and Se derivatives have 
been noted also by Thomas4'. 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) kJmol- in 
methaneselenol, MeSeH, as determined by MW4'. 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$ 2.8OS0 and 
MeSH 2.206'. 
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FIGURE6 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 MW41v4'. The potential energy curve 
describing internal rotation about the C-Se bond is shown in Figure 6 after Durig and 
Bucfl'. The Et group is assumed to have a staggered conformation. The complete 
structures of both forms have been determined from the rotational spectra4'. The dihedral 
angle CCSeH of the gauche form is 61.6(8y4'. Notable differences between the two 
conformers occur in the bond angles ofthe methylenecarbon. This was attributed to a tilt 6 
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 s t ~ d i e s ~ ' . ~ ~  to calculate the tilt angle and the 
angle j3 between the rotation axis and the C-C bond. Values obtained for ethaneselenol, 
B = 111.9" and 6 = 3.204', are very similar to those for e t h a n e t h i ~ l ~ ' . ~ ~ .  

The MW of methyl selenocyanate, MeSeCN, has been a n a l y ~ e d ~ ~ . ~ ~ .  The available data 
allowed an unambiguous determination of the Se-CH, bond length. A tentative 
refinement based on several assumed parameters yielded dSe-CN) and the bond angle 
C-Se-C (Table 7). The observed difference between the two types of selenium-carbon 
bond length is 0.12A (0.14A is given in the original paper43), nearly the same as found 
between the analogous sulphur-carbon bond lengths in MeSCN'O. The barrier to internal 
rotation of the Me group was determined from MW to be 5.2(2)kJmol-' in methyl 
s e l e n ~ c y a n a t e ~ ~ ~ ~ ~  and 6.6 kJmol-' in methyl thiocyanate'l. The rotational barrier and 
the Me tilt in MeSeCN are similar to those in MeSeH. 
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/ H 

ant; gauche 
CH3 

FIGURE 7. Tilt (6) 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 EDQ5. 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 
L C-Se-CN = 92.2(20)0 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 diisopropyl 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 stable7,. 

The presence of a single conformation was assumed in the ED structure analysis of 
selenoanisole, PhSeMe46. The Se-CH, bond is rotated from the plane of the benzene 
ring by about 40". A similar conformation has been reported for t h i ~ a n i s o l e ~ ~  (Figure 9). 

N 

F F 

A B 
L CSeC 92.2(20)O 103.0( 25)O 

FIGURE 8. The two models of trifluoromethyl 
~e lenocyanate~~ projected along the F,C-Se 
bond 
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Br 

FIGURE 9. Conformation of s e l e n ~ a n i s o l e ~ ~ ,  
thioani~ole’~, benzeneselenenyl bromide4? and 
benzenesulphenyl ~hloride’~.  Projections along 
the Se-C(pheny1) or S-Qphenyl) bond. The 
horizontal line represents the plane of the Ph ring 

The structure of benzeneselenenyl bromide, PhSeBr, has also been determined by ED4’. It 
has a greater deviation from planarity than selenoanisole. A similar change is observed in 
benzenesulphenyl chloride75 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 bromide76 
(Figure 10). The crystals are orthorhombic, Pc2,n. The molecule has a planar syn 
conformation (5) similar to the analogous Te deri~ative’~; the Br-Se...O and Br- 
Te.e.0 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 chloride75 and 2-nitrobenzenesulphenyl chloride78”, both studied by ED. The 
flattening here may be a consequence of interaction between the substituents in the ortho 
positions (Figure 11). The S-CI bond lengths are the same in the two molecules and much 
larger than in free sulphur dichloride itself viz. 2.015 ,479. The considerable lengthening of 

1.8 

a 

Gas 

!2.305(19) A 

2 . 4 0 3 ( 4 )  A 

Br 

Crystal 

FIGURE 10. Geometrical parameters of benzeneselenenyl bro- 
rnide4? and 2-formylbenzeneselenenyl bromide76 
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the S-CI bond thus appears to be a consequence of Ph/CI substitution, and no 
appreciable change is observed that could be ascribed to the presence ofthe 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, L C-Se-Br 98.5(7)0 and Se.. .O 2.36A78b. 

The most interesting structural feature of the ortho-substituted benzeneselenenyl and 
benzenesulphenyl halides is undoubtedly the interaction between the 0 and the Se (or S) 
atom. The relatively short Se . 0 distance indicates partial bonding. A similar situation 
was observed in 2-formylbenzenetellurenyl bromide by XD7'. The Se . . .O and Te . * .  0 
interaction has been discussed by Baiwir and c o ~ o r k e r s ' ~  in relation to C=O bond 
lengths and ribrational frequencies and proton magnetic resonance data in analogous 
molecules. Table 9 contains further available structural data on such bonding situations. 
The Se . . '0 and Te'. .O distances invariably fall between the sums of the covalent radii 
and 1,3 intramolecular non-bonded radii6'ga6 (Table 10). 

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, K conjugation tending to 

Zaripov and 

Gas 

cr 

Gas 

FIGURE 11. Geometrical parameters of benzenesulphenyl c h l ~ r i d e ' ~  and 2-nitro. 
benzenesulphenyl ~hloride'~" 
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TABLE 9. 
renyl derivatives from XD 

Se and Te bond configurations in ortho-substituted benzeneselenenyl and benzenetellu- 

Bond lengths 

Molecule (A, 

C H  Po 
4\TeBr 

CHO 

C-Se 
1.939(8) 

C-Se 
1.91 8(8) 

C-Se 
1.876(9) 

C-Te 
2.08 l(2 1) 

C-Te 
2.1 33(10) 

C-Te 
2.1 05 (9) 

C-Te 
2.123(8) 

C-Te 
2.076" 

Se -S 
2.189(3) 

Se -S 
2.202(2) 

Se-Br 
2.403(4) 

Te-Br 
2.618(3) 

Te -Cl 
2.516(3) 

Te-Br 
2.646(1) 

Te -Se 
2.536(1) 

Te -C 
2.055" 

Angle Distance 
(deg.) Reference 

C-Se-S 
98.9(3) 

C-Se-S 
102.0(3) 

C-Se-Br 
98.0(6) 

C -Te -Br 
94.2(6) 

C -Te -C1 
92.7(3) 

C -Te -Br 
95.1(2) 

C-Te-Se 
97.9(2) 

C -Te -C 
94.2" 

Se . . .O  
2.505(8) 

Se. . .O 
2.574(8) 

Se...O 
2.305( 19) 

Te.. .O 
2.3 I 

Te. . 'O 
2250(7) 

Te,. .O 
2.237(8) 

Te...O 
2.658(6) 

Te."O 
2.575" 

81 

82 

76 

77 

83 

83 

84 

85 

'Average from two crystallographically 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' 

07  ,,62.06 r88.89 

C 0.767 1.25 1.70 
0 0.745 1.12 1.40 

r c o r  1 .3  vdW 

S 1.020 1.45 1.85 
Se 1.163 1.60 2.00 
Te 1.356 1.75 2.20 

=.so" Zr1.3 Tr",, 

sc 1.787 2.70 3.55 
SeC 1.930 2.85 3.70 
TeC 2.123 3.00 3.90 

so 1.765 2.57 3.25 
SeO 1.908 2.72 3.40 
TeO 2.101 2.87 3.60 

\ 

stabilize the planar form, and the Me/Ph hydrogen-hydrogen interaction tending to 
displace the system from coplanarity. Tschmutowa and Bockgo concluded from photo- 
electron spectra that the p, x conjugation diminishes in the order of 0 >> 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, x or u, x 
interaction as well as that of steric hindrance46. 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 acetylselenocholine iodide, 
MeC(O)SeCH,CH,NMe,.I- (6), is 97(1y9l, the same as in Me,Se (Table 7). In 
analogous molecules of+ biological interest thf A-C-C-0 chain prefers the gauche 
conformation while N-C-C-S and N-C-C-Se adopt the anti confor- 
r n a t i ~ n ~ ~ . ~ ~ .  The anti form has been found in 6 and in (2-(dimethylamino)ethyl) 
selenobenzoate hydrochloride, PhC(O)SeCH,CH,fi HMe,C- (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)A9'. 
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 
lOO(1) and 102(1)' in two crystallographically independent moleculesY3. In the crystal of 8, 
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disorder in the position of the Ph ring hinders the accurate determination of the 
parameters, viz. Se--C(sp3) = 1.97(1)A, and for the two positions of the Ph ring, 
Se-C(sp2) = 1.97(2) and 1.83(2)1%, and L C-Se-C = 97.0(7) and 99.7(7)Og4. 

The structures of crystalline bis(6-hydroxy-4,4dimethyl-2-oxo-6-cyclohexenyl) se- 
lenide (9)” and bis(2-hydroxy-4,4,6,6-tetramethyl-3-oxo-l -cyclohexenyl) selenide 

I I 

(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 

C 

FIGURE 12. Molecular packing in the crystal of 10. Reproduced (simplified) by 
permission of Acta Chemica Scandinavica from Reference 95 
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I 3.32 ! I 
.._.. 

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 pdiselenocyanatobenzene, p-NCSeC6H4SeCN (ll), has been 
determined by XDg7. The two types of selenium-carbon bonds, Se-CN = 1.837(23)A 
and Se-C6H4 = 1.916(19)& 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 Figure 13. 

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(trifluoromethylseleno)amine, (F,CSe),N, is shown in Figure 14. The C-Se-N 
planes are nearly perpendicular to the Se,N plane4*; the deviations have been reported to 
be 10-14". The CF, groups are staggered with respect to the adjacent Se-N bonds. The 

CF3 

\ Se-N i" 
'Se 

I FIGURE 14. The molecular model of tris(trifluoromethy1- 
CF3 selenokmine 
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1. - 
2.  
413 

. 11 5-10 1 

- 

81 

2.0 

1.9 

se-B 
\ 

FIGURE 15. The planar skeleton of tris(methylse1eno)borane with C, 
H3C symmetry 

4,8, 91;3 
5,6,10f 

7,ll 

- 

c-c c-c 

7 
.12 

1.7 

t i3  
$14 

J6 

1 czc c=c 

r (CC) ,  A 1.2 1.3 1.4 

FIGURE 16. The lengths of Se-C and S-C single bonds with sp, sp2 
(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 models39), 4: (F,CSe),N, 5 : MeSeH, 6: EtSeH 
(mean of anti and gauche forms4’), 7: PhSeMe, 8: MeSeCN(a: Reference 
44, b: Reference 43), 9:(MeSe),B, 10: Me&,, 11: Me2Se, 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: PhSCI, 16: HC(0)SH. 
17 : CH, =CH -SMe, 19 : EtS-CN. 
20:HCEC-SMe, 21 :MeS-C=C-SMe. See References 3,20 and 
100 

18 :CHI =C=CH -SMe. 
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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 EDg8. The 
barrier to internal rotation about the S-N bond was estimated from NMR data to be 
25(4) kJmol-' 98, 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),B4' (Figure 15). Tris(methy1thio)borane has a similar 
structureg9. 

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 s ~ I p h i d e s ~ ~ ' ~ ~ ,  which are also presented in Figure 16 for 
comparison. 

6. Acyclic Diselenides and Ditellurides 

The structure and conformation of dimethyl diselenide, Me,Se,'ol and 
bis(trifluoromethy1) diselenide, (CF,),Se, 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 ofrotation 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 

Q 

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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F 

FIGURE 18. Conformation of dimethyl diselenide'" 
(above) and bis(trifluoromethy1) diselenide102 (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 CHJCF, substitution is consistent with this 

TABLE 11 .  Parameters of Me$,, Me,Se, and pedluoro 
derivatives from. gas electron diffraction 

Y-Y(A) 
Y -c (A) 
L Y -Y -C (deg.) 
o (CYYC) (deg.) 

Y-Y (A) 
Y -c (A) 
L Y-Y-C (deg.) 
o(CYYC) (deg.) 

2.029(3) 2.326(4) 
1.816(3) 1.954(5) 

103.2(2) 98.9(2) 
85.3(37) 87.5(40) 

(CF,),Y, 

(CF3)2S:04 (CF3)2Se~02 

2.030(5) 2.292(10) 
1.835(5) 2.018(20) 

101.6(6) 98.0(5) 
104.4(40) 84.5(30) 
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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 Io4, than would be 
expected according to the above mentioned trend. Noteworthy is the greater CSSC 
dihedral angle (104 f 4") determined for this molecule as compared with the rest of the 
disulphane series-except for Me2BSSBMe, -or the diselenide molecules, for that 
mat ter3. 

Two examples from among crystalline organic diselenides are cited here. Cyclic 
molecules with a Se-Se fragment will be discussed in Section I1I.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(se1enourea) 
cation, [SeC(NH2)2]22' (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'06 (Figure 20). It has been argued10s 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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N 

85 

FIGURE 20. Conformation of the 
[SC(NH2)J2'+ and [SeCNHz)z]22+ cation 
after Reference 105) 

than in Me Se, (Table 11). The Se-C bond of 12 in its diiodide salt has been determined 
as 1.943(4)i lo*. 

The other example is bis(pentafluoropheny1) diselenide, (C,F,),Se, and its S anal- 
ogue"', which are isostructural in the crystal, orthorhombic P212,2,. Their main 
parameters are also given in Table 12. An unexpected finding wado7 that the crystal 

TABLE 12. 
crystallographic studies 

Parameters of diselenides and analogous disulphides from X-ray 

CYCWH2)21,X2 

X = Br X = 1 [SeC(NH,)2]zCI~s 

Y -Y (A) 2.044( 10) 2.044(20) 2.380(6) 
Y-C(A) 1.78(3) 1.75(4) 1.94(1) 
LY-Y-C(deg.) 104.0 98.9 95.5(6) 
o(CYYC) (deg.) 89.2 104.8 89.5 

(C,Fs),S:07 (C6F,)zSe:07 

Y -Y (A) 2.059(4) 2.319(4) 
Y -c (A) 1.770(7) 1.910" 
Y-Y-C (deg.) 101.2" 98.8" 
w(CYYC) (deg.) 76.5 75.3 
4b (deg.) 39.3 34.Q 

"Mean value. 
b& is the dihedral angle between the planes of the rings. 
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FIGURE 21. The molecular model, bond 
lengths (A) and bond angles (deg.) of se- 
lenium diselenocyanate'21. 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 PhzSz109 and PhzSe2'I0. 

The Se-Se bond lengths in these molecules (Tables 1 1 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 Se, molecule of y-selenium 
(monoclinic), 2.326(3)-2.344(3) A ' ,. 

The Te-Te bond length is 2.712(2)A in crystalline diphenyl ditelluride, Ph,Te,, from 
XD1I3. 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' 14: 
Te-Te = 2.697(3)A and Te-C = 2.13(1).k The authors'I4 noted a great dissimilarity 
between the molecular conformation in the crystals of Ph,TeZ1l3, (p-MeC,H,),Te, 'I4 
and (p-CIC,HJ,Te,l'S. It has been suggested that these differences are due to steric 
hindrances arising from packing peculiarities114. 

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 n 
electrons of the aromatic rings on the other1I6. The steric effects predominate in the case of 
ditellurides116. 

The crystal and molecular structures of selenium diselenocyanate, Se(SeCN),, and also 
of the isomorphous selenium dithiocyanate, Se(SCN),, have been redeterminedlZ1, based 
on XD data, since they were discussed in another volume of this series4. Bond lengths and 
angles of Se(SeCN), (Figure 21) are in agreement with the data in Tables 7 , l l  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 t .  * 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 Reference 4). 

C. Heterocycles 

Structural data on free non-aromatic ring molecules with Se are scarce. Selene- 
tane, (CH&Se, has been studied by microwave spectroscopy'". 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 thietanelZ3 and 
selenetane' 

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

Puckering 
angle Barrier 

X CXC/CCC (deg.) (kJ mol-') Technique Reference 

35 6.02(2) ED 124 
ED 125 

126 NH 33.1(24) 5.21 ED 
0 0 0.1856(6) M W  127 
SiH, 33.6(21) 5.26 ED 128 
S 2 W )  3.28(2) ED 123 

CHZ 
26(3) 

Se 29.5(10) 4.58(4) M W  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 tetrduoro-1,3-diselenetane, (F,CSe),, is planar with D,, 
symmetry'29 (Figure 23)similar to that of tetrduor0-1,3dithietane,(F,CS)~~~~~'~~. Both 
structures have been determined by ED. Ring planarity in (F,CSe), has been confirmed by 
CND0/2 calculations, which indicated some degree of bonding interaction between the 
two Se atoms*29. As two parallel ED studies of (F2CS),'30*131 showed some discrepancy, 
the information on the Se derivative proved to be helpful in resolving the controversy. The 
two sets of ED results on (F3CS), 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)Ain (F,CSe),'39. Further, the mean valueof F...Fdistancescalculatedfrom 
C-F bond lengths and F-C-F bond angles of 40(!) molecules containing the CF, 
groupis2.162A with astandard deviation of0.008A! TheF...Fdistancewasneverfound 
to be smaller than 2.141( in those 40  molecule^^^'^^. 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 ago6,. On this basis one of 
the two sets of results'30 for (F2CSl2 could be p r e f e r r e ~ l ~ . ' ~ ~ .  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 

FIGURE 23. Model and geometrical para. 
meters of tetrailuoro-l,3diselenetane1 29 
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TABLE 14. The ring geometry of tetrahydroselenophene (C, 
symmetry) from ED134 and MWi3’ studies 

~ ~~~ ~ ~ 

Bond lengths (A) 
Se-C 1.975(3) 1.963(2) 

1.549(3) 

1.527(2) 
1.538(4)” 

Bond angles (deg.) 
C-Se-C 89.1(5) 90.73(12) 
Se-C-C 105.8(3) 104.97(17) 
c-c-c 106.0(7) 106.87(20) 
Dihedral angles (deg.) 
CSeCC 15.4(5) 

cccc 56.9(17) 
ff 29.73( 23) 

‘Mean C-C bond distance. 
bRelative sign of the dihedral angle according to the convention by 
Klyne and Prelog”‘. 
‘Ois the angle between the projections ofthe bonds Se-Cand C(3)--c(4) 
on a plane perpendicular to the C, symmetry axis. 

SeCCC - 42.7(14)* 

vibrational spectroscopic investigation of 1,3-dithietane133 concluded C,, symmetry for 
this molecule with a considerably puckered ring. On the other hand, t h s  molecule was 
found to have D,, symmetry in the solid state133. 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’34 and MW135. 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  result^^^'*'^^. The experimental findings were in complete agreement 
with the results of molecular mechanics ca lc~la t ions’~~.  Tetrahydrothiophene has the 
same well-defined C, conformation as determined by ED’39 and molecular mechanics 

I 
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 f ~ r a n ' ~ ~ ,  
tell~rophene'~~ from MW 

4 3 

89 

thi~phene'~', ~elenophene'~~ and 

Bond lengths (A) 
x-c 1.362 1 (1 0) 1.7140(14) 1.8547(9) 2.055 
C(2)--C(3) 1.3609(10) 1.3696(17) 1.3695( 12) 1.375 
C(3)-C(4) 1.4309(20) 1.4232(23) 1.4332(30) 1.423b 
Bond angles (deg.) 
c-x-c 106.55(7) 92.17(10) 87.77(7) 82.53 

c-c-c 106.05(7) 112.45(18) 114.55(10) 11  7.93 
x-c-c 110.68(7) 11  2.47(23) 1 1  1.57(13) 110.81 

~~ ~ 

"Substitution structure (rs). 
bAssumed parameters. 

 calculation^'^^. On the other hand, the structures of cy~ lopen tane '~~  and tetrahydro- 
furan' 41.142 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'43 from MW stud- 
iesI43.144 . In a study of t e l l ~ r o p h e n e ' ~ ~  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 0 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: 

representing either the delocalized system of six ?I 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 f ~ r a n ' ~ ~  and thi~phene'~'-a justification for the 
assumption made in the study of tellurophene. This bond pattern resembles the 
conjugated system in 1,3-butadieneZ0: 

C= c-c=c 
1.345 (2) 1.345(2) A 

1.465 (3) 

The bond length in benzene14*, 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 0, S, Se and Te in the ring are smaller and their 
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TABLE 16. 
heterocycles 

Istvin Hargittai and Bela Rozsondai 

Parameters of dimethyl chalcogenides and non-aromatic and aromatic five-membered 

x = o  S Se Te 

Me,X 
c-x (A) 1.410 1.805 1.945 2.142 
C-.C" (A) 2.334 2.746 2.898 3.14 

Reference 66 51 37 65 
C-X-C (deg.) 111.7 99.05 96.3 94 

c-x (A) 1.428 1.839 1.975 
C(2)" 'c(5p (A) 2.3b 2.677 2.771 
C-X-C (deg.) 106-1 1 I b  93.4 89.1 
Reference 142 139 134 

c-x (A) 1.362 1.714 1.855 2.055 
C(2)'..C(5Y(A) 2.184 2.470 2.572 2.710 
C-X-C (deg.) 106.6 92.2 87.8 82.5 
Reference 146 147 143 145 

A' (deg.) 5. 1 6.8 8.5 12 

"Calculated from the other parameters. 
q h e  ring cannot be characterized by constant values because of pseudorotation. 
T h e  difference between angle C-X-C in Me,X and C,H,X. 

bosds are shorter than in the corresponding dimethyl chalcogenides, and the difference in 
bond angles (A) increases from 0 to Te (Table 16). The angles C-S-C and C-Se-C in 
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)' 5 0  

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 = 1.50 8, and N-Se-N = 94.3" for 14. 

N- 

Se 
N\ ' O N  / 

se 

(13) (14) 

The crystal and molecular structures of diphenyl-substituted"' and ring-fused 
 derivative^'^^ of 14 have been determined by XD and are discussed in relation to the 
structures of their 0 and S analogues. 

In a A4 - 1,4, 2A5-selenazaphospholine derivative (15) the two rings occupy axial- 
equatorial positions at the distorted trigonal bipyramidal phosphorus atom'53. 
The selenazaphospholine ring is nearly planar with single bonds P-Se = 2.273(2) A, 
Se-C = 1.972 A and angle P-Se-C = 89.9'. 
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(15) 

The different crystal structures of 1,Z-benzisoselenazole (16) and 1,Z-benzisotellurazole 
(17) explain why the latter compound has an unexpectedly high melting point and low 
~olubi l i ty '~~.  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& Se- 
N = 1.861(, C-Se-N = 88", C-Te = 2.08& Te-N = 2.11 A and C-Te-N = 80". 

(16) X = Se 

(17) 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(4p were determinedlSs. 

\ / Me 
/ c=c  \ /H 

H 

Me / c = c  'CN 

Q7rR R =  

(18) 

S-Acetoxy-6,7-dichloro-3,4-benzobicyclo[3.2.0]-2-selenaheptene (19) is a photo- 
addition product1s6. 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(sp3) = 1.949(9) and Se-C(sp2) = 1.905(9)A 

0 C(0 )  C H 

(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 1II.A. 5,6-Dihydro-4,4,4',4',6,6,6',6'- 
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octamethylspiroC 1,3-benzoxaselenole-2, 1 ’-cyclohexane]-2’, 3’, 7(4H)-trione (20)’ s f  
and 6,7-dihydr0-4’,4’,6,6-tetramethylspiro[l, 3-benzoxaselenole-2,1 ’-cyclohexanel- 
2‘,4,6’(5H)-trione (21)15*, as well as 1,5,5-trimethyl-7-selenabicyclo[2.2.l]heptane-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(sp2) = 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 crystallogra hically 

the other bridgehead atom 1.977(7)A. 

Istvan Hargittai and %la Rozsondai 

independent molecules), while in 22 the bond to the quaternary carbon is 2.021(7) R ,and to 

Dibenzoselenophene (23p0 and dibenzotellurophene (24)16’ 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 = 0) and dibenzo- 
thiophene (X = S). McCullough’61 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. 

The bond lengths and bond angles of heteroatoms in selenolo[2,3-b] benzothiophene 
(25)’64 are: Se-C(2) = 1.896(17), Se-C(8a) = 1.859(13), S-C47a) = 1.741(15), 
S--C(Sa) = 1.687(15)A, L C-Se-C = 87.7(7), L C-S-C = 91.4(7)”; and in 

(25) cis (26) trans 
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TABLE 17. Geometries of the planar five-membered rings of dibenzo-furanL6', - th i~phene'~~, -  
~elenophene'~" and -tell~rophene'~' from XD" 

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(9a)-C(9b) 1.480(6) 1.441(1) 1.453(7) 1.46q7) 
Bond angles (deg.) 
c-x-c 104.4(4) 9 1.5(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(5a) -C(9a) --C(9b) 105.6(4) 11 1.9(7) 114.3(5) 1 17.1(5) 

'Mean values from chemically equivalent distances and angles as well as their standard deviations are presented 
after McC~llough'~'.  

selenolo [3,2-b] benzothiophene (26)164: Se-C(2) = 1.861(10), Se-C(8b) = 1.863(9), 
S-C(3a) = 1.751(8), L C-Se-C = 87.0(4), L C-S-C = 
91.0(4)0. The shapes of the heterocyclic rings are similar to the corresponding ones in 
other molecules. 

Tetrathiafulvalene (TTF, A2p2'-bis-l, 3dithiole) (27) derivatives and Se analogues have 

S-C(4a) = 1.734(8)A, 

(27) 

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 

(28) R = H 

(29) R = Me 

touched on here. The pure electron donor 4,4',5,5'-tetramethyld2*2'-bis-l, 3-diselenole 
(tetramethyltetraselenafulvalene, TMTSF) (30) crystallizes in the triclinic space group Pi 
with one molecule in the unit cell' 6 5 .  The molecule has thus a centre of symmetry (Ci). 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 :I 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 w6. The rings of30are 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'. 

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 m o l e c ~ l e s ' ~ ~ .  The other is a semiconducting modification (red form) which 
consists of mixed stacks of alternating donor and acceptor molecules'68. The overlap of 
molecules within a stack is shown in Figure 25. The distance between molecular planes is 
3.6 8, in the stack of cations (black form) and 3.5 8, within the mixed stack (red form), about 
the same as in the TCNQ crystal itself169. The stacks of TCNQ anions in the black form of 
the salt are characterized, on the other hand, by interplanar spacings of 3.26A 16'. The Se 
bond len hs and angles are (in the above order) 1.88(1), 1.90(9A and 94.5" in the black 

has the same bond angle, 94.4", in pure crystalline TTF (27)"', 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 pop~lations"~. 

F 68 and 1.908(4), 1.900(4)A and 94.3" in the red form' *. It is noteworthy that S 

N N 

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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.*-Q S 

(31) 

5-Phenyl-l,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°171. 

X- X 
I I 

X- X 

(32) X = S 

(33) X = Se 

(34) 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:l complexes of tetraselenotet- 
racene (33) with c h l ~ r i d e ” ~  and t h i ~ c y a n a t e ’ ~ ~  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 ofcarbons, destroying complete 
planarity. The molecules form columns along the c 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 thiocyanatecomplex’ 72. The geometry of thediselenide 
group in cation 33 is characterized by the following mean parameters: 

Anion Se-Se(A) Se-C(A) C-Se-Se(deg.) 
C1- 2.323(1) 1.901(6) 91.6 
SCN- 2.320(7) 1.86 90 

The molecules form stacks in the crystals of neutral tetratellurotetracene (34)’74 and 
tetrathiotetracene (32)175. 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) 2.100(3) 1.781 95.9 

Chalcogen-chalcogen bond distances are comparable with those in acyclic dichalco- 
genides (Section 1II.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. 
(Figure26). 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 0 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-planarity 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'*'. 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). 

C"3 
I 

i"" 

Se 

FIGURE26. Mean endocyclic bond angles in 
chair-form six-membered rings: (a) 1,3,5-tri- 
thiane'76, (b)cis-2,4,6-trimethyl-l, 3, 5-trithiane'77, 
(c) 1,3,5-tri~e.lenane'~~, (d)cis-2,4,6-trimethyl-l, 3, 
5-tri~eIenane'~~,  (e) 1,3,5-0xadiseIenane'~~, (f) cis- 
2,4,6-tnmethyl-l, 3,5-dioxaselenane1 ' 
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TABLE 18. 
XD 

Structural data of l-teUuracyclohexane-3,5dione derivatives from 

_ _ ~  ~~~ ~~ 

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

35 2.15(1), 2.18(1)0 89.5(4) 
2.17(1), 2.15(1)" 90.8(4) 

36 2.202(8)b, 2.157(8)' 88.4(3) 
37 2.184(6), 2.206(7)" 89.7(3) 
38 2.168(5) 86.4(2) 
39 2.18(1), 2.18(1)" 89.3(6) 

186 
183 
184 
187 
I85 
I88 

~~ 

'The two Te -C bonds are crystallographically dilTerent. 
The  Te-C(Me) bond. 
'The Te-CH, bond. 

Cyclic complexes of Se(n) or Te(n) 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 l-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 2  

The telluracyclohexane rings have a chair form and the Me groups occupy equatorial 
positions-except in 4,Cdimethyl-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 s t ~ d i e s ' ~ ~ , ' ~ ~ ~ ' ~ ~ .  The molecules are aligned in piles along axis a 
(Figure 27). Weak association is f ~ r r n e d " ~  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 f a/2 and to one molecule 
in the diagonally opposite stackls3. 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 5.05A, 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(n) atoms are oriented into available space in the s t r~c tu re”~ .  Another 
possible hybridization of Te(n) would be the planar trigonal spz hybrid with the 
remaining lone pair on a p orbital perpendicular to the pIane183~184. Some physical 
properties of these crystals such as Mossbauer spectralg0, 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 183-185, 187,188 
and 190 and references therein). The relatively small angle in 38 has been relatedIs5 to 
weaker intermolecular Te . . . Te interactions in this crystal (see above). 

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

FIGURE 28. Projection of two molecules along the a axis in the 
crystal of 4,4-dimethyl-l-telluracyclohexane-3,5-dione (38) (after 
Reference 185) 
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The non-planar heterocyclic ring of 3-formyl-5,8-dimethyl-l,2-benzothiaselenin-l, 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)" 

OHC 

Me 

(40) 

9,lO-Dihydroanthra~ene~~'~ 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-pdioxin (41), which is, at least in the crystal phase, 
practically planarlgZb. Geometrical parameters of such molecules containing Se or Te 
atoms are listed in Table 19, together with those of 0 and S analogues for comparison, 

F F 

(41) X = 0 
(42) X = S 

(43) X = Te 

(48) 

F:I"xx*F F X F 

F F 

(44) x = 0 

(45) x = s 
(46) X = Se 

(47) X = Te 
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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 
EDlg4. Chalcogen-carbon bond distances are normal for single bonds to sp2-hybridized 
carbon (cf. Table 7 and diphenyl ditellurides in Section 1II.B). Bond angles show the usual 
trend down the chalcogen group. The bond lengths in the perfluoro derivatives 44-47 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 changes2" in the dihedral angle 8, of the two phenylene planes 
and the fold angle 0, of the central ring in the peffluoro 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 
distances in the central rings of the four molecules 44-47: 2.31,2.69,2.85 and 3.06 A. At the 
same time, the usualchalcogen bond angles are approached only by stronger folding of the 
central ring, without substantially distorting the carbon bond angles from 120". The latter 
angles in the central ring are, nevertheless, systematically largerlg5 than 120°, viz. 0 -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 peffluorotelluranthrene (47), el 2 is valid 
in these and similar molecules. This is demonstrated by the data in Figure 30 as well as by 
el,@, 124.0, 120.1" in telluranthrene (43), and 145, 138" in phenoxatellurin (49), while 
el = 0, was found to be 131.4"in thianthrene (42), 150°in phenoselenazine (SO) 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'". 

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" ,03. The relatively large Se-C-Se angles 
between 114 and 119", accompanied by Se...Se distances of 3.26-3.38A, may be a 
consequence of the size of the Se atoms203. 

The crystal molecular structure of a dimer (52) of IH,4H-naphtho[1,8-d,e] [ I ,  21- 
diselenepin has been determined204. 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'. 
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TABLE 19. Chalcogen bond lengths and bond angles in 9,lO- 
diheteroanthracene molecules 41 -51 

101 

~~ 

Bond length Bond angle Reference 
Molecule (4 (deg.) 

41 
44 

42 
45 

46 
48 
50 
51 

0-c 
1.383(8) 
1.374(2) 

s-c 
1.770(3) 
1.765(2) 

Se-C 

1.9 lO(8) 
I .920(8) 
1.89(2) 
1.921(S) 

c-0-c 
116.4(5) 192b 
114.3(2) 193 

c-s-c 
104.1(1) 194 
99.3( 1) 19s 

~ ~~ 

C-Se-C 

96.5(10) 196 
98.2(4) 197 
97(1) 198 
95.4(2) 199 

Te -C C-Te-C 
43 2.112(4) 95.6(3) 200 
47 2.114 92.9(1) 20 1 
49 2.098 89.4(3) 202 

-0- 

81 

1800 

1 3 2 O  

1 2 6 O  

111.5O 

82 

180° 

1 2 6 . 3 O  

1 2 3 O  

118.40 

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, O2 is the fold angle of the central 
ring. See Table 19 for references 
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FIGURE 31. The ring conformation in crystalline 1,3,5,7- 
tetrasdenocane. Drawn from the atomic coordinates given in 
Reference 203 

TABLE 20. 

Molecule M Se-C(A) M-&(A) M -Se-C (deg.) Reference 

Bond configuration of Se and Te in organometallic complexes 

53 cu 1.86 2.43 84 205 
59 c u  1.82 2.50 81.2 206 
54 Zn 1.88 2.48 77-95 205 
60 Hg 1.89(3) 2.477(3) 104.4(8) 207 

208 

209 

210 

51 Se 

58 

61 Te 1.897(7) 

21 1 

212 

62 Te 1.884 2.812 

63 Mo 1.86(1) 2.492(2) 105.1(4) 
64 co  1.952(3) 2.378(1) 92.1(1) 213 
65 c o  1.949(10) 2.3 55( 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) 2.28q3) 102.8(3) 216 
61 Ni 1.86(1) 2.387(1) 87.3" 217 
68 Ni 1.78(3) 2.391(5) 85" 218 

219 
220 

69 Rh 1.926(7) 2.527 
2.462(4) {;::z; 2.49 l(3) 

70 Pt 

80. I 89.1 
89.51 
{;::;6;} 

2.462 
2.816 
2.450 , 

2.867 l;;:&! 
2.7229( 16) 

{z 
Se {;:E 

(I .893(7) 2.8895( 17) 99.8(2) 

106':l 
Te-C (A) M -Te (A) M -Te -C (deg.) 

71 Cr 2.12(2) 2.765(4) 96.1( 15) 221 
12 Hg 2.10(1.2) 2.697(10) 99.9(16) 222 

'Calculated from the atomic coordinates given in the original paper; mean value. 
bNot given. 
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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 factors223. 

The diselenocarbamate complexes of Cu(n), Zn(u) and Ni(i1) (53-56) are isomorphous 
with the corresponding dithiocarbamate compounds. Average differences of Se-C and 
S-C (0.15210 and Se-metal and S-metal bond lengths (0.113A), 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 bonds205. The diselenocarbamate complexes (53- 
58,68,70) all contain practically planar Se,CNC2 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 55,’’ and 56215 while a pair ofcentrosymmetncally 
related molecules is linked by a pair of Se-metal bonds in 53 and M 2 O 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 ZnZo5. Two diselenocarbamate ligands are coordinated to a Se 
atom in bis(N, N-diethyldiselenocarbamato)selenium(ir) (57)208 and selenium bis( 1 - 
pyrrolidinecarbodiselenoate) (58)209, 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 1II.B and 
IILC). 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 

\ ./ 
Se Se 

(53) M = CU, R = Et 
(54) M = Zn, R = Et 
(55) M = Ni, R = Et 
(56) M = Ni, R = n-Bu 
(57) M = Se, R = Et 
(58) M = Se,-NR, = -N(CH2), 

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 
(1.94A) and a double bond (1.73A)’09 (see also data in Sections I1 and 1II.A for 
comparison), and are comparable with the bond length in crystalline selenourea and 
related systems (see Section 11). The Se-C bonds are remarkably short in the cation of68, 
which is an octahedrally coordinated Ni(iv) 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, 67-69 and 71. In the 
cobalt complexes (64,65) a lengthening of the Co -N bond trans to the Se atom has been 
o b ~ e r v e d ~ ‘ ~ * ~ ~ ~  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). 
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c u  ’. CNEt Et2NC\, / , ,,/ 
S Se 

(59) 

2 NO3- 

[MeHgSeC(NH,),] + NO; 

(60) 
PhTe[SeC(NH,),], + C1- 

(61) 

Te[SeC(NH,),],2+ 2 C1- 

(62) 

(64) (65) 

c104- 
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SePh 

(69) 

Ph 

\ 
/Te 

Ph 

(72) 

(a ) 

FIGURE 32. Schematic projection of the dimeric molecule in the crystal of (a) 
bis(N,N-diet hyldise1enocarbamato)copper (11) (53) and (b) bis(N,Ndiethyl- 
diselenocarbamato)zinc(II) (54) (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 ring2’ I .  The tris(tellurophenolato)mercurate(n) anion 
(72) has a distorted planar trigonal HgTe, core, which holds the propeller-like 
arrangement of the phenyl rings222. The Hg atom lies 0.09A from the plane of the Te 
atoms, and the distances of ips0 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 
plane2”. 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 threecoordinate. 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 va our phase molecular geometry has been elucidated by 
ED:SeOF2224, SeOCIz2 ! -  ’, ethylene selenite (73)226 and trimethylene selenite (74)”’. 

II 
0 0 

(73) (74 1 

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’ 
distances228. Within the ion pairs (Figure 33), the See.. N contact of 3.197(4)A and the 
Se 1. .  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 

FIGURE 33. An ion pair in the crystal of triphenylselenonium 
isothiocyanate (after Reference 228) 
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FlGURE 34. Schematic Se coordination in Ph,Se(NCS) and 
Ph,SeCI.2 H,O 

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,SeC1~2H2OZz9. 
The mean values of the Se-C bond lengths and C-Se-C bond angles are as follows: 

r(Se-C)(A) C-Se-C(deg.) 
Ph,Se(NCS) 1.923(8) 100.9 (3) 
Ph,SeC1.2 H,O 1.93(1) lOO(1) 

The Se bond angles are slightly larger than the corresponding mean Te bond angles in the 
Ph,Te+ion, viz. 95.7(8)" in Ph,Te(NCO).+CHCI, 230 and 97.3(6)" in Ph,Te(NCS)231. 
The mean Te-C bond distance in bothcrystals is2.13(2) 8, 2 3 0 * 2 3 1 .  The mean C-Te-C 
bond angle and Te-C bond length in triphenyltelluronium chloride, Ph,TeCl, is 95.6" 
and 2.130(4)AfJ2. 

In the two above-mentioned Se compounds the coordination of the Se atoms is 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,SeC1.2 H,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 asoctahedral with three bonds, one coordination linkage and two vacant 
sitesz2*. In Ph,SeCI.2Hz0 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 coworkers228. They are neither isomorphous, nor 
i s o s t r ~ c t u r a 1 ~ ~ ~ ~ ~ ~ ~ .  Dimers and polycyclic tetramers coexist in the unit cell of 
Ph,Te(NCS)231. There are tetramers in Ph,Te(NCO).iCHCI, 230. 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 live- and six-coordinated atoms in distorted 
square-pyramidal and octahedral environments, respectively. Ph,TeCI is dimeric in the 
crystal, with five-coordinated Te atomsz32. 

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 ipsa 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 The Se 
bond configuration is pyramidal with the Se atom lying 0.78 8, out of the plane ofthe three 
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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)0, not far from the C-Se-C bond angle in Me$ (cf. Table 7). Noteworthy is the 
Se-C(alky1) bond length, 1.906(8),&, which is the same as the mean of the two Se- 
C(pheny1) bond lengths (1.912A). 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 
0.91 A). This structure was determined by X-ray crystallography by Saatsazov and 
coworkers23s. 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). 

0 

0’ 

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(1) diperchlorate 
(Ph,Se),HgHg(SePh,),(C1O4), (77), yellow and red. Both have been studied by X-ray 
c r y ~ t a l l o g r a p h y ~ ~ ~ . ~ ~ ~ .  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 fur 
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 
out in 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-C ring 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{p[(trifluoromethyl)seleno]- 
manganesetetracarbonyl}, [(CF3Se)Mn(C0)J2 (78), (Figure 37) is of interest 
for our discussion. This molecular structure has been determined by XDZ3*. 
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 L 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 f 0.008 A found from a large series of free 
molecules containing CF? groups as was discussed in Section 1II.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 SheldrickZ3*. 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 S h e l d r i ~ k ~ ~ ~ .  
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The molecular structure of trans-dibromobis( 1,4-oxaselenane) platinum(r1) (80) has 
been determined by XD239 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-Se-C versus C-S-C endocyclic bond angles. Some of the geometrical 
parameters in the two analogous molecules are: 

79 80 
s-c I.SI(I)A Se-C 1.96(2) A 

1.82(2) A 1.86(4)A 
C-S-Pt 113.2(5)" C-Se-Pt 110.5(7)' 

104.0(4p 107.2(lO)o 
C-S-C 96.4(7)" C-Se-C 90.8(13)" 

The C-S-C bond angle in the thio derivative agrees well with the analogous angle in 
free 1,4-oxathiane, viz. 97.1(20)" as determined by ED240. 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 R- 
Se bond adopts an axial position (Figure 40). According to Barnes and coworkers239 the 
difference cannot be explained by intermolecular packing considerations. It was also 
noted239 that similar conformational differences have been observed. 

(81 1 
The hexacarbon yl [p-[ 1,2q : 2 4 -  1 cyclooctene- 1 -selenolato(2-)-Se :Sell diiron(Fe-Fe) 

molecule (81)241 is interesting in that it contains iron-selenium bonds. The selenoketocar- 
bene moiety establishes asymmetric bonding to the diironhexacarbonyl group. The Se 

I 

FIGURE 40. Axial and equatorial coordination of I, 4- 
oxaselenane and 1, Coxathiane to Pt in complexes 80 and 
79, respectively 
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bond configuration is characterized by the following parameters: 
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r(Se-C) 1.917(3)A LFe-Se-Fe 64.1(0)", 
L Fe-Se-C 77.1(1) and 57.4(1)0 

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 ring242. 

The trimethyltellurium ion, Me,Te ', is a discrete entity in the trimethyltelluronium 
tetraphenylborate, Me,TeB Ph4(82), structure as has been determined by X-ray crystallog- 
r a ~ h y ~ ~ , .  The Me,Tef 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 
determined244. The geometry of the TeC, skeleton in 82 is characterized by the following 
mean parameters: 

r(Te-C) 2.14(2)A and LC-Te-C 92(1)" 
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 noncoordinating 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 ofelectrons of Te. The lone pair may have somewhat 
diminished activity in other molecules due to secondary coordination. 

\SeMe2 MeSe - SeMe 
Me 

Interesting structures, 83 and 84, are produced when tetrameric bromotrimethylpla- 
tinum reacts with Me2Se or Me2Se,, respectively245. 83is 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 XD245. The Se-Se bond length is 
2.36(1) A, slightly larger than in open-chain diselenides discussed in Section 1II.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- * 245. 

Abel and coworkers246 have studied the various structural factors governing the energy 
barriers to inversion of threecoordinated Se and S. In a typical investigation, a complex, 
[ReI(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 threecoordinated Se atom was calculated by means of total band-shape 
dynamic NMR spectroscopic methods246. 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)" 

Se-CH, 1.970(9)A Re-Se-CH, 102.3(3)0 
1.989(9) A 100.9(3)' 

Re-Se-CH, 107.7(4)" 
108.9(4)0 

1.991 (1 1) A 97.5(5)0 

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 made246: 
(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)a 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,),]32 +, ion have been 
determined from visually estimated photographicz4' and dflra~tometer~'  X-ray data. 
Crystals of [SeC(NH,),],Cl,~H,O(86) and [SeC(NH,),],Br2.H,0(87) are isomorphous, 
orthorhombicZ4', Pbca; the sulphate, [SeC(NH,),],S04~SeC(NH,),.2H,0 (88), is tri- 
clinic35, Pi 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 

I I 
C C 

respectively, is about 75". This conformation of the tris(se1enourea) cation (Figure 42) 
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N 
FIGURE42. The 'easel' shape of the 
tris(se1enourea) 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 CsZ4', K249 and Rb saltsZSo (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(se1enourea) ions, which have 
Se-Se-Se angles of 173.8' in the dichloride (86)247 and dibromide (87)247 and 168.3" in 
the sulphate (88)35. 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(se1enourea) group are as 
follows: 

86247 87247 8835 
Se-Se-C(termina1) 96.4 96.4 98.0 
Se-Se -C(central) 89.1 89.2 86.2 

They are similar to those found in the triselenocyanate ion4*248-2s0. The crystallographi- 
cally different Se-Se bond lengths (A) are the following: 

86 87 88 
Se-Se 2.597(2) 2.624(2) 2.6336(15) 
Se-Se 2.717(2) 2.712(2) 2.6639(15) 

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

Se-C(termina1) 1.921(8) 1.921(12) 1.903(5) 
Se-C(centra1) 1.940(8) 1.947(12) 1.925(4) 
Se-C(termina1) 1.905(8) 1.906( 12) 1.903(5) 

The central Se-C bond in the tris(se1enourea) ion is longer than the terminal Se-C 
bonds. A similar observation was made for the chalcogensarbon bonds in tri- 
thiapentalenes and analoguesz5' (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(se1enourea) ion. The longer 
Se-C bond belongs to the shorter Se-Se bond, although dnerences 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 triselenocyanate~~*~~~-~~~ 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 II 
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electrons in the nearly planar bicyclic molecule, while asymmetric forms like 8% 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 0 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 
diffraction266 and 1,6-dioxa-6a-thiapentalene by microwave ~pectroscopy~~'. 

Chalcogen-chalcogen bonds in these systems are longer than normal covalent single 
bonds, and the relative lengthening diminishes from S to Te263. This is in accord with 
observed ESCA line widths268.269 and results of CND0/2 calculations269; 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 p o ~ i t i o n ~ ~ ~ . ~ ' ~ .  This potential well is much narrower269 when a Se atom takes 

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

Molecule 

1.7036) 1.153(6) I .7 l2(6) 

2 .393)  2.362(3) 
254 

1.6q2) 1.95(2) 1.66(2) 
(92) 255 

2.446(5) 2.46( 5) 

S- 

1.69 I( 3) 1.917(3) I .69J (3) 
(93) 256 
R =  Me 

2.414( I )  2.41 4( I ) 

1.72(1) 1.87(1) 1.71(1) 

2.419(3) 2.433(3) 
251 

1.69( 1) 1.71(1) 1.82(1) 
(95)" 258 

(35.5") Ph& OSQSe(5E,7") 2.492(3) 2.333(3) 

(Conrd.) S- 
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Molecule 

1.86(3) 1.90(2) 1.81(3) 

2.586(3) 2.579(3) 
259 (96) 

R = H  

(97) 
R =  Me 

2.542(6) 

260 

1.78(2) 1.91(2) 1.832) 
(98) 26 1 

2.568(3) 2.554(3) 

I .848( 15) I .88l( 15) I .22 
262 

Se-Se-0 2.384(3) 2.336 

1.353(5) 1.683(4) 1.347(5) 
(100) 263 
x = s  1.853(3) 1.850(3) 

I .32( 1) 1.827(8) 1.34(1) 
(101) 263 
X=Se 

1.987(7) 1.997(6) 

1.36 1.980 I .39 
(102) 263 
X=Te 2.094 2.080 

264 

1.337(14) I .802( 1 1) 1.346(14) 

2.01 7(9) 2.030(9) 
265 (104) 

~~ 

‘Dihedral angles of the Ph rings with the heterocyclic plane are given 
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the role of the ‘bell-clapper’-as this kind of vibrational motion is called. A double- 
minimum potential was used, on the other hand, to interpret the electronic spectrumz7’, 
and wa’s also obtained form EHT calculations without using sulphur 3d orbitals272. 
Inclusion of d orbitals yields, however, a broad single-minimum potential272. 
Unfortunately neither XD273 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 1,6dioxa- 
6a-thiapentalene unambiguously gave a symmetric 

These weak bonds are of course sensitive to changes in their intra- and inter-molecular 
environment. CND0/2 calculations have shown that a Me substituent on C(2) causes a 
lengthening of the distance S(l)-S(6a) but a shortening arises from a 3-Me sub- 
s t i t ~ t i o n ~ ~ ~ . ~ ~ ~ .  The influence of a Ph group depends also on its dihedral angle with the 
plane of the heterocyclic rings”’. These results are in agreement with structural data on 
trithiapentalene~~~’ 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 molecules. It seems 
from a comparison of pairs 90and 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 
trithiapentalene~~~l, 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.) 
90 c-s-s 92.0(1) C-S-S 89.1(1) 
96 C-Se-Se 88.5 C-Se-Se 88.0 

101 N-0-Se 113.2 C-Se-0 82.2 
102 N-0-Te 115 C-Te-0 77.0 

100 N-0-S 113.3 C-S-0 85.9 

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 n electrons251. A few examples of C-C bond lengths are: 

terminal (A) central (A) 
90 1.354(3) 1.409(2) 
92 1.35(3) 1.41 (3) 
96 1.37(mean) ldl(mean) 

In 2,5-dimethyl-l-oxa-6,6a-diselenapentalene (99), on the other hand, C-C bond lengths 
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-0 bond of 1.22 8, length2“’. 

The molecular structures of a series of phenyltellurium derivatives with three- 
coordinated Te have been determined by Vikane and a s s o ~ i a t e s ” ~ - ’ ~ ~  using XD, 
following earlier work by Foss and In both phenylbis(thiourea)tellurium 
(105) chloride2” and phenylbis(se1enourea)tellurium (106) chloride210 (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 arrangement276. There is an important difference in the Te coordination in 
the two structures2”. In the Se derivative the Te is strictly three-coordinated as the 
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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 sibe in 
what may be considered as a square planar arrangement about Te. 

(HzN)zCY- TL -YC(NH,), 
I 

Ph 
(105) Y = S  
(106) Y =Se 

In ethylenethiourea(iodo)phenyltellurium ( 107)277 and ethyleneselenourea(iodo)- 
phenyltellurium (108)277 each Te atom is strictly three-coordinated with nearly planar 
bond configuration. 

H 2 y N H \  
C= Y - Te - X 

I H C  / 
'NH 

(107) Y =s, X = I  
(108) Y = Se, X = I  

(111) Y = s  x = c1 

Ph 

(109) Y = S, X = Br 
(110) Y=se ,  X = Br 

Crystals with two different space groups may occur when the 1:l  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 noted278 (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(ethyleneselenourea)phenyltellurium (110) has only one (known) crystal modifi- 

cation279 being isomorphous with one (PZ,/c) ofthe two above mentioned forms ofits 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(pheny1) bond appears to be remarkably constant (see below). The 
structure of 110 is characterized by threecoordinated Te, with the Te-C bond nearly 
perpendicular to the Br-Te-Se chain. 

The structure of chloro(ethylenethiourea)phenyltellurium ( I 1  is analogous in all 
essential respects to that of 110. 

The crystal molecular structures of tetramethylammonium phenyl(dithi0- 
cyanat0)tellurate (1 12) and phenyl(dise1enocyanato)tellurate (1 13) have been determined 
by Hauge and Vikane280. 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(pheny1) is perpendicular to the S(Se)-Te-S(Se) chain. The 
latter itself is nearly linear. This description quite generally characterizes the above- 
described t hree-coordinated complexes of divalent Te. 

NCY-5-YCN M ~ ~ N +  

I 
Ph 

(112) Y = s  
(113) Y =Se 
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FIGURE 43. Molecular models of 109 in the two crystallographic 
modifications (a) space group C2/c, (b) space group P~,/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 ips0 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(l)-C(2), where C(l) 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)= 1.93A and r(Te-C)= 2.12& 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 Sederivatives, 
considerable variations are observed. Here again, though, the mean values fall very much 
in line, viz. 1.923,1.927 and 1.912A 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 2.114A with a standard 
deviation of 0.OlOA. 

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 ips0 endocyclic C-C-C angles which is known to be 
the most characteristic of all the parameters related to the benzene ring deformation281. 
Figure 45 shows that with increasing Se-C(pheny1) bond length there may be an increase 
in the ips0 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 threecoordinated complexes of divalent Se from XD 

Compound (4 (deg.1 (4 (A) Reference 

Ph,Se( NCS) 1.936(4) 122.5(4) 1.370 0.020 228 

Se -CJ Ph) a’ (cob ACC‘ 

1.904(5) 119.8(5) 1.369 - 0.005 
1.928(4) 121.8(4) 1.377 0.002 

1.93411) 121.3(10) 1.378 0.000 

1.926(9) 120.7(8) 1.378 0.002 

Ph,SeC1.2 H,O 1.911(10) 121.6(9) 1.386 0.019 229 
1.936(12) 121.6(11) 1.378 0.038 

75 1.898(9) 118.5(8) 1.382 -0.002 234 

“Endocyclic C-C-C bond angle adjacent to the substituent. 
bMean 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(I)-C(2) and C(S)--c(6) minus C(6)- 
C(I), where C(l) is the Ph carbon atom adjacent to the substituent. 

TABLE 23. 
ring deformation in threecoordinated complexes of divalent Te from XD 

Te-C(pheny1) bond lengths and the characterization of the benzene 

Te -C( Ph) a” (CC)b ACC‘ 
Compound (A) (deg.) (4 (A) Reference 

105 2.102(7) 120.38) 
106 2.129(6) 122.0(6) 
107 2.124(6) 122.4(5) 
108 2.112(7) 120.1(6) 
lWd 2.116(3) 119.6(3) 

2.123(4) 120.q4) 
110 2.118(7) 119.37) 
111 2.120(2) 118.6(2) 
112 2.104(5) 119.q5) 
113 2.100(6) 120.36) 

“.b*’See footnotes to Table 22. 
”Crystallizes in two dillerent space group. 

1.400 
1.397 
1.398 
1.408 
1.384 
1.379 
1.382 
1.373 
1.378 
1.381 

0.022 
0.020 
0.01 7 

- 0.020 
O.OO0 
0.01 1 
0.018 

- 0.001 
- 0.020 

0.033 

210 
210 
277 
277 
278 
278 
279 
279 
280 
280 

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 ips0 endocyclic 
C-C-C angle. 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. Even 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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Se-C (Ph), 1 
FIGURE 45. Variation of the Se-C(pheny1) bond 
length and the ips0 endocyclic C-C-C angle (a) of 
the benzene ring. See Table 22 for data and references 

V. FOUR-COORDINATED SELENIUM AND TELLURIUM 

With fourcoordinated 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 model2*. 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 recentlyz8’ that while testing the applicability of the 

A x i a l  
X 

A x i a  I 

FIGURE 46. The trigonal bipyramidal configuration 
of an AX,E-type molecule 
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Fa 6 
FIGURE47. Bond angles of the central S atom in SF4283 and 
(CF3)2SF2284 

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-pairbond 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 S F ,  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- 
pairbonding-pair interactions in the equatorial plane in complete agreement with the 
VSEPR model. 

It has been suggested285 that the quadruple average angle of the lone pair, at, 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 H2C=SF, molecules in 
Figure 48. The quadruple average angle will be especially useful in our discussion as in 
many structures the nonequality 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 

F F F 

Q4 1 1 1 . 4 O  1 1 0 . 6 O  1 1 3 . 2 O  

FIGURE 48. Bond angles and the quadruple average angle'" (a,) of 
the lone pair, the O=S and C=S bonds in SF,2R3, OSF4286 and 
H,C=SF,'", 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 investigationzs8 of 
dichloro(2-chloropropyl)-p-tolylselenium( I$ (1 14). The equatorial 

CI 
I 

I 
CI 

(114) 

p-Tolyl -Se -CH,CH(CI)CH, 

C-Se-C angle was found to be 102" while the two axial Se-C1 bonds were reported to 
be colinear. This does not agree with general experience. The quadruple average angle of 
the Se lone pair, crz(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 lo" deviation from linearity might be expected for the 
CI-Se-Cl skeleton. 

The crystalline molecular structure of o-carboxyphenyl methyl selenoxide (115) was 
studied together with its S analogue (l16)z89. 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 0 

0 0 

OH 

kl69.9" 

FIGURE 49. The Se bond angles in 11Sn9  
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Figure 49) with an Se-0 linkage of 2.378 8, length. The selenium+arbon(Me) bond, 
1.941(6)8,, 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 s ~ l p h o x i d e ~ ~ ~ .  The 
selenium-oxygen bond, 1.774(3) A, is nearer to a single bond than to a double bond. The 
calculated single Se-0 bond would be 1.82 A whereas the Se=O bond in SeOCI, is 
1.614(5)8,22s. The quadruple average angle of the Se lone pair, olt(Se), is 112.8". 

The quadruple average angle, az(Se), is 110.0", somewhat small, for l-thia-4- 
selenacyclohexane 4,4-dibromide (117)291 with Br-Se-Br 175.1(1)" and C-Se-C 
lOS(1P. 

Br 
I 

(117) 

The Se bond configurations are essentially the same in 4,4'-spirobi(4-selena-4- 
butanolide)(118)2gz and 3,3'-spirobi(3-~elenaphthalide)(l 19)293. 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(methy1ene) = 1.959(3) A, Se-qphenylene) = 
1.930(l)A, whereas the Se-0 bonds are the same, viz. 1.974(3)A in 118 and 1.968(7)A 
in 119. 

0 

// 
0 II 

0 

(119) 

In 1,l-dichloro-2,5-bis[N-(chlorothio)imino]-3,4dicyano-l, 1,2, Stetrahydroselen- 
ophene (120)294 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 at(Se), 115.0'. In free s e l e n ~ p h e n e ~ ~ * ' ~ ~  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)& Wudl 
and Ze1le1-s'~~ noted some unusual features of the molecular packing in the crystal. 
Whereas the related 121 forms head-to-tail sheetszg5 (Figure 50a) the head-to-head 
ordering (Figure 50b) of 120 results in rather short intermolecular CI... C1 contacts. 
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Angles (deg.) about the Se atom in spiro TABLE 24. 
compounds 118 and 119 from XD" 

Angle 118292 119293 

CN 

129 

E-Se-0 93.8 93.8 
E-Se-C 129.2 129.2 
0 - S e - 0  112.4 172.4 
C-Se-C 101.5 101 .o 
afi(W 11 1.5 111.6 

~~ 

'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". 

CI NSCl NSCl 
CN 

NSCl z CN 

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,TeI, (122), is in fact dimeth ltellurium diiodide- 
diiodine(l/l), an adduct of Me,TeI, with I,, linked by 1 . .  - I bondszg6. One of the I atoms 
of a Me,TeI, 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 1.. .I-I.. . I bridge between 
two Me,TeI, molecules as part of a zig-zag chain of I atoms. There are also two weak 
intermolecular Te . . . I 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 mode128~282~296. An alternative 
description of the bonding of Te has also been advanced by P r i t z k o ~ ' ~ ~  by considering 
only s and p orbitals. HuheeyZg7 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 effectsz9* into consideration. Incidentally, the 
quadruple average angle of the Te lone pair of electrons, at(Te), is 112.1", which seems to 
be in the region of typical values for welldetermined 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)& 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 (2.70A). 

A similar bond configuration was found in an adduct (123) of tellurium tetrachloride 
and propylene by Kobelt and PaulusZg9 (Figure 53). The Te-CI bonds are again longer, 
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( b )  

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) 

i 
FIGURE 51. The molecular geometry 
and intermolecular I . . . I  and Te-.I con- 
tacts in crystalline dimethyltellurium tet- 
raiodide (122) (after Reference 296) 
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I 

i 
FIGURE 52. Angles around the Te atom in 12Z296 

CI 
2 .525  I 

FIGURE 53. Angles around and bond lengths of the Te atom in 
123299 

c1 

CH,CH(CI)CH, --?;e--CH,CH(CI)CH, 
I 
c1 
(123) 

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

In dichlorobis(2chlorocyclohexyl)tellurium( 1v) (lU)300 the quadruple angle, a:(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 -CI 
angles are smaller (Figure 54) than those in 123. In both cyclohexyl rings the Te-C and 
the adjacent C-CI bonds are equatorial. 

CI CI 

I 

(124) (125) 
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CI 
I 

FIGURE 54. Angles around the Te atom in 124300 

The molecular geometry of dichloro(2chlorocyclohexyl)-p-tolyltellurium(1~)(125)~~~ 
is similar to that of 124. The CI-Te-CI and C-Te-C bond angles are 176.4(3) and 
101.0(6)", respectively, and a:(Te) is 110.6'. The Te-CI bond lengths are also similar to 
those in 124. 

Another trigonal bipyramidal Te configuration appears in the crystal of 1, l-dichloro-l- 
telluracyclohexane-3,5-dione (126)lS6. The CI ligands are in axial positions with Te-CI 
2.49 A and C1-Te-C1 171.8". The endocyclic C-Te-C angle is somewhat larger, viz. 
95.5", than this angle in l-telluracyclohexane-3,5-dione (35) i t ~ e l f " ~ * ' * ~  (cf. Table 18). 

Ph Ph 

SCN-Te -0-Te -NCS 
I I 

I I 
Ph Ph 

(1 27) 

The molecular configuration of bis(isothiocyanatodiphenyltellurium(w)) oxide (12q302 
is shown in Figure 55. The angular arrangement about the Te atom shows no unusual 
features, N-Te-0 172.2(3)" and C-Te-C 97.2(4)0 with az(Te) 112.6'. There are 
relatively short intermolecular Te.. .S contacts, viz. 3.416(3)& serving to link the 127 
molecules into molecular chains as shown in Figure 56. Mancinelli and 
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 coworkers303 recently determined the crystal and molecular structure of 
tetraphenyltellurium-benzene(8/1), Ph,Te.$C,H, (128). There are four independent 
molecules in the unit cell containing altogether eight molecules. The space group is Pi. 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 axis in 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 cr:(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 ai(Te) = 113.2' in 123. The axial bond 
angles CI-Te-CI 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 loo! Considering the ligand 
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P 
O - 7  

P 
&Ti- 

\ 

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

‘gH5 
FIGURE 58. Angles around the Te atom in 128303 

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 Ceq- 
Te-C,, of 128 would be predicted smaller. However, the observed difference in the bond 
angles 1s 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 ofit. On the other hand 
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C-Te- Cieq 91.51(4)’ 

Clox  -Te- CI, 176.24(41° 

a4 (Te) I1 3.1’ E 

CI C I  
FIGURE 59. The molecular model of 129(after Reference 304) 

the C(pheny1)-Te-C(pheny1) 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 8-ethoxy-4-cyclooctenyltellurium trichloride (129)304 has no 
unusual features in its Te bond configuration as shown in Figure 59. 

(129) 

McCullough and Knobler305-307 have studied some 2-biphenylyltellurium trihalides 

(130) (131) a-modification 
(132) #l-modification 

o-PhC,H,TeBr3 o-PhC6H,Te13 

(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 Tee.. 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 I . .*  I intermolecular 

TABLE 25. 
trihalides from XD 

Angles (deg.) about the Te atom in 2-biphenylyltellurium 

~ ~~ ~~~ ~~ 

130 (X = Br) 178.46(4) 97.1(3) 111.1 305 
131 @=I) 176.54(4) 100.4(3) 110.8 306 
132 (X =I)  176.02(5) 98.1(3) 111.5 307 

“Calculated from the bond an& 
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0 r  

4 Te ............. .... Br 

8r ’\ Br \,Br 

............. 

Br 

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 (c 239 and 3.772 A, respectively) connect the molecules into chains (Figure 61). 
Finally, in the ,&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  distance3” 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 angular deviations gradually diminish. The mean of the ips0 angles of the 
second benzene ring in the three structures is 118.8(7)" in agreement with the deformation 
observed in biphenyl itself308. 

2.945 8, (a) 
3.32 A (b)  

FIGURE 63. Short intramolecular Te-.C contacts3" in the crys- 
tals of (a) 130, (b) 131 and (c) 132, and the molecular model of 132 

X (after Reference 307) 
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1 ' 8 ~ 2 2 " p  FIGURE 64. Endocyclic bond angles in the phenylene ring of 
130305. 131"06 and 132307. Mean values from the three 

1 2 u  -w structures with standard deviations 

The crystal and molecular structures of 1-thia-4-telluracyclohexane 4,4dibromide 
(133)309, 1-oxa-4-telluracyclohexane 4,4-diiodide (134)310 and l-thia-4- 
telluracyclohexane 4,4diiodide (135)31 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)291. 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 (1.356A) than that of Se 
(1.163A), these lengths may indicate that the Te linkages are stronger than the 
corresponding Se ones. 

X 
I 

X 

(133) X = Br, Y = S 

(135) X = I, Y = S 
(134) X = I , Y = O  

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 1 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 a:(Te)" Reference 

133 176.63(6) 99.4(6) 111.0 309 
134 177.08(4) 94.1(4) 112.2 310 
13Sb 174.9(1) 111.3 311 

110.5 178.1(1) 1 W )  

"Calculated from the bond angles. 
?here are two molecules in the asymmetric unit. 
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Br Br 

2.657 

C 234 

\ 

C 

5 
3.588 M' 
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/ /  

/ /  

'. 
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1 
I 
.Te' 
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S 
3 . 5 y '  
,Q 

//,Y 
,/ 

Se' 
'* 

**~,2.629 .. '2. 
' Br 2.548 

I 
I 

Br Br 
FIGURE 65. Bond lengths and intermolecular contacts (A) of Te in 133309 and 
of Se in 117291 

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

indicated that the six- 
membered rings of 1,4-dioxane, 1,4-dithiane, l,Cdiselenane, 1,4-oxaselenane, 1,4- 
oxatellurane and 1,4-thiaselenane are relatively rigid. The relative rigidity of the rings is 

A normal coordinate analysis by Hagen and 

FIGURE 66. 1,4-Diheterocyclohexane derivatives: the 
mean torsional angles as characterization of ring puckering; 
(a)312, (b)240 and ( c ) ~ ' ~ ,  free molecules, (d) 133309, (e) 134310, 
(f) 13S31 ', (g), (h) and (i)3'4, crystals 
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well characterized by the relatively small mean parallel vibrational amplitudes (O3l6, 
referring to the 1,4-interactions between the heteroatoms: 

OCH2CH20CH2CH, 1(0...0) 0.071A 

SCH2CHZSCH2CHz l (S  * . ‘ S) 0.062 A 
SeCH ,CH ,SeCH ,CH , l(Se.. . Se) 0.076 A 
OCH2CH2SeCH2CH2 (0.. . Se) 0.078A 

OCH2CH2TeCH2CH2 l(0. . . Te) 0.080 A 
SCH2CH ,SeCH ,CH 1(S . .  Se) 0.078 A 

The calculated effects of the perpendicular  vibration^"^ for the same interactions 
practically vanish3 5 .  

The crystal and molecular structure of the a-modification of l,l-diiod0-3,4-benzo-l1~- 
telluracyclopentane (136) was determined by XD3 ”. The trigonal bipyramidal arrange- 
ment about Te is characterized by the axial I-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, a:(Te) = 114.4’. The Te . . . I intermolecular contacts, however, create a 
distorted octahedral Te bond configuration (Figure 67). 

I 

(136) 

Te also forms intermolecular linkages with I atoms in each of the two neighbouring 
molecules in the crystal of dibenzotellurophene diiodide (137)3 8. The intermolecular 
Te - . - I  links which are 3.717 and 3.696A long bring the molecules into infinite chains 
(Figure 68). The intermolecular contacts make the Te bond configuration distorted 
octahedral. The axial I-Te-I and equatorial C-Te-C bond angles are 178.47(1) and 

I 

i 2.928 A 

I r- 
1 

3653 a 

7 8 A  1 2.900 a 

FIGURE67. 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 ofmolecules in the crystal of 137. Reproduced (simplilied) 
by permission of the American Chemical Society from Reference 318 

81.8", respectively. The az(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. 

The crystal and molecular structures of several phenoxatellurin derivatives have been 
determined, i.e. the 10,lO-diiodide (138)319, bis(trifhoroacetate) (139)320 and dinitrate 

and 1410'-oxybis [lo, l0-dihydro-lO-(nitrooxy)phenoxatellurin] (141)322. One of 
the characteristic features of the phenoxatellurin structures is the fold angle O7 along the 
Te.. .  0 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)'02 itself has been discussed in Section IILC dealing with 
twocoordinated Te. Mangion, Smith and Meyers3'' have interpreted the differences in 
the fold angles of phenoxatellurin with Te(rr) and its derivatives with Te(w) on the basis of 
molecular orbital theory. Of the Te(rv) derivatives only the dinitrate (140) has a nearly 
planar ring structure. 
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(138) X = I 

(139) X = -OC(0)CF3 

040) X = ON02 
Te 

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 a ain Te ... I intermolecular contacts with two neighbouring molecules at 3.739 

depicted for 137 in Figure 68. For 139 the possible intermolecular contacts have not been 
discussed. The shortest intermolecular contacts in 140 are 0 * - .  0 at 3.148, 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 summarized in Table 28. The general tendency for Te-C(alky1) 
to be longer than Te-C(pheny1) 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 8. 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. 

and 3.788 x . These contacts bring the molecules into infinite chains, similar to those 

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

Compound ax-Te-ax C-Te-C a$(Te)" Reference 

138 176.44(6) 91.5(6) 113.0 319 
139 167.5(2) 91.5(3) 115.2 320 
140 168.0(2) 93.5(2) 114.6 321 
141b 168.6(1) 90.2(2) 11 5.3 322 

171.8(2) 9 1.3(3) 114.2 

"Calculated from the bond angles. 
'The two Te atoms are crystallographically different. 



3. Structural chemistry 143 

Te-C bond lengths (A) and C-Te-C bond angles (deg.) with four-coordinated Te TABLE 28. 

Compound Te-qalkyl) Te-C(ring)' Te-C(pheny1) C-Te-C Reference 

122 
123 
124 
125 
127 
128 

129 
130 
131 
132 
126 
133 
134 
I 35 
136 

137 
I38 
139 
140 
141 

~ 

2.14(1) 
2.148(5) 
2.18( 1) 
2.24(2) 

2.172(3) 

2.16' 
2.14(1) 
2.1711) 
2. 16d 
2.139(12) 

2.066d 
2.068(4) 
2.09Id 

96.8(5) 
98.2 

103.0(5) 
2.08(2) 101.0(6) 
2.1 139) 97.2(4) 
2.1 3(l)eqb 109(2)c 
2.29(2)axb 

2.136(8) 
2.152(12) 
2.1 53( 12) 

95.5d 
99.46) 
94.1(4) 

100d 
86.q5) 

81.8(2) 
91.5(6) 
91.5(3) 
93.512) 
90.7' 

296 
299 
300 
301 
302 
303 

304 
305 
306 
307 
186 
309 
310 
311 
317 

318 
319 
320 
32 1 
322 

Mean (u) 2.18(4) 2.12(4) 2.15(6) 96W 
Mean of 
122-125, 
127, 128 lOl(4) 

Mean of 126, 
1 33- 1 41 92(5) 

"Endocyclic Te-C bonds. 
bMean of eight values. 
'Mean of four C(eq)-Te-qeq) values. 
dMean 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 discretedimenc 
molecules (Figure 69). The Se atoms arefive-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-CI 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.. C1 
contacts. Although the Se-CI 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 (1.33A and 108.5') correspond to 
2.00 A F . . F non-bonded distances which are much shorter than twice the postulated 
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C I  

-i 

4 

\ se/c' 
CI- -c, 

F 

I F-C /ek 
mi\ F 

FIGURE 69. The dimeric molecule in the crystal of 
CF,SeCl,. Drawn from the atomic coordinates given in 
Reference 323 

fluorine 1,3 intramolecular non-bonded radius, viz. 1.08 8, (cf. the discussion of the 
structure of tetralluoro-1,3-diselenetane in Section 1II.C). The four-membered ring is 
puckered and the deviation from planarity may be characterized by the CISeCI/CISeCl 
angle which is about 26", the same as the analogous feature of the free trimethylene 
sulphide structure. 

The Te bond configuration in di-~-bromo-~-l,2cyclohexylenetetrabromoditellurium, 
C6HloBr,Te, (142), is similar to the Se bond configuration of CF,SeCI,. The crystal of 
142 is orthorhombic, Pnma or Pr12,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 CF,SeCI,. 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,, i.e. PhTeBr,,,CI,.,, whose molecular structure was determined by XDJZ5 
(Figure 71 with X being a mixture of CI 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)8,. 

FIGURE70. The molecular model of 142 
(after Reference 324) 
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FIGURE 71. A chain molecules in crystalline 
PhTeBr,.,CI,,,, 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 a being the ips0 
angle: a = 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( 14 (143)326. There are two molecules in the 
asymmetric unit, the crystal is triclinic, Pi. 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. 
2.50A (mean values). The Te-C bonds are 2.29(4) and 2.24(4)A long. 

(143) 

Infinite polymeric chains are formed by the adduct TeC1,.C2H, (Figure 72). Its crystal 
is orthorhombic, Pcma3”. The Te atom is somewhat displaced with respect to the 
plane of the C1 atoms and away from the C atoms. The Te-C bond length is 
2.1 64(13) A. 

Another new organotellurium(1v) compound is [246-acetyl-2-pyridinyl)-2- 
oxoethyl]trichlorotellurium, whose molecular structure was determined by XD3,* 
(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. 

Esperis and H u ~ e b y e ) ~ ~  determined the crystal molecular structure of tris- 
(diethyldithiocarbamato)phenyltellurium( IV), (Et,NCS,),TePh (la), by XD. The crystal 
is monoclinic, P2,/c. The Te atom is seven-coordinatedwith 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 
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i" 
I 
h 

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

C I  '\ 
t L  

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 

CI C\ 

L S  L S  

FIGURE 75. The effect of the Te lone pair on a distorted pentagonal bipyramidal 
arrangement with a CI ligand (145) or with a Ph ligand (144) (after Reference 330) 

Figure 74. The molecular structure of its C1 analogue (Et,NCS,)3TeCI.CeH,0, (145), was 
recently determined by XD330. 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-C1 bond is strikingly long in 
the C1 analogue, viz. 2.686(4)w. The relative orientation of the Te-S bonds is also 
different in the two compounds. Von Deuten and coworkers330 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 oneJJ0 (Figure 75). 

There are no organic eight- 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 XD331-333. 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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1. INTRODUCTION 

In addition to three comprehensive reviews on thermochemistryl-’, 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. 

II. 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 SeO, is soluble in water, it is essential to use rotating bomb methods 
to ensure complete dissolution of the oxide4. 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 Mortimer6 
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TABLE 1. Values for AH: (SeO,)(c) 

Bomb calorimetry AH:  (SeO,,c) 
Method (kcal mol- I)  Ref. 

Static - 53.86 7,8 
Static - 53.35 9 
Static - 53.95 10 
Rotating - 53.9 0.5 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(I)-tSe0,.401 H,O(I) ( 1 )  

By making use of the enthalpy of solution AHo (solution) = 0.92 f 0.02 kcalmol-', the 
heat of formation of the pure crystalline form was found to be - 53.90 f 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 Skinner4 quotes a value of - 56.5 f 1 kcal mol-'. 

Merten and Schluter' determined the heat of combustion of diethyl selenide/paraflin 
oil/benzoic acid mixtures in a static bomb calorimeter. Using AH:(SeO,,c) = -53.9 f 
0.5kcalmol-', this gives AH;(Et,Se, 1 )  = - 21.7 0.9kcalmoI-'. Skinner's4 value for 
the latent heat of vaporization of + 9.3 kcal mol-' gives AH:(Et,Se,g) = 
- 12.4kcalmol-'. 

Barnes and Mortimer6 determined the heat of combustion of diphenyl selenide using a 
rotating bomb calorimeter. This yielded a value for AH;(Ph,Se, I ) =  54.1 
1.4kcalmol-'. They calculated a value for the latent heat of vaporization of 15.2 + 
0.6 kcalmol-' from the boiling points at 4,42 and 760 Torr, which gives AH:(Ph,Se,g) = 
69.3 f 1.5 kcal mol - I .  

Merten and Schliiter5 determined the heat of combustion of dibenzyl selenide using a 
static bomb calorimeter. The already cited value for AHP(SeO,,c) leads to 
AH: (PhCH,),Se,c) = 0.5 f 5.0 kcal 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) = (28.8 
0.5) kcal mol - '. A Knudsen-effusion technique was used to determine the enthalpy of 
sublimation AH,,,, = (27.9 f 0.6) kcal mol- and thus AH: (Ph,Se,, g) = 56.7 k 
0.8 kcal mol- 

Arshadi and Shabang', determined the heat of combustion of dibenzyl diselenide using 
an adiabatic static bomb calorimeter. They found that AH: ((PhCH2),Se2, c) = 40.8 & 
0.8 kcalmol-'. They used a transpiration method to determine the heat of sublimation 
AH,O=31.2+0.2kcalmol-' and thus AH~(Ph,Se,,g)=72.0+0.8kcalmol-'. 

Arshadi and Shabang" also determined the heat of combustion of 4-phenyl- 1,2,3- 
selenadiazole using the same technique. They found that AHF(C,H,N,Se,c) = 85.6 k 
2kcalmol-', AH:= 22.5+0.2kcalmol-' and thus AHP(C8H,N,Se,g)= 108.1 f 
2 kcal mol - * .  

The results 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 
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Bomb calorimetry AH: (g) 
Compound method (kcal mol-I) Ref. 

Et,Se Static - 12.4 0.9 6 

(PhCH,),Se Static 0.5 5.0 6 
C,H,N,Se Static 108.1 f 2 13 

(PhCH,),Se, Static 72.0 0.8 13 

Ph,Se Rotating 69.3 + 1.5 7 

Ph,% Rotating 56.7 _+ 0.8 12 

'AH:(c) only. 
*4-Phenyl- I ,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 AH:(Se, g) = 54.3 kcal mol-' '. For diethyl selenide the mean Se-C bond energy is 
defined as AH$/2: 

Using a value of AH:(Et)= 26.5 f 1 kcal mol- ' 1 3 ,  b(Se-C) = 59.9 k 1.7 kcal mol-' 15. 

Similarly for diphenyl selenide, with AH: (Ph)=  78.5 k 1 kcalmol-' 1 3 ,  b(Se-C)= 
71 kcal mol- '. It appears that the effect of the benzene ring is to strengthen the Se-C 
bond by some I 1  kcalmol-'. 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: 

Et,Se + 2 Et + Se (2) 

Ph-Se-Se-Ph + 2 Ph + 2 Se (3) 

would conclude that AH! = 2 b(Se-Ph) + D(Se-Se) = 66.9 & 2.9 kcalmol-' close to 
Gaydon's'' value for D(Se-Se) of 64.6 kcal mol-'. For comparison D(Te-Se) = 
57.6kcal mol-' and D(Te-Te) = 52 2 kcalmol-' 15. A similar calculation for 
dibenzyl diselenide, assuming that d(PhCH, -Se) here is equal to d(Et -Se) gives 
D(Se-Se) = 63.3 kcalmol-'. This leads to an average value for D(Se-Se) = 
64.9 kcalmol-' with a spread of k 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, B(X-R) decreases with 
the downward movement in Group VI suggesting that D(R-Te) < b(R-Se). 

In the manner of Benson and coworkers3, Cox and Pilcher, derived group additivity 
values for AH:. Using their assignment for Se(C,) = 0 makes C(H,)(C)(Se) = 

TABLE 3. 
Group VI elements 

Compound D(X-R) (kcal mol-') Ref. 

Mean bond dissociation energies for derivatives of 

Et,O 86.5 2 
Et,S 69.7 2 

Ph,O 102.4 2 
Ph2S 84.2 2 
Ph ,Se 71 7 

Et,Se 59.9 6 
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3.9 kcal mol- '. 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. 

111. 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)'6. It would 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. 

IV. REFERENCES 

1. D. R. Stall, M. Prophet and coworkers, JANAF Thermochemical Tables, NSRDS-NBS37, 
Washington, D.C., 1971. 

2. J. D. Cox and G. Pilcher, Thermochembtry of Organic and Organometallic Compounds, 
Academic Press, London, 1970. 

3. S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. Haugen, H. E. O'Neal, A. S. Rodgers, 
R. Shaw and R. Walsh, Chem. Rev., 69, 219 (1969). 

4. H. A. Skinner, Advances in Organometdlic Chemistry, Vol. 2 (Eds. F. G. A. Stone and R. West), 
Academic Press, London, 1964. 

5. H. Merten and H. Schliiter, Ber. Deut. Chem. Ges., 69, 1364 (1936). 
6. D. S. Barnes and C. T. Mortimer, J. Chem. Thermodynamics, 5, 371 (1973). 
I. N.B.S. Tech. Note, 270 (1968). 
8.  G. Gattow, Z .  Anorg. Allgem. Chem., 317, 245 (1962). 
9. S. N. Gadzhiev, Zh. Fiz. Khim., 40, 241 (1966). 

10. CODATA, J.  Chem. Thermodynamics, 4, 331 (1972). 
11. C. T. Mortimer and J. Waterhouse, J. Chem. Thermodynamics, 12, 961 (1980). 
12. M. R. Arshadi and M. Shabang, J. Chem. Soc., Perkin Trans. 2, 1732 (1973). 
13. S. W. Benson, Thermochemical Kinetics, 2nd ed., John Wiley and Sons, New York, 1976. 
14. A. G. Gaydon, Dissociation Energies and Spectra of Diatomic Molecules, Chapman and Hall, 

15. B. de B. Darwent, Bond Dissociation Energiesin Simple Molecules, NSRDS-NBS31, Washington, 

16. G. P. Smith and R. Patrick, Int. J. Chem. Kinet., 15, 167 (1983). 

London, 1953. 

D.C., 1970. 



The Chemistry of Organic 
Selenium and Tellurium 
Compounds Volume I 
Edited by S. Patai and Z. Rappoport 
0 1986 John Wiley & Sons Ltd. 

CHAPTER 5 

Detection and determination 
of organic selenium and 
tellurium compounds 
KURT J. IRGOLIC' and DIPANKAR CHAKRABORTI 

Department of Chemistry, Texas A&M University, College Station, Texas 77843, USA 

I. INTRODUCTION . . . . . . . . . . . . . . . . . . . 
11. DETERMINATION OF S e r e  INORGANIC COMPOUNDS . , . . 

A. Qualitative Tests for S e r e  . . . . . . . . . . . . . . . 
B. Determination of Sene in Organic Compounds . . . . . . . . 

1. Determination of selenium . . . . . . . . . . . . . . 
2. Determination of tellurium . . . . . . . . . . . . . . 

111. IDENTIFICATION AND DETERMINATION OF S e r e  COMPOUNDS 
A. Selenols and Tellurols, RYH. . . . . . . . . . . . . . . 
B. Selenenyl Compounds, RSeX . . . . . . . . . . . . . . 
C. Aryl-selenium and -tellurium Trihalides, RYXJ . . , . . , . . 
D. Seleninic and Selenonic Acids, RSe02H and RSe0,H . . . , . . 
E. Diorganyl Diselenides, R,Se, . . . . . . . . . . . . . . 
F. Diorganyl Selenides and Tellurides, R2Y. . . . . . . . . . . 
G. Diorganyl-selenium and -tellurium Dihalides, R2YX2 . . . . . . 
H. Triorganyl-selenonium and telluronium Salts . . . . . . . . . 
I. Selenoamino Acids and Related Compounds . . . : . . . . . 
J. Diorganyl Selenoxides, R,SeO . . . . . . . . . . . . . . 

K. Selenourea , . . . . . . . . . . . . . . . . . . . . 
L. Selenophene, Tellurophene and Related Compounds. . . . . . . 

M. Piazselenols . . . . . . . . . . . . . . . . . . . . 
N. Selenium and Tellurium Diethyldithiocarbamates, (Et,NCSS),Y . . 
0. Trialkylsilyl Selenides/Tellurides and Related Compounds. . . . . 

IV. POLAROGRAPHIC AND OTHER ELECTROCHEMICAL METHODS 
V. REFERENCES . . . . . , . . . . . . . . . . . , . . 

~ 

162 
163 
163 
163 
163 
165 
165 
165 
166 
166 
166 
1 66 
167 
171 
171 
171 
177 
177 
177 
183 
183 
183 
183 
185 - 

'Author to whom all correspondence should be addressed. 
t o n  leave from Jadavpur University, Calcutta, India. 

161 



162 K. J .  Irgolic and D. Chakraborti 

1. 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 Secompounds and not quite as 
many organic Te compounds were prepared. The pertinent literature is well summarized 
in several books'.', c h a p t e r P  and review articles6. 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 transformationss. 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 liquidi3 and ion  chromatograph^'^. The 
technique of element-specific detection' using graphite furnace atomic absorption 
 spectrometer^'^ 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 Mossbauer spectroscopy, which 
are frequently used to characterize Se/Te compounds, were reviewed recentlyi*2p6. 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'v6, 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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II. DETERMINATION OF SelTe 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 Sene 

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 FeiglI6. 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'-6. 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". S should not interfere with these tests. 

Many other reactions potentially useful for the detection of Se/Te in organic 
c ~ m p o u n d s ~ * ' ~ * ' ~  and in biological samples20*2' are the subject of reviews, which give 
references to the pertinent literature. 

6. 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 Sene  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 Se1s-28 and Te6*18.19*26.27.29,30 and the 
separation of Se and Te3I 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 

Nondestructive methods for the analysis of Se are X-ray fluorescence1g~21~23-2s~3z~33, 
neutron a ~ t i v a t i o n " - ~ ~ - ~ ~  and proton-induced X-ray34v35 or pray3' 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 f 0.1% by X-ray 
fluorescence of KCI or borax disks36. 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 standardsJ7. These 
results suggest that nondestructive 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, gaschromatographic, mass spectrometric or neutron 
activation methods. 

Wet ashing procedures employ mixtures of acids (sulphuric/nitric, sulphuric/perchloric, 
sulpburic/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 reviewed38. 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 sample3’ or at low temperature in an 
oxygen plasma40. 

The solutions obtained after mineralization may contain selenite, selenate or a mixture 
of these two compounds. Boiling HCl 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 r~itrate’~.’~.~’ using 
a lead-sensitive electrode4’. 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 ~imultaneously~~. The 
simultaneous microdetermination of Se and S in organic compounds uses oxygen-flask 
combustion, titration of S with barium perchlorate and iodometric determination of Se43. 

Selenite reacts with aromatic ortho-diamines to form yellow- to redcoloured piazse- 
lenols, which have absorption maxima in the range 270-500 nm 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 
t o l ~ e n e ’ ~ * ~ ~ .  The spectrophotometric determination of Se can be similarly carried out 
using dithizone, 2-mercaptobenzoic acid, phenyl thiosemicarbazide or similar S- 
containing reagents1g*24. 

Piazselenols extracted into hydrocarbon solvents fluoresce at 580 nm after excitation at 
450 nm. This fluorescence allows the very sensitive determination of Se’9*24. 
Piazselenols after extraction into toluene can be quantitated by gas chromatography 
using electroncapture d e t e c t i ~ n ’ ~ . ~ ~ .  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 t i t r a t i ~ n ” . ~ ~ .  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 
descri bed45. 

Flame atomic a b ~ o r p t i o n ~ ~ . ~ ’  or emission4’ spectrometry and the much more sensitive 
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flameless atomic absorption  method^^'-^^ can be used to determine Se in the aqueous 
digests or in organic  extract^^'-'^. The absolute sensitivities may reach 1 pg Se19.24. An 
inductively coupled plasma emission spectrometer was used to determine Se in organic 
compounds after their digestion with HN0354. 

2. Determination of tellurium 

Thechoice of methodsfor 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 m e t h ~ d ~ ’ . ~ ~  and in a stream of o ~ y g e n ~ ~ p ~ ~ .  The 
tellurium dioxide or tellurite formed during mineralization is then determined gravimetri- 
callyS6, by titration with potassium permanganate”, potassium dichromateS9 or silver 
nitrate44, or iodometrically with amperometric indication of the end-poinP. A method 
for the simultaneous microdeterminations of C, H and Te employs the coulometric titration 
of tellurite with sodium thi~sulphate~’. Te in aqueous solution was quantitated by flame 
atomic absorption spectrometry in an air/acetylene flame at 2 14.2 nm55*60. The general 
analytical chemistry of Te is summarized in several  review^'*^'^^^^. General aspects of the 
flame atomic absorption spectroscopy of Te“, the thermal stabilization of inorganic and 
organically bound Te6’ and interferences by cations in the determination of Te63 using 
electrothermal atomic absorption spectrometry are discussed in recent reports. 

The formation of complexes of Te with Scontaining ligands and the extraction of these 
complexes has been ~umrnar ized~~.  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. 

111. IDENTIFICATION AND DETERMINATION OF SelTe COMPOUNDS 

The techniques most often used for the identification and determination of organic Se/Te 
compounds are paper chromatography, thin-layer chromatography, gas chromatography 
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 t ~ b e ~ ~ - ~ ~  or graphite  furnace^^^*^' and microwave-excited 
emission spectrometers were used as Se-specific d e t e ~ t o r s ~ ~ * ’ ~  for gas chromatographs. 
High-pressure liquid chromatographs were interfaced with a graphite furnace atomic 
absorption ~pectrometer’~ and an inductively coupled argon plasma emission spectro- 
meter‘ to determine organic and inorganic Se compounds, respectively. Neutron 
activation analysis was also suggested as a method for Se-specific detecti~n’~. 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 detect~r’~. 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 47-49, 
51). The spots were visualized by spraying with an aqueous solution of starch/sodium 
hydrogen carbonate/O.l N 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 starchliodine 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 lo-’ mole/rnL7’. 

B. Selenenyl Compounds, RSeX 

Benzeneselenenyl bromide was determined by addition of aqueous 0.1 M KI and 6 M 

H2S04 solution to the solution of the Se compound in CCl,. The mixture was titrated with 
sodium 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,O;. The excess thiosulphate 
was back-titrated with an iodine sol~tion’~. 

Ethyl selenocyanate, EtSeCN, was separated by gas chromatography from dialkyl 
selenides and diselenides’O (see Table 1, item 5). 

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

Phenylselenium tribromide reacted with KI in H,S04  medium. The mixture was 
titrated with sodium thiosulphate solution to the starch end-point7’. 

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

D. Selenlnic and Selenonic Acids, RSe0,H and RSe0,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 
thios~lphate~’. The iodometric equivalent masses of para-substituted benzeneseleninic 
acids (4-RC,H4Se02H, R = H, Me, C1, Br) are one third of the molecular masses. These 
iodometric titrations were also camed out in aqueous NaOH solutions with a visual or 
biamperometric end-point determination”. The equivalent masses of the seleninic acids 
were also determined by titration with NaOHE2. 

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 (RSe0,H) and 0.21 (RSe03H)83. 

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 : 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 
togethera4. 

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 



5 .  Detection and determination 167 

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 detectablee5. 
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 12 M HCI. After shaking, the 
mixture was titrated with standard potassium iodate solution. The diselenide was 
converted during the titration to arylselenium trichloride7'. 

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 (A1usi186, silicone oil DC- 
55068) or traps at low t e m p e r a t ~ r e ~ ~  to concentrate the Se compounds. After desorption, 
dimethyl diselenide was separated from dimethyl ~ e l e n i d e ~ ~ - ~ " * ~ ~ ,  dimethyl and diethyl 
selenide71 and unidentified Se compounds6e by gas chromatography using atomic 
absorption spectrometers as Se-specific  detector^^^-^**^ '. 

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 111.1 (Table 6). 

F. Diorganyl Selenides and Tellurides, R,Y 

Diphenyl chalcogenides, R2Y, were chromatographed on alumina thin layers. The spots 
corresponding to Se/Te compounds were visualized with iodine vapoure7. 

Attempts were made to separate diphenyl selenide, diphenyl sulphide, diphenyl 
telluride, diphenyl chalcogen dichlorides, R2YC1, (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 visudization". 

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 detectors65-6e.71.e0.86. Several other dialkyl 
selenides, phenyl alkyl selenides and diphenyl selenide were determined by gas chromatog- 
raphy in mixtures containing selenides, diselenides", sulphides, d i s~ lph ides~~ ,  heterocyc- 
lic Se compounds89 or trimethylar~ine'~.~~, trimethylstibinegO and tetramethyltin70*80. 

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 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 ~ e l e n i d e ~ ~ .  
Absolute detection limits of 12 pg" and 62 pg73 were obtained. The atomic absorption 
system had a detection limit of 7 ng7". 

The flame photometric detector can distinguish between S and Se compounds. Doping 
the gas stream with carbon disulphide generated negative Se peaksQ2. Doping with 
methane reduced the S signal much more than the Se ~ i g n a l ~ ~ v ~ ~ .  The flame photometric 
detector had an exponential response to Se and Te. The response was made linear by 
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5 .  Detection and determination 171 

providing a high sulphur background with carbon disulphideg3. 
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. Diary1 tellurides were efficiently separated from tellurium tetrachloride, 
diaryltellurium dihalides, aryltellurium trihalides and triorganyltelluronium halides. The 
separation of organic P o  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. Dlorganyl-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, C1; Ph, Br; 4-To1, Br)78*'01, 
RR'SeX, (R, R', X: Ph, 4-To1, C1; Ph, 4-BrCgH4, Br; 4-To1, Ph, Br) or dibenzoselenophene 
dibromide"' with aqueous KI, iodine was liberated. The iodine was titrated with sodium 
thiosulphate solution to the starch end-point. 

To determine Se, 9 M HCI solutions of selenite were reacted with acetophenone to  form 
an organic Se compound, which might have been bis(benzoylrnethyl)selenium dichloride. 
The organic Se compound was extracted and the extract analysed by gas chromatog- 
raphy employing an electroncapture detectorlo2. 

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-selenoniurn and 4elluronium Salts 

Milligram amounts of triarylselenonium salts, (4-RC6H4),Se'X- (R, X: H, CI; Me, C1; 
Me, HSO,) were determined in aqueous solutions of pH 1 - 13 by spectrophotometry at  
227 nm (Ph derivative, E = 18,400) or 232 nm (To1 derivatives, E = 30,900)'03. 

Data relating the thin-layer''~s7~88 and paper chromatographic9' separation of 
triphenylselenonium tetrafluoroborate" and of triaryltelluronium salts from other 
organic chalcogen compounds are summarized in Table 5 .  

1. 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 Trimethylsilylated selenocystine and seleno- 
methionine had gas chromatographic retention times different from those of the 
corresponding S compounds'15. 

Several aminoalkyl selenides and diselenides related to selenoamino acids 
[seleno(homo)cystamine, seleno(homo)lanthionamine, selenocystathionamine, carboxy- 
methylselenocysteamine] were separated from each other and the corresponding S 
derivatives by ion-exchange chromatography' I6s1  '. A dipeptide, glutamyl-be- 
methylselen~cysteine'~~, 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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5. Detection and determination 177 

selenides, sulphides, diselenides and disulphides related to pantethine, coenzyme A, 4- 
phosphopantethine and dephosphocoenzyme A was investigated7 '. 

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

J. Diorganyl Selenoxides, R,SeO 

Diary1 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 r e s ~ l t s ' ~ ~ , ' ~ ~ .  The iodometric method7' was found to be erratic and 
unreliable in the presence of compounds with other functional groups' 2 5 .  Selenoxides 
oxidized iron(1r) to iron(1n) in acidic methanolic ferroammonium thiocyanate solution. 
The intensely coloured iron(m) thiocyanate complex was determined photometrically. The 
instability of the iron@) thiocyanate solution proved to be a serious disadvantage for 
routine application ofthis method'25. The degree of inhibition of the hydrolysis ofurea 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 otherdZ5. These methods were used to determine diphenyl 
selenoxide and 2-(phtha1imido)ethyl methyl m el en oxide'^^. 

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 HCI solution. An appropriate modification of this procedure allowed the 
analysis of mixtures containing selenourea and selenosulphate' 27. 

1,l -Dimethylselenourea was separated from dibenzyl selenide by high-pressure liquid 
chromatography using a graphite furnace atomic absorption spectrometer as a Se-specific 
de t e~ to r '~  (Section 111. 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"*. 

The equivalent mass of benzoselenophene dibromide was determined by treating the 
dibromide with a H2S0, solution of KI and titrating the liberated iodine with 
thiosulphate solution78. 

The gas chromatographic peak caused by 2,5-dimethyl-3-azabenzoselenophene was 
identified by doping the gas stream withcarbon disulphide. Se peaks turned negative, but S 
peaks remained positiveg2. 
2,3-Dihydro-3-azabenzoselenophene was separated by gas chromatography from 

diethyl selenide, diphenyl selenide and p i az~e leno l~~  (Section 111. F; Table 2, item 9). 
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5. Detection and determination 183 

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 detectors129- 134 , fl ame 
photometric d e t e ~ t o r s ~ ~ , ' ~ ~  or a microwave emission detector'36. 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 pg/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 S h i m o i ~ h i ' ~ ~ .  

Piazselenol was separated by gas chromatography from diethyl selenide, diphenyl 
selenide and 2,3dihydr0-3-azabenzoselenophene~~ (Section 111. 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 den~itornetry'~'. 

Piazselenol, Schloro, 5-nitro- and benz-piazselenol (from 2,3-diaminonaph- 
thalene'38. '39) were separated from excess reagents by reverse-phase (Nucleosil C- I 813', 
Bondapak C-1 8'39) high-pressure liquid chromatography with methanol/water, acetonit- 
rile/water13' or e than~ l /wa te r '~~  as mobile phases. With ultraviolet or fluorometric 
detection Se was determined in the nano- to pico-gram rangeI3'. 

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'40*'41 and TeL4' compounds from other dithiocarbamates. With ultraviolet 
spectroscopic detectors one microgram of Se/Te was detected14'. 

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 ~pectrometry'~~. 

0. Trialkylsilyl SelenideslTellurides and Related Compounds 

Thecompounds(Et,M),Y (Y = Te, Se, S) were separated by gaschromatography with a 
detector based on heat conductivity. The column material was 20% Apiezon Lon silanized 
Chromosorb W. The retention time increased with increasing boiling points of the 
c o r n p o ~ n d s ' ~ ~ .  Bis(trimethylsily1) selenone [(Me,Si),SeO,] formed from selenite and 
N,O-bis(trimethylsilyl)acetamide, is a volatile, stable compound, which was used to 
determine Se by gas chromatography with flame ionization d e t e ~ t i o n ' ~ ~ .  

IV. POLAROGRAPHIC AND OTHER ELECTROCHEMICAL METHODS 

Polarography has been applied extensively for the determination of inorganic Se'8-25. 
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'45. Nygard investigated the polarographic reduction of bis(carboxyalky1) diselenides, 
[HOOC(CH,),],Se, (n = 1 146,147, 2-4'48*'49), diphenyl di~elenide'~', 1,2-diselenacyc- 
lopen tane' " and its 4,4- bis(hydroxyme thyl) ' "*' 54, 4carboxy' 53 and 344'- 
carboxybutyl)' 5 2  derivatives, 4-carboxy- 1 -thia-2-selenacy~lopentane'~~* ' 53, 3,6- 
dicarboxy-1,2-diselenacyclohexane'5z, 4,5-dicarboxy-1,2-diselenacyclohexane152 and 
2,2-bis(hydroxymethyI)- I ,3-propanediseleninic a ~ i d ' ~ ~ , ' ~ ~ .  Information about the elec- 
trode processes was gained from direct-current polarographic curves, elec- 
trocapillary curves and oscillopolarographic investigations. The diselenides, RzSe3, form 
initially the mercury compounds (RSe),Hg or RSeHg which are subsequently reduced to 
selenols, RSeH, by transfer of one electron per Se atom'47. The diseleninic acid is first 
irreversibly reduced to the selenium-mercury compound which in a subsequent reversible 
step is transformed to the d ise len01 '~~~"~ The polarographic reduction of 2-aminoethyl- 
selenosulphuric acid is preceded by the formation of RSeHg and sulphite and finally yields 
2-aminoethaneselenol' 55.  

Selenocystine and selenocysteine were investigated by several polarographic methods 
and the properties of the Se compounds compared with those of the corresponding S 
 derivative^'^^*'^^. 15'. Selenocystine can be determined by cathodic stripping voltam- 
metry in dilute aqueous acid. The detection limit for selenocystine is 5 x I O - ' " M  in the 
presence of 100-fold amounts of cystine and cysteine' 58. Selenocystine causes catalytic 
prewaves in the polarographic reduction of cobalt'5g and nickel'60. The prewaves are 
probably produced by complexes formed between the metal ions and selenocys- 
teine' 59*160. 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'6 . 

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 

Substituted 2-nitroselenophenes can be determined polarographically at concen- 
trationsof The general features of the polarographic reduction of substituted 2- 
nitroselenophenes are similar to those of thiophenes and f ~ r a n s ' ~ ~ .  AC polarographic 
studies of heteroacene quinones in acetonitrile containing the 2,5-diphenylselenophene 
ring showed that the reduction proceeded in two one-electron steps'66. 

Polarographic investigations of 2,1,3-~elenadiazole'~~, benzoselenadiazole'68-' 74, ben- 
zoselenadiazoles substituted in the 4- or 5-position'74, pyridinoselenadiazole' 7 5  and 
dioxopyrimidinoselenadiazole' 7 5  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'76-'78. A sensitivity of one microgram Se 
per litre was achieved with single sweep p~ la rography '~~ .  With 4-chlorobenzoselena- 
diazole and differential pulse polarography the detection limit was 0.4 microgram Se 
per Iitret7'. 

The polarographic reduction of bis(4-methoxyphenyl) ditelluride produced 
4-methoxybenzenetell~rol'~~ Bis(4-methoxyphenyl)tellurium oxide yielded under 
conditions of classical and oscillographic polarography bis(4-methoxyphenyl) telluride 
in an irreversible reaction"'. 

K 

5 10-6~162~'63. 
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1. INTRODUCTION 

Every element in Group VI in the Periodic Table possesses at least one magnetically active 
isotope'. (Table I lists the NMR properties of these nuclei and compares them to those of 
the 'H and "C nuclei.) However, the two lighter elements, 0 and S, both possess only 
quadrupolar nuclei (Table 1) and the dominant isotopes of the elements, l 6 0  and " S ,  have 
zero spin. Although the number of studies using "0-NMR spectroscopy has increased 
considerably with the advent of pulsed Fourier transform (FT) techniques, '%-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-+ nuclei with adequate natural abundance ("Se and '25Te) 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 lZ5Te-NMR spectroscopy. 

Because the material has not been reviewed previously, this article will concentrate 
heavily on NMR studies utilizing the 77Se and lZ5Te 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. "C-NMR investigations of organoselenium and organotel- 

TABLE 1. NMR properties of the Group VI nuclei" 

Natural NMR frequency Relative receptivityb 
Isotope Spin abundance (%) (MHz) R P  RC 

~ ~~ ~ 

99.985 100.1 I .Ooo 5.68 103 
1.108 25. I 1.76 10-4 I .oo 
0.037 13.6 1.08 10-5 6.11 x lo-* 
0.76 7.7 1.71 10-5 9.73 x 10-2 
7.58 19.1 5.26 10-4 2.98 
0.87 26.2 1.57 I O - ~  0.88 
6.99 31.5 2.21 10-3 12.5 

'H IP 
'3C 112 

33s 3/2 
"Se I /2 

lZ3Te 112 
IZsTe 112 

1 7 0  512 

"Data taken from Ref I. 
bReceptivity relative to 'H is given as RP and relative to "C is given as Rc, 
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lurium compounds are fairly numerous and will be dealt with where they complement the 
77Se and lZ5Te studies or are in some other way especially noteworthy. A discussion and 
comprehensive listing of 13C 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 77Se- and 25Te-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 '7Se-NMR spectroscopy and only five papers were r e f e r e n ~ e d ~ - ~  which had 
utilized pulsed FT methods. Only two pages described "'Te-NMR spectroscopy and 
there were no publications describing direct observation of '"Te resonances. 
Accordingly, it was felt that efficient use could be made of tables of 77Se and '"Te 
chemical shifts classified according to type of compound. The chemical shift ranges of 
both of these nuclei are very large ( - 3000ppm for 77Se and - 7000ppm for lZ5Te) 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 0 and/or S parameters has been made. 

II. NMR STUDIES 

A. Organoselenium Compounds 

1. Relaxation times 

The problems of the relatively low natural abundance and relatively low NMR 
receptivity of 77Se 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  pulse^^.^. The Tl 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 
n u c l e u ~ ~ * ~ .  

In 1977-79 several sh~dies '~- '~  appeared which reported the first investigations of 
77Se spin-lattice relaxation times. Values for Tl of representative compounds are shown in 
Table 2. Several important conclusions emerged from these and later studies' 5,16. First, 
the dipole-dipole (DD) relaxation mechanism which is so important in "C-NMR 
spectroscopy' 7 * 1 8  is almost non-existent in Se compounds. For 77Se, a maximum Nuclear 
Overhauser Enhancement (NOE)l9 of 2.6 is possible, but for only one compound has any 
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TABLE 2. 77Se spin-lattice relaxation times, TI, for representative compounds 

N. P. Luthra and J .  D. Odom 

Compound T,(s) Temp. ("C) Conditions Ref. 

Bu,Se 
( C d ,  
i-Pr,Se 
M W C H  J,NH 
D, L-MeSe(CH,),CH(NH,)CO,H 
MeSeCH,SeMe 
MeSe(CH,),SeMe 
MeSe(CH,),SeMe 
(MeSe -), 
(PhSe-), 

(PhCH,Se-), 

Me,SeI 
Me,Se(Br)CH,CO,Et 
Me, NC(Se)NH, 
Me,SeO 
(Me,CHO),SeO 
(CF,CH,O),SeO 

(C, OH 2 1 Se -12 

-po 0 

NaSeMe 
Na,SeO, 

Na,SeO, 
H,SeO, 

NaHSeO, 
Zn(Se,CNEt,), 
Pd[Se,CN(Bu-i),] 
Et,NH,Se,CNEt, 

0.7 
0.34 
1.3 
1.7 
I .9 
7.1 
1.8 
7.5 
4.5 

19.1 
10.4 
8.7 
8.4 

13.5 
13.9 
14.4 
12.9 
9 .O 

20.0 
16.0 

27.0 
21.0 
13.7 
1.8 
8.6 
8.9 

11.9 
13.1 

7.4 

6.7 

10.8 

16.3 
16.8 
10.2 
10.7 
2. I 
8.5 
1.4 
0.34 
4.4 
1.4 
2.7 

34 
35 
40 
40 
42 
32 
21 
32 
27 

40 
41 
41 
43 
34 
29 
29 
29 
45 
45 
U 

55 
43 
32 
32 
55 
30 
U 

U 

N 

U 

U 

43 
15 
U 

U 

12 
10 
U 

U 

24 
21 

- 8  

I.OM, D,O 

20% (v/v), (CD,)zCO 
40% (v/v), CDCI, 

20% (v/v), CDCI, 
20% (v/v), CDCI, 
0.5M1, DZO, pD 8.3 
80% (v/v), C6F6 

7.5M, CH,CI,, 20% 
20% (v/v), CDCI, 

(v/v) 
20% (v/v), CDCI, 
20% (v/v), CDCI, 
20% (v/v), CDCI, 
OSM, CDCI, 
O.IM, D,O, pD 4 
30% (v/v), CDCI, 
30% (v/v), CDCI, 
30% (v/v), CDCI, 
O S M ,  CDCI, 
O . ~ M ,  CDCI, 
3 .0~ .  20% (v/v), 
C6F6 
0 . 5 ~ .  CDCI, 
0 . 5 ~ ;  CDCI; 
I.OM, D,O, pD 7 

O.h, D,O, pD 4 
0 . 5 ~ ~  D,O, pH 7 
a 
a 

O.SM, CDCI, 

U 

a 

U 

].OM, D,O 
O S w ,  D,O, pH 6.6 
05m, H,O 
l.Om, H,O 

1 . 0 ~  D,O, pH 1.5 
4.0m, D 2 0  
4.0m, HzO 

0 . 4 3 ~  CHCI, 
0 . 8 7 ~ ,  CDCI, 

].OM, D,O, pH 9.6 

I.OM, CDC1, 

i1 
11 
I I  
I I  
I I  
i1 
14 
1 1  
14 

11 
11 
1 1  
11 
1 1  
16 
16 
16 
11 
1 1  
14 

11 
1 1  
11  
11 
11 
1 1  
15 
15 

15 

15 

15 

I I  
11 
13 
13 
I I  
I I  
13 
13 
12 
12 
12 

"Value not given 
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significant enhancement been reported (4 M aqueous Na,SeO,, NOE = 0.413). 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 important11~'2*'6. 

These findings have important implications concerning the future of 77Se-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 (l/T,) the 
use of high-field spectrometers will be very beneficial since the CSA mechanism is 
proportional to the square of the external magnetic field2'. As yet, no variable field T ,  
studies have been reported for 77Se 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 oflittle 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, HA, is given by 

(1 )  H b  = H o  - H,o = Ho(I - U) 

The factor u 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). 

+ upara + uN (3) (i = udia 

Here odia represents contributions from local diamagnetic effects, apara is the shielding term 
arisingfrom electronic circulations on the observed atom and uN represents neighbouring- 
group anisotropy effects, 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 uN term is dependent on the nature and geometry of neighbouring 
atoms and is independent of the nature of the observed nucleus. The paramagnetic term 
spars is zero for nuclei with spherical distributions of electrons. However, for Se, which has 
a valence-shell electron configuration of 4s24p4, 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 upara for Se is related to several factors as 
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shown in expression (4)” 

N. P. Luthra and J. D. Odom 

where ( r - 3 ) 4 ,  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 (9, it is clear that the deshielding of Se will increase (a)  as the 
paramagnetic circulation gets closer to the nucleus, i.e. the larger the radial factor ( r - 3 ) 4 p ,  
(h) as the asymmetry of the valence electron cloud increases, i.e. the greater the ZQ 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 derivativesZZ in 
which the Se shielding increases in the order MeSeOOH < MeSeC1, < Me,SeO < 
Me,SeCI, < Me,SeBrz < Me,Se, < Me3Set < 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 comparedz3. 
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”. 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 
spectrumz4. The major contribution to the chemical shifts comes from the deshielding of 
Se by the n -P 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 A, the 
smaller the excitation energy AE and thus the greater the deshielding of the Se nucleus. 

a. Medium efects. (i) Solvent effects. 77Se-NMR chemical shifts are very susceptible to 
solvent effects. The solvent dependence of ”Se-NMR shifts can vary by up to 50ppm in 
many organoselenium corn pound^^^^^^. (Although not as high as several hundred ppm as 
indicated by Wong and coworkers’” in reference to the 77Se-NMR shifts of selenophos- 
phorus compounds studied by Dean”; in thiscase the solvent (SO,) forms acomplex 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  shift^'^*^^ 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 22ppm. 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 nonchlorinated solvents, 77Se solvent shifts in 
Me,Se are influenced primarily by the dipolarity of the solvent3’. Solvent shifts have been 
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TABLE 3. "Se solvent shifts of Me,Se 

Solvent Chemical shift (ppm) Standard Ref. 

Cyclohexane 
Carbon tetrachloride 
Triethylamine 
Mesit ylene 
methyl ether 
Benzene 
N,N-Dimeth ylaniline 
Nitrobenzene 
Pyridine 
Acetic acid 
Phenylacetonitrile 
Methylene chloride 
Chloroform 
Methanol 
Acetonitrile 
Hexamethylphosphoramide 
Acetone 
Dimethylfomamide 
Nitromethane 
Dimethyl sulphoxide 

4.5; 7.3 
2.1 ; 5.46 
0.4 
0.3 

- 2.8 
- 3.2; - 0.58 
- 4.2 
- 5.4 
- 5.5 
- 6.7 
- 7.0 
- 7.2; - 4.50 
- 7.6; - 4.86 
- 8.3; - 4.34 
- 8.5 
- 9.4 
- 9.8; - 6.30 
- 11.9 
- 13.4 
- 14.9;- 14.33 

a ; b  
a ; b  
a 
a 
a 
a ; b  
a 
a 
a 
a 
a 
a : b  
a ; b  
a ; b  
b 
a 
a ; b  
a 
a 
a ; b  

28; 29 
28; 29 
28 
28 
28 
28 ; 29 
28 
28 
28 
28 
28 
28;29 
28;29 
28; 29 
29 
28 
28 ; 29 
28 
28 
28 ; 29 

"Relative to neat Me,& (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 ~e len ides~~~ '* ,  di~elenides,~ and methyl selenocyanate2'. 
From this discussion it is clear that solvent effects are significant in 77Se-NMR studies, 
making it imperative to specify the solvent in which 77Se spectra are obtained. 

(ii) Concentration effects. Dilution shifts may reach a magnitude of several ppm. The 
'7Se-NMR resonance of neat Me,Se is shielded by 9 ppm upon dilution in CDCI, (1.25% 
V / V ) ~ ~ .  Shifts of similar magnitude have been observed for other alkyl selenides and 
diselenidesz3 whereas the shifts of diary1 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 77Sechemical 
shifts for dimethyl diselenide are 275 and 281 ppm, and for dibenzyl diselenide, 
(PhCH,Se),, 402 and 412 ppm. In these two studies11~22 neat Me,Se and 1 . 0 ~  Me,Se in 
CDCI,, 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 
timeconsuming 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 77Se resonance of the 
selenol is shielded by approximately 200ppm. A typical weak acid titration plot has been 
obtained for the change in 77Se-NMR chemical shifts of selenocysteamine, 
H,NCH2CH2SeH, as a function of pH". 

(iu) Temperature effects. The temperature dependence of "Se chemical shifts of Se 
compounds was first noted by Lardon3' in 1972 and by Odom, Dawson and Ellis" in 
1979. Subsequently it has been reported for s e l e n i d e ~ ~ ~ ~ ~ ~ ,  di~elenides,~ and selenocar- 
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bonylZ6 (R,C=Se)compounds. The temperaturedependence ofthe 77Sechemical shifts of 
(CH,),Se in CDCI, is approximately 2.5 ppm over the range of 222-323 KZ9. The 
temperature dependence of selones, R,C=Se, is found to be 0.34-0.48 ppm K-I. Over the 
temperature range 287-313 K, the variation of 77Se shifts with temperature is reported to 
be linear26. Aryl d i se l en ide~~~  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, A,?, the 
value of which would decrease with increasing temperature. As noted previously, a 
smaller value of BE would reduce the shielding of Se. 

b. 77Se chernicalshjft 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 selenideZ2, Me,Se, or seleninyl chloride,,, SeOCI,, as a reference. 
More recently, 77Se FT NMR studies have been reported using aqueous selenous 

H,SeO,, ~e lenophene~-~  and 4,4’-dimethyldiphenyldi~elenide”~, (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 
CDCI, (60%v/v) be accepted as universal reference standard for 77Se 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 ’H 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 60% Me,Se in 
CDCI, provides both the ’H lock signal and suficient signal-to-noise to achieve 
maximum homogeneity of the magnetic field in a series of one-pulse acquisitions. 

c. 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 77Se chemical shift values in this chapter, they are tabulated 
with respect to the reported value of Me,Se in CDCI, (60% 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 CDCI, (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 600ppm 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 -200ppm. For example, the 77Se 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 



6. NMR and ESR studies 197 

TABLE 4. "Se chemical shifts of selenols and selenolates 

Compound 
Chemical 

shift (ppm) Standard Solvent Ref. 

MeSe- Na' 
H,Se 
HSeCH,CH,NH, 
EtSe- Na' 
DL-HSeCH,CH(NH,)COOH 
MeSeH 
C6F,SeH 

i-PrSe- Na+ 
EtSeH 
PhCH,SeH 
t-BuSe- Na' 
PhSeH 
o-AnSeH 
o-TolSeH 

CIOHZlSeH 

o-CIC6H4SeH 
o-FC6H4SeH 
m-TolSeH 
m- AnSeH 
m-CF,C,H,SeH 
m-FC,H,SeH 
m-CIC,H,SeII 
p-AnSeH 
p-TolSeH 
p-FC,H,SeH 
p-CIC,H,SeH 
i-PrSeH 
t-BuSeH 
CF,SeH 

- 332; - 330 
- 288 
- 212 
- 150 
- 141 
- 116;- 130 
- 16 

- 7  
8.7 

39;41 
107 
129 
145 
84 

I I2 
I58 
191 
144 
153 
159 
164 
I67 
122 
128 
141 
I42 
159 
278 
287 

a ; b  
b 
b 
a 
b 

a ; b 
a 
b 
a 
b 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
C 

HlO 
DZO 

H,O 
D,O, pD = 8.3 

D,O, pD = 5 
Neat; CDCI, 
Not specified 

CDCI, 
H2O 

H2O 

CDCI, ; Me,CO 
CH,Cl, 

Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 
C6F6 

22; I1 
11 
1 1  
22 
11 

22; 1 1  
37 
I I  
22 
I I  
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
41 

'Relative to neat Me,&. 
bRelative to 1 . h  Me,& in CDCI,. 
"Relative to Me,& in C,D,. 

nucleus causing an increase in the 4p radial distance. Thus the ( r - , ) +  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 
N 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 C,F, 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,makingit 
a stronger inductive acceptor than the Ph group. However, an increased nuclear shielding 
has been found in polytluoroaromatic compounds with respect to their hydrocarbon 
analogues. Thus, the CF, group which exhibits a strong inductive effect deshields Se, 
whereas the C,F, group shields it. This shielding has been discussed,' in terms of a 
decreased conjugation between the unshared electron pair ofthe Se and then system of the 
pefluorinated benzene ring. Reduced conjugation of the unshared electron pair of S with 
the IT system of the polyfluoroaryl ring is confirmed by X-ray fluorescent spectral data for 
organic S compounds3*. A similar dependence may also be expected for the Se derivatives. 

McFarlane and Woodz2, who were the first to report "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 alkyl selenides, ArSeR, dialkyl diselenides, R,Se,, and similar 
behaviour has been observed in P chemical shifts of trialkylphosphines”. An 
explanation for this reverse shielding phenomenon has been proposed4’ and will be 
discussed in the section concerning Se chemical shifts of selenides. 

Due to the large chemical shift range of 77Se, NMR studies of this nucleus should be a 
powerful technique to study the transmission of electronic substituent effects. McFarlane 
and Wood2’ camed out such a study for meta- and para-substituted phenyl selenols and 
reported a poor correlation of 77Se chemical shifts with Hammett u 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. 

(ii) Dialkyl selenides. ”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 100ppm per H atom replaced is observed (e.g., 
Me,Se (0 pprn), MeSeEt (108 pprn), Et,Se (21 7 ppm), MeSeBu-t (294 ppm), (i-Pr),Se 
(432ppm) and (t-Bu),Se (601 ppm)). The replacement of the methyl H by a Ph group 
causes a deshielding of - 170ppm per replacement, e.g. Me,Se (0 ppm), PhCH,SeMe 
(1 73 ppm), (PhCH,),Se (333 ppm). Although replacement of H by a more electronegative 
F atom causes a considerable deshielding, the replacement by a C1 (less electronegative 
than F) causes even greater deshielding. For example, the 77Se chemical shifts of Se in 
CF,SeCH,, CF,SeCF,, CF,SeCF,CI, CF,SeCFCI, and CF3SeCC1, are 370, 717,8 15, 
927 and 953 ppm, respectively. 

The 77Se-NMR studies of a large number of substituted Se-benzylselenoalkanoic acids 
(XC,H,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 77Se 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 orbitals5. 

Previously, the abnormal behaviour of the 77Se 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 77Sechemical shifts of MeSeSeMe, EtSeSeEt, i-PrSeSe-Pr-i, t-BuSeSeBu-t. 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. "Se chemical shifts of dialkyl selenides 

Compound 
Chemical 

shift (ppm) Standard Solvent Ref. 

Me,Se 
MeSeCH,CH,NH, 
DL-MeSeCH,CH,CH(NH,)COOH 
MeSeEt 
Bu,Se 

PhCH,SeMe 
Et,Se 
CF,SeHgCI 
MeSeBu-t 
(Ph CH 2 )  , Se 

(o-CIC,H,CH,),Se 
(m-CIC,H,CH,),Se 
(m-BrC6H,CH,),Se 
(p-CIC,H,CH,),Se 
( p-BrC,H,CH,),Se 

(CF,Se),Hg 

(C,H,,),Se 

(O,P-c1,c6 H,CH,),Se 

CF, Se Me 
(i-Pr),Se 

(CF3)2Se 

CF,SeCF,CI 

CF,SeCFCI, 

CF,SeCCI, 

0 
44 
15 

I08 
I67 
168 
173 
2 I 7; 236.6 
267.9 
294 
328.5; 333 

302.4 
330.2 
331.5 
331.9 
338.0 
309.2 
331.4 
310 
432;436 

691.9; 7 11; 124.6 

199.6; 8 15 

9 10.6; 927 

953 

a 
c 
c 
b 
c 
C 
b 

d ; b  
e 
b 

f ; b  

f 
f 
f 
f 
f 
f 
e 
9 

c;d  

e ,' g ,' e 

e ; g  

e ,' g 

9 

CDCI, 
CDC1, 

CH,CI, 
CDCI, 
CDCI, 
CDCI, 
Neat; neat 
CH,OH 
Neat 

CDCI, 

D20(pD 4) 

(CD,),CO; 

(CD3)2C0 

(cD,),co 
(CD,),CO 

(CD,),CO 
(CD,),CO 

C6D6 

(CD3)2C0 

MeOH 

CDCI, ; 
CDCI, 
Neat; C,D, ; 
not specified 
Not specified; 

Not specified; 
C6D6 

C6D6 

C6D6 

21 
I I  
I I  
22 
11 
11 

7 
34; 22 

33 
22 
5;7 

5 
5 
5 
5 
5 
5 

33 
41 

11;22 

33;41;52 

52141 

52;41 

41 

"Relative to Me,% in CDCI, (60% v/v). 
bRelative to neat Me,Se. 
'Relative to 1 . 0 ~  Me,Se in CDCI,. 
*Aq. H,SeO, was used as a reference; chemical shift values have been converted relative to Me,Se in CDCI, (60% 
v/v) using the expression S[Me,Se] = S[H,SeO, (aq.)] - 1285.6. 
' SeOCI, was used as a reference; chemical shift values have been converted relative to Me& in CDCI, (60% v/v) 
using the expression a[ Me,Se] = b[SeOCI,] - 1482.6. 
'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 S(Me,Se) = d(se1enophene) - 608.6. 
'Relative to Me,Se in C,D,. 

examining solvent effects on 77Se chemical shifts40. 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 de~hielding)~'. 

In an attempt to understand the 77Se 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 volume40. 
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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 CHJ, has the highest value of the solvents studied4'. 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. Alk yl groups have 
been shown to be very polarizable in the gas phase in that they stabilize a negative or a 
positive charge4,. This polarizability effect is based on the charge-induced dipole 
interaction and attenuates rapidly with distance (proportional to r-4) between the centres 
of polarizability and of charge. Since the polarizability of a molecule is an additive 
property44, 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 - , )  factor (r decreases) as well as the asymmetry factor, ZQ, 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 E% For example, this is seen in the compounds PhSeMe 
(202 ppm), PhSeEt (322 ppm), PhSePr-i (424 pprn), 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 'T-NMR spec t rosc~py~~.  
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 24ppm 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 (167ppm) and (n-C8Hl,),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 alcohols43. The observed order of gas-phase acidities of alkyl alcohols is t- 
BuOH > i-PrOH > EtOH > MeOH > H,O which isreversedfrom 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.e. has lower electron- 
withdrawing ability) influences the shielding of "Se in the reverse manner is the observed 
increased deshielding in going from CF,SeCH, + CF,SeCF,CI -+ CF,SeCFCl, + 
CF,SeCCl,. Gombler explained41 this phenomenon by considering C-F and C-C1 
hyperconjugation so that mesomeric structures A and B contribute to the shielding of Se. 
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F 

F 
CICF2SeX +--+ CI- [ )C=Sex] 

F’ 

(A) (6) 

Although hyperconjugation involving the -CFqgroup was proposed46 as early as 1950, 
serious reservations have been expressed and rev~ewed~’-~’ 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 peffluoroalkyl 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 solutions0. This acidity order can be explained by comparing the polarizability 
of the halogen substituents. The atomic polarizabilities of F, CI and Br are 0.53,2.61 and 
3.79 A3, respectively5’. Thus it was proposed that the more polarizable atom can better 
stabilize a charge on the 0 in the acetate anion. In the Se compounds above, the more 
polarizable C1 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 CQ and 
( r - 3 )  factors in expression (4), thereby increasing the deshielding at the Se nucleus. 

iii Alkyl aryl selenides. 77Se chemical shifts of akyl aryl selenides are shown in Table 7. 
Tie  j7Se resonance in MeSePh is deshielded by - 200ppm when compared to that in 
Me,Se. Again, deshielding of Se is incremented by - 120ppm when the Me group is 
replaced by Et, i-Pr and t-Bu groups. Table 7 also provides the 77Se chemical shifts for a 
range of substituted selenoanisoles, XC,H,SeMe. The shifts in the para series53 cover a 
range of - 50ppm 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 
downfield shifts. The 77Se 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 (a constants) in order to obtain one or more transmission 
coefficients (commonly denoted by p), Dual Substituent Parameter (DSP) equations have 
also been successfully ~ s e d ~ ~ ~ ~ ~ .  In the DSP method, the SCS values are related to a linear 
combination of previously defined polar and resonance substituent parameters (aI and a,, 
respectively) as shown in equation ( 5 ) :  

scs = pp1+ p,a, (5)  

The symbol 5, denotes the fact that any one of four resonance scales (a;, a:, ap, a:) 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 offit’of a DSP correlation is judged from they’ 
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TABLE 7. "Se chemical shifts of alkyl aryl selenides" 

Compound 
Chemical shift 

(PPW Solvent Ref. 

I -NaphSeMe 
2-NaphSeMe 
PhSeMe 

o-AnSeMe 
o-TolSeMe 
o-CIC,H,SeMe 
o-NaOOCC,H,Me 
o-MeOOCC,H,SeMe 
o-CH(O)C,H,SeMe 
o-HOOCC,H,SeMe 
o-AcC,H,SeMe 
o-NO,C,H,SeMe 
m-TolSeMe 
m-AnSeMe 
m-FC,H,SeMe 
m-CF,C,H,SeMe 
m-CIC,H,SeMe 
rn-BrC,H,SeMe 
m-NO,C,H,SeMe 
p-Me,NC,H,SeMe 
pNH,C,H,SeMe 
p-AnSeMe 
p-TolSeMe 
pFC,H,SeMe 
p-CIC,H,SeMe 
p-MeOOCC,H,SeMe 
p-NO,C,H,SeMe 
PhSeBu-i 
PhSePr-n 
PhSeBu-n 
PhSeEt 

o-TolSeEt 
o- AnSeEt 
m-AnSeEt 
m-CIC,H,SeEt 
m-CF,C,H,SeEt 
p-AnSeEt 
p-TolSeEt 
p-FC, H, SeEt 
PhSeBu-s 
PhSePr-i 
o-AnSePr-i 
PhSeBu-t 

155 
202 
197 
202 
202 
202 
203 
150 
I62 
20 I 
225 
259; 265 
267 
212 
282 
292.1 
199;200 
207 
214 
217 
215; 21 7.7 
219.8 
225.6 
181.2 
182.0 
189.5; 191 
196.1; 197 
200; 200.0 
203;203.6 
218.1 
233.4 
264 
285 
288 
322 
326 
321 
276 
362 
33 1 
336 
340 
318 
323 
324 
394 
424 
35s 
52 I 

CDCI, 
CDCI, 
CDCI, 
CH,CI, 
CDC1, 
Neat 
CDCI, 
CH,CI, 
CH,CI, 
CH,CI, 

50% aq. MeOH 
CDCI, ; CDCI, 

CDCI, 
CDCI, 
CDCI, 
Neat 

CH,CI, ;neat 
Neat 
Neat 
Neat 

Neat 
Neat 
Neat 
Neat 

CH,CI, ; neat 

Neat ; CDCI, 
Neat; neat 
CH,C12 ; neat 
CH,CI, ; neat 

Neat 
Neat 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CH,Cl, 
CH,CI, 

Neat 
CH,CI, 
Neat 
CH,CI, 
Neat 
CH,CI, 
CDC1, 
CDCI, 

CDCI, 

CH,CI* 

CH2(32 

7 
7 

57 
22 
58 
53 
7 

22 
22 
22 
58 

59; 58 
59 
58 
59 
53 

22; 53 
53 
53 
53 

22; 53 
53 
53 
53 
53 

53;22 
53;22 
22; 53 
22;53 

53 
53 
57 
57 
51 
57 
1 

22 
22 
22 
22 
22 
22 
22 
22 
22 
57 
57 
22 
57 

"All chemical shifts are relative to neat Me,Se. 
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value where 

N. P. Luthra and J. D. Odom 

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= 0.1-0.2 is felt to bernoderatelygoodcorrelation and f values of0.3 and greater represent 
only crude trends56. 

In the substituted selenoanisoles, a DSP analysis of the 77Se chemical shifts as the 
substituent is varied indicates that the shifts are precisely related to substituent electronic 
effects and the following equations are obtained56 : 

ortho: SCS = 47a1 + 137~; f = 0.21 (7) 

meta: SCS = 34a, + 8aEA f = 0.14 (8) 
para: SCS = 320, + 520; (9) f = 0.1 7 

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

(iu) Diary1 selenides. Gronowitz and coworkers carried out a systematic 77Se-NMR 
study6 of the effect of substituents on the Se chemical shift in 4,4’-disubstituted diphenyl 
selenides (Table 8). The 77Se 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 77Se 
shifts were plotted against the o,’ values of Swain and Lupton or with the up values of 
Hammett. A linear correlation was also found between 77Se chemical shifts and I9F 

TABLE 8. ”Se chemical shifts of diary1 selenides 

Compound 
Chemical 

shift (ppm) Standard Solvent Ref. 

Ph,Se 
(o-NaOOCC6H4),Se 
(o-MeOOCC,H,),Se 
(o-HOOCC6H4),Se 
(p-H2NC6H4)2Se 
p-An,Se 
(p-PhOC,H,),Se 
p-To1,Se 

(p-MeSC,H,),Se 
(p-1C6H4)2Se 

(p-FC,H,),Se 
(p-BrC6H4)2Se 
(p-C1C6H4)2Se 
(p-HOOCC,H,),Se 
@-AcC6H4),Se 
(P-NO 2C,H4)2Se 

110 
179 
265 
402; 41 4.5 
435 
469 
479 
373.4 
387.5 
393.8 
399.3 
402.2 
404.0 
404.8 
408.4 
41 1.8 
428.6 
429.9 
439.3 

a 
a 
a 

a ; b  
c 
c 
c 
b 
b 
b 
b 
b 

Not specified 
Not specified 
Not specified 
CDCI, ; CDC1, : DMSO 
50% aq. MeOH 
CDCI, 
CDCI, 
CDCI, : DMSO (I : I )  
CDC1, : DMSO (1 : 1) 
CDCI, : DMSO (1 : 1)  
CDCI, : DMSO (1 : 1) 
CDCI, : DMSO (1 : 1) 
CDCI, : DMSO (1 : 1) 
CDC1, : DMSO (1 : 1) 
CDC1,:DMSO (1:l) 
CDCI, : DMSO (1 : 1) 
CDCI, : DMSO (1 : 1) 
CDCI, : DMSO (1 : 1) 
CDCI, : DMSO (1 : I )  

~~ 

37 
37 
37 

7;6 
58 
58 
58 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

“Relative to neat Me&. 
bReported relative to selenophene; converted to Me& in CDCI, (60% v/v) using the relationship 
b(Me,Se) = B(se1enophene) - 608.6. 
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chemical shifts of 4-substituted fluorobenzenes with the 77Se 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 77Se chemical 
shifts of Ph,Se (402ppm), PhSeC,F, (265ppm) and (C,F,),Se (1 IOppm). 

(u) Alkyl diselenides. 77Se 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, --t 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 (Oppm) and Et,Se (217ppm). This smaller deshielding in diselenides has been 
discussed in terms of the difference in the site where substitution takes place4'. In going 
from Me,Se to Et,Se, the substitution takes place at each of the acarbons, 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 /%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 (uide supra). Therefore, in going from Me,Se, --* Et,Se, + i- 
Pr,Se, - t-Bu,Se,, each new Me group induces deshielding of the B-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. 

(2-CIC,H4CH2Se)2 
(2-BrC6H,CH ,Se), 
(4-FC,H4CH,Se), 

(4-BrC6H,CH,Se), 
(2,4-CI,C,H3CH,Se), 
(i-PrSe), 

(4-CIC,H,CH,Se)2 

(t-BuSe), 
(CF,Se), 

Aikyl aryl 
PhSe*SeMe 

268.3; 270; 275; 
275;281 
316 
319; 333.5; 339 
401.4; 402; 412 

395.1 
395.9 
403.0 
407.9 
408.2 
398.8 
40 1.9 ; 407 
493 
528; 531 ; 550 

445(*), 294 

a 9, b ; c: d : e 

e 
b : a ; c  

f ; :d;e  

f 
f 
f 
f 
f 
f 

c ; g ; h  

c 
C 

C 

CDC1,;neat;neat; 40;32;22; 
CDCI, ;CDCI, 7 ; l l  
CDCI; 
Neat; CDCI, ; neat 
CDCI, : DMSO ( I  : I); 
CDCI,; CDCI, 
CDCI, : DMSO (1 : 1) 
CDCI, : DMSO (I : 1 )  
CDCI, : DMSO ( I  : I )  
CDCI, : DMSO (1 : 1 )  
CDCI, : DMSO ( I  : I )  
CDCI, : DMSO ( I  : I )  
CDCI, ; neat 
Neat 
Not specified; neat; 
C6D6 

I I  
32; 40: 22 
5; 7; I I  

5 
5 
5 
5 
5 
5 
40,22 
22 
37, 33, 41 

Neat 22 

'Relative to Me,Se in CDCI, (60% vp). 
bAq. H,.%O, was used as a reference; chemical shift values have been converted relative to Me,Se in CDCI, (60% 
v/v) using the expression a[Me2Se] = d[H,SeO,(aq.)] - 1285.6. 
CRelative to neat Me&. 
dRelative to Me,& in CDCI,. 
'Relative to 1.W Me,% in CDCI,. 
'Selenophene in (CD3),C0 (20%) was used as a reference; chemical shift values have been converted relative to 
Me& in CDCI, (60% v/v) using the expression B(Me,Se) = d(selenophene) - 608.6. 
'SeOCl, was used as a reference; chemical shift values have been converted relative to Me,Se in CDCI, (60% v/v) 
using the expression d(Me,Se) = 6(SeOCI,) - 1482.6. 
'Relative to Me,% in C,D6. 
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TABLE 10. "Se chemical shifts of diaryl diselenides, 
R 'C,H,Se*SeC,H,R2" 
~~~ 

R' K' Chemical shift (ppni) 

H 
2-N02 
4-OMe 
4-Me 
4- H 
4-NOZ 

4-N02 
4-CN 

4-COOMe 

4-OMe 
4-Me 
4-1 
4-Me 
4-Br 
4-CI 
4-F 
4-OMe 

H 
2-N02 
2-NO2 
2-NO2 
2-NO2 
2-NO2 

4-NO2 

4-H 
4-H 
4-1 

4-COOMe 

4-CN 

4-Me 
4-Br 
4-C1 

4-OMe 
4-F 

464. I 
485.0 
352.2(*), 618.6 
353.1(*), 596.4 
356.9(*), 583.6; 357(*), 584b 
372.9(*), 565.7 
451.4 
455.8 
457.5 
462.0(*), 505.9 
462.0(*),478.2 
470.5 
475.7 
475.9 
478.2 
493.5 
505.8 

"Relative to Me,% in CDCI, (60% v/v); solvent CDCI,; Ref. 60. 
'Relative to Me,Se; solvent CDCI, ; 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. 

(ui) Diary1 diselenides. 77Se chemical shifts of Symmetrical and unsymmetrical diaryl 
diselenides are presented in Table 10. For the symmetrical diselenides, 77Se 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 reported6'. The total chemical shift range covered is + 55 pprn. Correlation of 
77Se shifts with substituent constants of the Hamrnett and Brown-Okamoto type is poor 
and a negative slope is obtained. Thus, electron-withdrawing groups shield the 77Se 
resonance whereas electron-donating groups deshield the 77Se resonance. From the 77Se 
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, compare p-AnSe*SePh (462(*) ppm, 505.9 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 pprn. 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. 

(uii) Selenenyl sulphides. The large majority of selenenyl sulphides which have been stud- 
ied by "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)62. Even though the compounds are relatively 
similar, the total chemical shift range is over 320 pprn with the most shielded system being 
4-N02C,H,SeSBu-t and the most deshielded being 2-NO2C,H,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 S compared to Se. 
For example, the 77Se chemical shift of Ph,Se, (464ppm) is 62ppm shielded from 
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TABLE I I ,  77Se chemical shifts of selenenyl sulphides 

Compound 
Chemical 

shift (ppm) Standard Solvent Ref. 

4-NO,C,H,SeSBu-t 
PhSeSCH,Ph 
2-NO, ,4-BrC,H,SeSBu-t 
PhSeSPh 
2-NO,C,H,SeSEt 
2-N02C,H4SeSCH,CH,COOH 
2-N0,C,H4SeSBu-n 
PhSeSMe 
2-NO,C,H4SeSCH,CH,OH 

2-NO2C,H4SeSCH,Ph 
2-N02,4-BrC,H,SeSCH,Ph 
CF,SeSCF, 
2,4-(N02),C6H,SeSEt 
2,4-(N0,),C6H,SeSCH,Ph 
2-N0,C,H4SeSCH,COOH 
2-N0,C,H4SeSPh 
2-N0,C6H4SeS(4-NO,C,H,) 
2-NO2C,H,SeS(4-Tol) 
2-N0,C,H4SeS(4-FC6H,) 
2-N0,C6H4SeS(4-An) 
2-N0,,4-BrC6H,SeS(4-Tol) 
2,4-(N0,),C6H,SeS(4-Tol) 
CF,SeSCF,CI 
CF,SeSCFCI, 
CF,SeSCCI, 
2-N02C,H,SeSCN 

2-NO,C,H4SeSC,,H33 

4 16.6 
475.0 
514.6 
526.0 
563.7 
565.7 
573.1 
574.0 
574.6 
574.1 
577.0 
584.6 
590 
593.9 
607.5 
609.8 
618.8 
588.9 
632.3 
641.7 
660.9 
639.9 
668.9 
620 
656 
680 
737.7 

a 
a 
a 
a 
a 
a 
a 
b 
a 
a 
a 
a 

a 
a 
a 

a 
a 

a 
a 
a 

C 

a 

U 

C 

C 

C 

a 

CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDC1, 

Not specified 
CDCI, 
CDCI, 
CDCI, 
CDCI, 

CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI 

'GD6 

C6D6 

C6D6 

CP.5 
CDCI, 

62 
62 
62 
62 
62 
62 
62 
22 
62 
62 
62 
62 
41 
62 
62 
62 
62 
62 
62 
62 
62 
62 
62 
41 
41 
41 
62 

"Relative to Me,Se in CDCI, (60% v/v). 
'Relative to neat Me&. 
'Relative to Me,Se in C,D,. 

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 77Se 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). 

(vi i i )  Seleno esters. The "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 "Se chemical shifts of ortho-substituted butyl selenobenzoates varied in a linear 
manner with the electronegativities of the substituents if the substituents were halogens63. 
The "Sechemical shifts of 4-substituted phenyl selenobenzoates, 4-XC6H,SeCOPh, were 
found to vary in a regular manner with the electronic properties of the s ~ b s t i t u e n t ~ ~ .  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 "Se chemical shifts and the 
I3C chemical shifts of the ips0 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. "Se chemical shifts of seleno esters, ArCOSeR 

Compound Chemical shift (pprn) Standard Ref. 

N. P. Luthra and J. D. Odom 

~ 

BzSeMe 445.0 a 63 
BzSeBu 5 17.0 a 63 
2-IC6H4COSeBu 562.3 a 63 
2-BrC6H,COSeBu 566.2 a 63 
2-CIC6H4COSeB~ 569.4 a 63 
2-FC,H,COSeBu(trans) 576.2 a 63 
2-FC6H,COSeBu (cis) 582.3 a 63 
2-MeC,H,COSeBu 590.6 a 63 
BzSePh 627.6;641.5 a ; b 63;64 
BzSe(2-An) 549.5 a 64 
BzSe(2-Tol) 593.5 a 63 
BzSe(4-NMe,C6H,) 622.9 b 64 
BzSe(4-An) 628.9 b 64 
BzSe(4-Tol) 633. I ; 634.4 c : b  36; 64 
BzSe(4-FC6H4) 634.4 b 64 
BzSe(4-C1C6H,) 637.0 b 64 

BzSe(4-EtOOCC6H,) 642.3 b 64 
BzSe(4-AcC,H4) 642.7 b 64 
BzSe(CNO,C,H,) 645.7 b 64 
BzSe(4-CNC6H4) 650.4 b 64 
2-IC,H4COSe(2-An) 595.4 a 63 
2-BrC,H4C0Se(2-Tol) 636.6 a 63 

2-MeSC,H,COSePh 650.7 a 63 
2-IC6H,COSePh 668.0 a 63 
2-CIC6H,COSePh 674.1 a 63 
2-AnCOSePh 700.2 a 63 

BzSe(QBrC,H,) 631.4 b 64 

2-MeSeC6H ,COSePh 640.8 U 63 

4-OctOC6H,COSe(4-PenC6H4) 6 18.9 C 36 
4-AnCOSe(4-Tol) 620.5 C 36 
AcSePh 660.0 a 63 

"Relative to Me,Se in CDCI,; solvent CDCI,. 
'Relative to Me& in CDCI, (60% v/v); solvent CDCI,. 
c(4-TolSe), in CDCI, (- 10%) was used as a reference; chemical shifts values have been converted relative to Me,Se 
in CDCI, (60% v/v) using the expression 6[Me2Se] = 6[(4-TolSe),] - 475.7; solvent CDCI,. 

discriminatory towards the u i  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 0 takes place via an nsc-n& 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 77Se 
chemical shift of COSe is most shielded at - 447 ppm and the Se resonance in (t-Bu),CSe is 
the most deshielded at 21 3 1 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 coworkersz4, G ~ r n b l e r ~ ~  and Wong, Guziec and Moustakisz6 
found a linear correlation, with two exceptions, between the 77Se shifts and A,,, of the 
n + n* transition. As the AE term appears well correlated with the energies of the n + n* 
transition, the correlation between 77Se chemical shifts and A,,, (n +R*) clearly shows that 
the 77Se chemical shift is dominated by the local paramagnetic screening term, upara. 

Wong, Guziec and Moustakis26 have also determined I7O chemical shifts of the 
corresponding carbonyl compounds and found that the correlation of 77Se chemical shifts 
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TABLE 13. "Se chemical shifts of C=Se compounds 

209 

Compound Chemical shift (ppm) Standard Solvent Ref 

Se=C=O 
Se=C=S 

Se =C 

Se =C(NH 
Se=C=Se 
Se=C(t-Bu)NMe, 
Se=CF, 
Se =qPh)NMe, 
Se=C(Ph)OEt 

/ W  

\ N M ~ ,  

6rse 
Gse 

Qse 

s$ se 

Se =C(Bu-r), 

- 447 
102 

147 

195 
33 I 
640 
688 
133 
915 

1613 

I737 

1803 

1844; 1849 

2034 

2135 

2 I3 I ; 2 I62 

U 

ll 

b 

a 
U 

C 

U 

C 

c 

c 

C 

C 

c ; a  

c 

C 

c ,' ( I  

C6D6 

C6D6 

D,O, PD 4 

C6D6 

C6D6 

C6D6 
CDCI, 

CDCI, 
CDC1, 

CDCI, 

CDCI, 

CDCI, 

CDCI, ;C,D, 

CDCI, 

CDCI, 

CDCI, : C,D, 

65 
65 

I 1  

65 
65 
24 
65 
24 
24 

24 

26 

24 

24; 65 

26 

24 

24: 65 

"Relative to Me& in C,D.. 
bRelative to 1 .IN Me& in CDCI,. 
'Internal standard Ph,PSe; converted to Me,Se in CDCI, (60% v/v) using the relationship d(Me,Se)= 
Q(Ph,PSe) + 263. 

of selones and "0 chemical shifts of the corresponding ketones i s  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 

N. P. Luthra and J. D. Odom 

Compound 

~~~~ ~ 

Chemical 
shift (ppm) Standard Solvent Ref. 

Alkyl derivatives 
MeSeCN 
PhCH,SeCN 
2-CIC,H,CHzSeCN 
2-BrC,H,CH,SeCN 
2-FC,H,CH,SeCN 
3-FC,H,CH,SeCN 
3-C1C6H,CH,SeCN 
3-BrC6H,CH,SeCN 
4-FC,H,CHzSeCN 
4-ClC,H,CH,SeCN 
4-BrC,H,CH,SeCN 
2,4-CIzC,H,CH2SeCN 
CF,SeCN 

Aryl deriuarives 
PhSeCN 
2-MeOC(O)C6H,SeCN 
2-NO,C,H,SeCN 
2-HC(O)C6H,SeCN 
2-AcC6H,SeCN 
4-AnSeCN 
4-TolSeCN 
4-FC,H,SeCN 
4-CIC6H,SeCN 
4-BrC6H,SeCN 
4-EtOC(O)C,H,SeCN 
4-AcC6H,SeCN 
4-MeOC(O)C6H,SeCN 
4-NO,C,H,SeCN 
4-CNC6H,SeCN 
2.4-(NO 2 ) z  C, H SeCN 

I25 
29 I ; 299.9 
284.7 
285.0 
295.7 
305.8 
309.0 
309.8 
306.4 
309.3 
309.3 
29 I .8 
509 

320.8; 322.3 
394 
413;417 
423 
434 
305.0; 308.8 
313.0 
318.3 
32 1 .O 
321.7 
329.4 
329.9 
330; 330.5 
338.8; 340 
341.8 
449 

U 

a ; b  
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
a 

c ; a  CDC1,;neat 
a CDCI, 

d ;  c CDCI; ; CDCI, 
a CDCI, 
a CDCI, 

c CDCI, 
c CDCI, 
c CDCI, 
c CDCI, 
c CDCI, 
c CDCI, 

a ; c  CDCI,; CDCI, 

a ;  c CDCI, ; CDCI, 
c ; a  CDC1,; CDC1, 
c CDC1, 
c CDCI, 

i 
7,5 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

41 

60,67 
59 

61,68 
59 
59 

61,60 
60 
60 
60 
60 
60 
60 

7;60 
60; 61 

60 
68 

“Relative to neat Me,Se. 
bSelenophene in (CD,),CO (20%) was used as a reference; chemical shift values have been converted relative to 
Me,% in CDCI, (60% v/v) using the expression G(Me,Se) = d(se1enophene) - 608.6. 
‘Relative to Me,Se in CDCI, (60% V/VJ. 

dRelative 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 ”Se 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 E 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 cyanides66. 

The 77Se chemical shifts of pura-substituted aryl selenocyanates vary in a regular way 
with the character of the substituent60, i.e. electron-donating groups cause shielding and 
electron-withdrawing groups cause deshielding. The shifts cover a range of approximately 
33 ppm (becoming more deshielded from -Me to -0, which is similar to the range 
observed for the substituent effect on the Se chemical shifts of para-substituted phenyl 
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selenobenzoates (27.5 ppm). A Dual Substituent Parameter analysis of the shift data 
support the concept that the level of x interaction between the -SeCN group and the Ph 
ring is approximately 1.5 times the level of polar effects (pR/p, = 1.49)60. 

(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 IS). 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,SeCI (1077 ppm) and CF,SeCI, (89Oppm). It 
should be noted that this behaviour is also observed in the 'lgSn chemical shifts of alkyltin 
halides and in the 13C chemical shifts of alkyl halides when the halogens are Br and 1. 

In a recent study4' of trifluoromethyl selenenyl halides, a plot of the 77Sechemical shift 
ofthe selenenyl derivative CF,SeX (where X = C1, 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 77Se chemical shift for CF,SeCN may 
be anomalous. 

TABLE 15. 77Se chemical shifts of selenenyl halides" 

Chemical 
Compound shift (ppm) Solvent Ref. 

Alkyl derivatives 
Me,SeBr, 
Me,SeCI, 
Et,SeBr, 
i-Pr,SeBr, 

CF,SeBr 
MeSeCl 
CF,SeCI, 
EtSeCI, 
CF,SeCI 

Aryl  derivatives 
Ph,SeCI, 
C,F,SeCI 
PhSeBr 
2-NO2C,H,SeBr 
2-CH(O)C6H,SeBr 
2-AcC6H4SeBr 
2-MeOC(O)C6H,SeBr 
4-N02C,H,SeBr 
4-TolSeBr 
4-AnSeBr 
2,4-(NO,),C,H,SeBr 
PhSeCl 
2-NO2C,H,SeC1 
2-MeOC(O)C6H,SeCI 
2-AcC,H4SeCI 
2-HqO)C,H4SeCI 

(CF3)2SeF2 

389 
448 
540 
742 
830 
886 
890 
953 
995 

1077 

586 
812 
869.0 
908;912 

1019 
1029 
1042 
823.0 
876.9 
887.7 
897.6 

1042 
999 

1017 
1087 
1097 

CH,CI, 
CH,CI, 
CCI, 
CCI, 
C6D6 

'fjD6 

C6D6 

C6D6 

CH,CI, 

CH,(J* 

CDCI, 
Not specified 

CDCI, 
CDCI, ; CDCI, 

CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDC1, 
CDC1, 
CDCI, 
CDCI, 
CDCI, 

22 
22 
22 
22 
41 
41 
22 
41 
22 
41 

22 
39 
68 

61;68 
59 
59 
59 
68 
68 
68 
68 
68 
68 
59 
59 
59 

"Chemical shifts are reported relative to Me& 
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Similar to the above study, a plot of 77Se chemical shifts of o-nitrophenyl selenenyl 
compounds, o-N0,C6HpSeX (where the first element of the X group is 0, CI, Br, N, S, Se, 
C), vs. the electronegativities of X yields two straight lines. One line represents the 
substituents X = C, N and 0 and has a different slope than the line where X = CI, Br, Se and 
S. 

(x i i )  Heterocyclic selenium compounds. 77Se NMR parameters for a series of 2- and 3- 
substituted selenophenes are presented in Table 16. Acceptable linear correlations were 
observed between the substituentcaused 77Se shifts of 2-substituted selenophenes and 
similarly ortho-positioned 3C shifts when carbonyl-containing derivatives and 2- 
nitroselenophene were excluded4. The substituentcaused 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 I3C 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 77Se shift caused by the CN 
group (712.9 ppm) and the CHO group (602.2 ppm) is substantial, the "C chemical shifts 
of the 3carbon are almost the same (1 1.5 ppm and 10.5 ppm from the chemical shift of the 
3carbon of selenophene, respectively) The anomalous 77Se shifts of 2-carbonyl derivatives 
were explained by invoking through-space bonding between empty Se d orbitals and the 
carbonyl 0 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 77Se chemical shifts are 
listed in Table 17 and 18, respe~tively~~. 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 77Se 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 77Se chemical shifts are listed in 
Tables 19 and 20. 

(xiii) Selenium-oxygen compounds. 77Se chemical shifts of Se compounds containing a 
Se-0-C moiety are presented in Table 21. In general, the presence of a neighbouring 0 
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, videsupra). It is interesting to note that the replacement of a 
Me group by a Ph group in methylseleninic acid, MeSeOOH, leads to a shielding 
( -  40ppm) rather than the expected deshielding of the Se nucleus; e.g. MeSeOOH 
(1 2 I6 ppm), PhSeOOH ( I  173 pprn), 3-TolSe00H (1  176 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 I9 ppm and that between (MeO),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 
(MeO),SeO +(MeO),SeO, an increased shielding of Se of approximately 290 ppm is 
observed. Therefore, it appears that Se shielding i s  less sensitive to changes in substituents 



T
A

B
L

E
 1

6.
 7

7S
e c

he
m

ic
al

 s
hi

ft
s 

of
 s

ub
st

itu
te

d 
se

le
no

ph
en

es
"*

* 

C
he

m
ic

al
 s

hi
ft

 (
pp

m
) 

Su
bs

tit
ue

nt
 

C
he

m
ic

al
 s

hi
ft

 (p
pm

) 
Su

bs
tit

ue
nt

 

2-
 F

 
5 

13
.2

 
2-

B
r 

67
4.

6 
2-

O
M

e 
51

6.
2 

2-
1 

72
1.

2 
2-

C
H

( M
e)

O
A

c 
59

0.
5 

3-
O

M
e 

52
1.

9 

2-
C

H
O

 
60

2.
2 

3-
C

I 
62

2.
2 

2-
H

 
60

8.
6 

3-
SM

e 
62

8.
1 

2-
M

e 
61

2.
4 

3-
B

r 
64

6.
7 

2-
N

O
Z

 
61

4.
2 

3-
C

O
O

H
 

65
2.

1 

P
 

51
7.

3 
2-

C
N

 
7 

12
.9

 
z z w 

2-
O

A
c 

P,
 

E
l a
 

2-
C

H
20

H
 

60
0 

3-
M

e 
59

3.
4 

$ v
)
 

2
 

2-
A

C
 

62
0.

3 
3-

A
C

 
65

3.
4 

E
 

2-
C

O
O

M
e 

63
3.

0 
3

-N
0

2
 

65
4.

4 
tD,

 
2-

C
O

O
H

 
63

4.
8 

3-
C

H
O

 
66

3.
9 

2-
C

I 
64

9.
8 

3-
C

N
 

66
7.

0 
2-

SM
e 

65
0.

3 
3-

1 
68

 I .O
 

2-
C

O
N

M
e2

 
6.

50
.9

 

'S
ol

ve
nt

 C
,D
, (

2W
L 

so
lu

ti
on

s)
. C

he
m

ic
al

 sh
ift

s a
re

 r
ep

or
te

d 
re

la
tiv

e t
o 

se
le

no
ph

en
e;

 co
nv

er
te

d 
to

 M
e,

%
 in

 C
D

C
I, 

(W
/,

 v/
v)

 u
si

ng
 th

e 
re

la
tio

ns
hi

p 
G

(M
e,

Sc
) =

 G
(s

c1
en

op
he

ne
) 

'R
ef

. 
4.

 
-
 60

8.
6.

 



c! P
 

T
A

B
L

E
 I 

7.
 "

Se
ch

em
ic

al
 s

hi
ft

s o
f s

ub
st

it
ut

ed
 b

en
zo

[b
]~

el
en

op
he

ne
s~

*~
 

A
 

~
_

_
_

_
_

 
~ 

~~
 

C
om

po
un

d 
C

he
m

ic
al

 s
hi

ft
 (

pp
m

) 
C

om
po

un
d 

C
he

m
ic

al
 s

hi
ft

 (
pp

m
) 

2-
C

H
O

 
50

9.
5 

2-
C

N
 

60
4.

6 
2-

C
H

Z
O

H
 

51
7 

2-
1 

63
9.

 I 

-
 

3 
2-

C
H

2C
N

 
51

7.
1 

3-
O

M
e 

42
5.

1 
'd

 
2-

N
O

z 
51

7.
8 

3-
N

H
A

c 
45

4.
9 

2-
A

c 
52

7.
4 

3-
M

e 
49

3.
5 

2-
H

 
2-

C
H

zS
eC

H
,C

O
O

H
 

53
1.

3 
3-

C
I 

50
8.

6 
p
l 

2-
C

O
O

E
t 

53
6.

6 
3-

A
C

 
51

8.
6 

c(
 P c 

49
7.

3 
5- 

52
9.

6 
3-

C
H

Z
C

N
 

2-
C

O
N

H
M

e 
53

6 
3-

C
H

,S
eC

H
,C

O
O

H
 

51
0.

2 

2-
C

O
O

M
e 

53
7.

7 
3-

SM
e 

52
6.

1 
2-

C
O

SM
e 

53
7.

7 
3-

N
O

z 
53

1.
4 

2-
M

e 
53

8.
6 

3-
B

r 
2-

C
H

zP
h 

53
8.

8 
3-

Se
M

e 
54

2.
3 

2-
B

Z
 

54
4.

8 
3-

C
H

O
 

54
4.

8 
2-

C
O

N
M

e2
 

56
4.

1 
3-

Ph
 

55
5.

1 
2-

SM
e 

56
9.

2 
3-

C
N

 
55

9.
6 

2-
C

I 
57

7.
 I 

4-
N

O
z 

55
3.

9 
2-

Se
M

e 
58

0.
3 

5-
N

O
, 

56
2.

0 
2-

S
e(

C
H

2)
,C

O
O

H
 

58
7.

6 
7

-N
0

2
 

61
8.

1 
2-

B
r 

60
1.

1 

53
3.

7 
2 ;
 

"S
ol

ve
nt

 C
D

C
I,

. 
C

he
m

ic
al

 sh
ift

s a
re

 r
ep

or
te

d 
re

la
tiv

e 
to

 b
en

zo
[b

]s
el

en
op

he
ne

; 
co

nv
er

te
d 

to
 M

e,
Se

 i
n 

C
D

C
I,

 (
W

/,
 v/

v)
 u

si
ng

 th
e 

re
la

tio
ns

hi
p 

&
M

e,
&

) 
=

 G
(b

en
zo

[b
]s

el
en

o-
 

ph
en

e)
 -
 52

9.
6.

 
bR

ef
 6

9.
 



T
A

B
L

E
 1

8.
 "

Se
 

ch
em

ic
al

 s
hi

ft
s 

of
 d

is
ub

st
itu

te
d 

be
nz

o[
b]

~e
le

no
ph

en
es

".
~ 

Su
bs

tit
ue

nt
s 

2-
C

O
O

E
t, 

3-
O

H
 

~
-A

c,
 3-
O

A
c 

2-
M

e,
 3

-O
A

c 
2-

N
O

,, 
3-

B
r 

2-
N

H
C

O
M

e,
 3

-M
e 

2-
C

H
O

, 
3-

M
e 

2-
C

O
O

E
t, 

3-
O

M
e 

2-
C

H
20

H
, 3

-M
e 

2-
M

e,
 3

-M
e 

2-
A

c,
 3

-M
e 

2-
C

O
O

M
e,

 3
-M

e 
2-

C
O

N
M

e2
,3

-M
e 

2-
C

O
N

H
2,

 3
-M

e 
2-

C
O

O
M

e,
 3

-N
O

, 

2-
M

e,
 3

-C
O

N
H

, 
2-

SM
e,

 3
-M

e 

2-
C

H
O

, 
3-

B
r 

2-
C

H
O

, 
3-

Se
M

e 

2-
C

O
O

E
t, 

3-
O

A
c 

2-
O

A
c,

 3
-A

C
 

2-
C

H
O

, 
3-

SP
h 

2-
O

H
, 

3-
A

C
 

~ 
~ 

C
he

m
ic

al
 s

hi
ft

 (
pp

m
) 

46
5.

 I 
48

 I .
6 

48
4.

0 
48

4.
1 

48
1.

8 
48

8.
7 

49
7.

2 
49

8.
2 

50
0.

7 
5 1

5.
4 

52
0.

3 
52

 I .
2 

52
6.

8 
52

7.
7 

53
4.

9 
53

6.
9 

53
1.

7 
53

9.
7 

54
0.

7 
54

0.
8 

54
4.

3 
54

9.
6 

Su
bs

tit
ue

nt
 

~ 
~~

~~
 

C
he

m
ic

al
 s

hi
ft

 (
pp

m
) 

2-
B

q 
3-

M
e 

2-
Se

M
e,

 3
-M

e 
2-

C
1,

 3
-M

e 

2-
M

e,
 3

-B
r 

2-
M

e,
 3

-A
c 

2-
SM

e,
 3

-A
c 

2-
Se

M
e,

 3
-A

c 
2-

M
e,

 3
-C

O
O

M
e 

2-
B

r, 
3-

M
e 

2-
C

O
O

E
t, 

3-
B

r 
2-

C
N

, 3
-M

e 
2-

A
c,

 3
-S

eM
e 

2-
M

g 
3-

C
N

 
2-

Se
M

e,
 3

-C
H

O
 

2-
M

e,
 3

-1
 

2-
C

H
2P

h,
 3

-C
H

O
 

~
-A

c,
 3-
O

H
 

2-
SP

h,
 3

-C
H

O
 

2-
1,

 3
-M

e 
2-

B
r, 

3-
B

r 
2-

B
r, 

3-
C

H
O

 

54
9.

8 
55

2.
8 

55
3.

4 
56

0.
9 

56
1.

5 
56

4.
0 

56
6.

3 
56

9.
1 

57
0.

3 
57

3.
9 

57
3.

9 
57

5.
8 

58
2.

 I 
58

2.
4 

59
 1

.6
 

59
9.

8 
60

1.
6 

60
2.

7 
61

4.
8 

6 
15

.9
 

62
2.

9 

(u
 
3
 
a
 

v
)
 F E
 

5! 

'S
ol

ve
nt

 
C

D
C

I,.
 

C
he

m
ic

al
 

sh
if

ts
 

ar
e 

re
po

rt
ed

 
re

la
tiv

e 
to

 
be

nz
o[

b]
se

le
no

ph
en

e;
 

co
nv

er
te

d 
to

 
M

e&
 

in
 

C
D

C
I, 

(6
0%

 v
/v

) 
us
in
g 

th
e 

re
la

ti
on

sh
ip

 
B

(M
e,

Se
) 

=
 6

(b
en

zo
[b

]s
el

en
op

he
ne

) 
- 

52
9.

6.
 

bR
ef

. 6
9.

 
!2
 

V
I 



T
A

B
L

E
 1

9.
 "
Se
 c

he
m

ic
al

 sh
ift

s 
O

f 
S-

Se
 a

nd
 S

e-
Se

 i
so

st
et

es
 o

f 
be

nz
op

en
ta

le
ne

" 

tr
on

s 
ci

s 

X
 =

 N
O,
 

P,
 g 2 

Se
-S

 
(t

ra
n

s)
 

45
9.

4 
-
 

46
5.

2 
-
 

46
8.

8 
-
 

47
9.

1 
-
 

45
1.

2 
-
 

50
4.

5 
-
 

ii 

X
=
H
 

X
=

A
c 

X
 =

 C
H
O
 

X
 =

 B
r 

X
=

M
e

 

4
 

A
-B

 
A

 
B

 
A

 
B

 
A

 
B 

A
 

B
 

A
 

B
 

A
 

B
 

Se
-S

e 
(c
is
) 

49
9.

1 
58

3.
4 

52
1.

5 
59

1.
1 

52
5.

0 
58

3.
8 

51
5.

6 
65

5.
6 

49
8.

2 
59

5.
8 

55
0.

2 
59

9.
6 

p 
Se

-S
e 

(t
ra

ns
) 

48
6.

7 
54

9.
6 

49
4.

9 
58

8.
8 

48
6.

6 
54

9.
4 

50
8.

5 
63

4.
0 

48
8.

6 
55

5.
3 

52
4.

4 
56

3.
2 

Se
-S

 
(c

is
) 

47
5.

4 
-
 

49
1.

4 
-
 

49
6.

1 
-
 

49
5.

8 
-
 

47
5.

2 
-
 

52
6.

0 
-
 

S-
Se

 (
ci
s)
 

-
 

55
5.

1 
-
 

56
5.

1 
-
 

55
3.

1 
-
 

62
8.

9 
-
 

56
1.

3 
-
 

51
3.

7 
S-

Se
 

(t
ra

ns
) 

-
 

52
5.

8 
-
 

53
3.

9 
-
 

51
9.

8 
-
 

61
1.

0 
-
 

52
5.

5 
-
 

54
1.

3 
~ 

~~
 

~ 

"R
el

at
iv

e t
o 

ne
at

 M
e,

%
; 

so
lv

en
t 

C
D

C
I, 
; 

R
ef

 7
0 



6. NMR and ESR studies 217 

TABLE 20. "Se chemical shifts of other heterocycles containing selenium 

Compound Chemical shift (ppm) Standard Solvent Ref. 

157 
4s 1 
545 
552.6 
58 I 
584 
654 

1013 

a CDCI, 
a CDC1, 
a CDCI, 

a CDCI, 
a CDCI, 
a CDCI, 
a CDCI, 

b (CDJ2CO 

7 
I 
7 

71 
I 
7 
7 
7 

"Relative to neat Me,Se. 
bSelenophene in (CD,),CO was used as a reference; chemical shift values have been converted relative to Me& in 
CDCI, (60% v/v) using the expression B(Me,Se) = 6(selenophene) - 608.6. 

in compounds in which Se does not have lone pairs, like R,SeO,, 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. 

(x io )  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 Me2EtSe+ 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 Mects. Several groups have studied the effect of isotopes on 77Se nuclear 
shielding. Actually, the first isotope effect involving Se was observed on the F chemical 
shift in "F-NMR spectroscopy in several Se-F compounds74. The first example of Se 
isotope effects on ''Se shielding was that of Jakobsen and Hansen in a of the 77Se- 
NMR spectrum of Me,Se, in which four well-resolved lines due to the naturally occurring 
isotopic species Me77Se--"SeMe, where n = 76, 78, 80 and 82, were observed (natural 
abundances of selenium isotopes are: 74Se, 0.96%; 76Se, 9.12%; 77Se, 7.5%; 78Se, 23.61 %; 
80Se, 49.61 % ; %e, 8.85%). An increase by two mass units in Se mass was found to induce a 
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TABLE 21. "Se chemical shifts of selenium-oxygen compounds 
~~ 

Compound 

~ 

Chemical shift 
( P P 4  Standard Solvent Ref. 

PhSe(OCH,Ph),Me 

OH 

Me,SeO 
2-HOOCC6H,Se(ONa)Me 
PhSe(0)Me 
2-MeOC(O)C6H,Se(O)Me 
Ph,SeO 
(EtO),SeO, 
(MeO),SeO, 

MeSeOOH 
PhCH,SeOOH 
2-CIC6H,CH,SeOOH 
2-FC,H4CH,SeOOH 
2-BrC6H,CH,SeOOH 
2-TolCH2Se00H 
3-BrC6H,CH,SeOOH 
3-FC6H,CH,SeOOH 

3-TolCH2Se00H 
4-C1C,H4CH,Se00H 
4-BrC6H,CH,SeOOH 
CTolCH,SeOOH 
4-FC6H,CH,SeOOH 
2,4-CI,C,H3CH,Se00H 
PhSeOONa 
3-TolSeOOH 
4-TolSe00H 
(MeO),SeO 

(CF3),SeO 

3-C1C6H,CH2Se00H 

672 

799 

812 
830 
832 
8 52 
863 

1047 
1053 
1095 
1216 
I235 
1228.5 
1228.7 
1230.8 
1240.5 
1228.2 
1231.1 
1232.6 
1 234.1 
1226.8 
1228.9 
1229.8 
1231.7 
1227.1 
1 I73 
I 176.7 
1175.9 
1339 

U 

c 

a 
a 
a 
a 
a 
a 
a 
a 
a 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

b 
b 
a 

C 

58 

58 

22 
58 
58 
58 
58 
22 
22 
41 
22 
12 
12 
72 
12 
12 
72 
72 
12 
72 
72 
12 
72 
72 
72 
23 
72 
72 
22 

'Relative to neat Me&. 
bSelenophene in (CD,),CO (2VA) was used as a reference; chemical shift values have been converted relative to 
Me,Se in CDCI, (60% v/v) using the expression d(Me,Se) = d(se1enophene) - 608.6. 
'Relative to Me,Se in CDCI, (60% v/v). 

shift of 2.62 x IO-'ppm (0.50Hz at 19.09 MHz). In this same study", 2-deuterosel- 
enophene exhibited a 77Se 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 13C (12C) isotope effect of 0.257 ppm (4.9 Hz) on the 
77Se chemical shift was determined from the ''C satellite doublet. 

The largest secondary isotope shift ever observed in high-resolution NMR spectroscopy 
was reported for the "Se spectrum of a liquid mixture of H,Se, HDSe and D,Se76. The 
isotope shift per D atom is 7.02 ppm ( I  33 Hz at 18.95 MHz) to lower frequency and in the 



6. NMR and ESR studies 219 

TABLE 22. 77Se chemical shifts of miscellaneous organoselenium compounds 

Compound 
Chemical 
shift (ppm) Standard Solvent 

CF,SeAg 
Me,Se+ I- 
Et2MeSe+ I -  
PhSeCH,CH=CH2 
4-MeOC,H,SeCH,CH=CH, 
4-NO,C,H,SeCH,CH=CH, 
4AnSe+ Me,I- 
PhSeCH=CHCl (trans) 
4-AnSeCH =CHCI (trans) 
4TolSeCH=CHCl (trans) 
4-CIC6H4SeCH=CHCI (trans) 
4-BrC6H4SeCH=CHCI (trans) 
4-N02C,H,SeCH=CHC1 (trans) 
PhSeC,H,CI, (cyclo) 
4-AnSeC,H,C12 (cyclo) 
4-TolSeC,H3C1, (cyclo) 
4-CIC,H4SeC3H,CI, (cyclo) 
4-BrC6H,SeC,H,CI2 (cyclo) 
4-NO2C,H4SeC,H,Cl, (cyclo) 
Et,Se+ I- 
PhSeCH=CH, 
4AnSeCH=CH, 

4-CIC,H4SeCH=CH, 
4-BrC6H,SeCH=CH, 
4-N02C6H,SeCH=CH, 
(CF,Se),As 
(CF,Se),P 
CF,SeSO,CF,Cl 

4-TolSeCH=CH2 

CF;SeSO;CFb, 
CF,SeSO,CF, 
CF,SeNSO 
CFiSeNCO 
CF,SeNPPh, 
(CF,Se),N 

26 
253 
325 
321.9 
313.5 
344.1 
325 
368.6 
361.8 
364.6 
366.3 
366.5 
377.0 
370.2 
356.8 
362.9 
370.5 
37 I .5 
396.8 
377 
395.5 
386.7 
390.9 
395.4 
396.0 
404.9 
505 
54 I 
975 
976 
984 

1091 
1 I04 
1112 
1617 

a 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
a 
a 
a 
a 
a 
a 
a 
a 
a 

Pyridine 
H2O 
H2O 

Not specified 
Not specified 
Not specified 

Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 

Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 

H2O 

H2O 

C6D6 

C6D6 

C6D6 

C6D6 

C6D6 

C6D6 

C6D6 

C6D6 

C6D6 

Ref. 

41 
22 
22 
73 
73 
73 
22 
73 
73 
73 
73 
73 
73 
73 
73 
73 
73 
73 
73 
22 
73 
73 
73 
73 
73 
73 
41 
41 
41 
41 
41 
41 
41 
41 
41 

"Relative to Me,Se in C,D,. 
bRelative to neat Me&. 

'Hcoupled 77Se spectrum each resonance is fully separated from resonances of the other 
isotopomers. In this study primary and secondary isotope effects on the 77Se- 'H coupling 
constants were also observed. 

In two other recent reports, Gombler reported further studies on C and Se isotope 
effects on 77Se nuclear   hi el ding'^.''. 13C 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-~)~~ ' .  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 temperaturedependent. In the study of the effect of Se isotopes on 77Se 
  hi el ding'^, 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 77Se 
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 77Se-NMR spectrum deserve further study. 

3. Coupling constants 

Spin-spin coupling constants involving 77Se have been measured for a relatively large 
number of nuclei and this area has been reviewed relatively recently79. Of primary 
importance in this review are 77Se-'3C and 77Se-77Se coupling constants in organose- 
lenium compounds although 77Se- 'H coupling constants deserve mention. A large 
number of 77Se-1H coupling constants have been reported and the area has not been 
reviewed since 1973'. 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 77Se-'H couplings appear to be sensitive to 
stereochemistry'O - *'. 

Although fewer 77Se-1 3C coupling constants have been reported, they are increasingly 
being investigated with regard to structure and bonding in organoselenium compounds. 
McFarlane and coworkerse3 were the first to study 77Se-13C 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 dihydrobenzoselenophene system are 
stereospecific. More recently one-bond Se-C coupling constants were found5* to be useful 
in distinguishing between selenuranes (61-65 Hz) and selenoxides (77-81 Hz) and, in an 
attempt to further understand the factors influencing the Se-C spin-spin coupling, a 
series of diorganyl selenides, RSeR', was investigateds4. The conclusions of this studye4 
were that the Fermi contact term is the principal contributor to one-bond and two-bond 
Se-Ccouplings and that 1J(77Se-'3C)can be used to estimate the bond order of the Se- 
C bond as well as the conformation of the selenide. It remains to be seen if this will be the 
case in a large number of systems. 

That the Fermi contact contribution is important in Se-C spin-spin coupling in 
compounds containing a C=Se bond was demonstrated in 1981 by GombleP as the 
couplings exhibited a strong dependence on the s character of the C atom. As expected, 
coupling constants between Se and C in these doubly bonded molecules are larger 
( > 200 Hz) with the largest coupling constant being 286.9 Hz for COSe. Wong and 
C O W O ~ ~ ~ ~ S ~ ~ ~ ~ ~ ~ ~ ~  have also studied a series of selenocarbonyl compounds and confirm 
that the Fermi contact interaction is dominant in determining 1J(77Se-'3C). They also 
reportedz6 that where the selenocarbonyl moiety is part of a ring system, due to a change in 
the s character of the C atom in the C=Se group, the smaller the CC(Se)C angle, the larger 
the one-bond Se-C coupling constant. 

Se-Se coupling constants have understandably received even less attention than Se-C 
coupling constants. First, the particular compound must possess chemically non- 
equivalent Se atoms (i.e. J(77Se-77Se) cannot be determined in a symmetrical diselenide) 
and second, the number of molecules in any diselenide sample possessing two 77Se nuclei 
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will be small (0.56%) and thus, the 77Se-77Se coupling constant determination must be 
from satellites and will be timeconsuming. The first measurement of the sign and 
magnitude of a 77Se-’7Se spin coupling constant was reported by McFarlanee6 in 
PhSeSeMe( + 22 f 4 Hz). With the exception of 77Se-77Secouplingconstants which have 
been measured in polyatomic inorganic cationsa7 containing Se and Te, only one report 
has a p p e a r d l  in the literature describing the determination of these couplings. The 
compounds were unsymmetrical diselenides and, in agreement with McFarlane’s report, 
the values were less than 20Hz. Attempts were also made to determine two- and three- 
bond 77Se-77Se coupling constants but these were unsuccessful and the values were said 
to be less than 2 Hz. Recent work in this laboratory*’ has resulted in the measurement of 
several ‘4’ 7Se-77Se) values in unsymmetrical diorganyl diselenides. These values range 
from 2.7 Hz in t-BuSeSeMe to 36.3 Hz in n-BuSeSeMe. Using enriched 77Se we have also 
obtained a value of 64 Hz in o-NO,C,H,SeSeCN for the one-bond 77Se-77Se coupling 
constant6a. Also, Johannsen has recently observed 3J(77Se-77Se) values in a series of 
substituted tetraselenafulvalenes and used the magnitude of this homonuclear coupling 
constant to distinguish between cis and trans isomers”. The cis orientation resulted in 
relatively large values of the coupling constant (SO- 100 Hz) while the tram geometry 
yielded much smaller values ( I  0-25 Hz). Clearly, more extensive studies of this parameter 
and its relationship to molecular and electronic structure should be rewarding. 

B. Organotelluriurn Compounds 

1 ,  Relaxation times 

In general, progress in Te-NMR spectroscopy has lagged somewhat behind that in ”Se- 
NMR spectroscopy. However, in the last 2-3 years publications involving lZ5Te-NMR 
studies have increased dramatically, although ’ ”Te relaxation times have not been 
studied nearly so thoroughly. One reason for this may be that researchers have felt that 
what has been found for Se will also hold true for Te, but the few preliminary studies which 
have appeared’5*90 - 9 3 *  l4 demonstrate that spin-lattice relaxation times for lZ5Te are 
approximately 6-7 times shorter than those of 77Se in analogous compounds (Table 23). 
It has been shown that the spin rotation mechanism is the dominant mechanism for small 
Tecontaining molecules. It has not yet been demonstrated that the chemical shift 
anisotropy mechanism may be important in larger organotellurium molecules as has been 
shown for 77Se. 

2. Chemical shifts 

Like Se, the chemical shift pattern of Te compounds is considered to be dominated by 
the paramagnetic term of the chemical shift equation. The paramagnetic term for Te is 
given by the following proportionality : 

Expressions (4) and (10) predict that if the ZQ terms for Se and Te are the same in analogous 
compounds, a plot of 812sTe vs. 677se should be a straight line with a slope of 
( T - ’ ) ~ ~ ( ~ ~ ) . A % , / ( ~ - ’ ) ,  sc).AETc. Such a plot has been found to be linear 
with a slope of 1.7-1.8R(s94. Whereas a part of this can be attributed to the ratio of 
(r-3>5,0c,/(r-’>4,~,e) 2: 1.2594, there is still an unexplained factor which must 
come from the difference in the AE values. It is difficult to obtain a reasonable estimate of 
AE for Se and Te; however, changes in these AE values should roughly parallel those found 
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TABLE 23. IZ5Te spin-lattice relaxation times, T, 

Compound 

Me,Te 
Et,Te 

Te(OCHMe,), 
Te(OCH,CF,), 

T, (4 Temp. ('C) Conditions Ref. 

0.58 
1.1 

- 3  

2.23 
I .57 

2.99 

26 
30 

a 

U 

U 

a 

1.4 
I .7 
0.04 
0.8 
2Sb 
I .95 

26 
26 
26 
26 
27 
26 

a 
a 

a 

CDCI, 

Oleum 
I&, HC1 
4N, D,O 
lo%, HNO, 

CDCI, 

92 
91 

114 

15 
15 

15 

93 
93 
92 
92 
90 
92 

"Not specilied. 
bT2 = 0.31 s. 

for absorption maxima, A,,,, in the UV-visible spectrum. Therefore, it seems reasonable 
to take AE,,IAE,, 21 The value of the latter ratio has been found to be - 1 .2594. A 
calculated value of the slope of the plot of 8,2sTe vs. B l r S c  is 1.5-1.6; hence the agreement is 
reasonable in view of the approximations involved in the preceding treatment. In general, 
trends in "'Te shielding are very similar to those found for analogous Se compounds and 
thus, a separate detailed discussion for each class of compounds, as for Se compounds, is 
scarcely warranted. 

Dimethyl telluride appears to be the reference of choice for reported lzsTe chemical 
shifts although 4,4'-dimethyldiphenyl d i t e l l ~ r i d e ~ ~ * ~ ~ - ~ '  and biscdiethyldithio- 
carbamato]tellurium(II)98*99 have also been used. To standardize '"Te chemical 
shift values in this chapter, they are reported with respect to the literature value 
of MezTe (neat). This creates some discrepancies between our values and some values 
found in the since there is a definite concentration effect on the chemical 
shift of Me,Te in solution (e.g. 20 ppm difference between neat Me,Te and dilute solutions 
of Me,Te in CDCI:02). As was pointed out previously for Me,Se, the chemical shift value 
of the Te reference standard, Me,Te, is also solvent-dependent. The magnitude of the 
solvent shift of Me,Te is approximately twice that of the Se standard'". These solvent 
shifts are provided in Table 24. 

25Te chemical shifts have also been found to be concentration-dependent. For 
example, a 2M solution of Me,Te, in benzene gave 8125Te = 303 ppm and on dilution 
changed monotonically to 293 ppm at a concentration of 0 . 0 2 ~ ~ ~ .  It has been found that 
Lmax for Me,Te, decreases from 410 to 385 nm on dilution in hexane and other solvents, 
and other tellurides behave similarly94. Interestingly, the value of A,, for Me,Se, was 
unaffected by dilution. 

a. Tellurides. lZ5Te chemical shifts of dialkyl, alkyl aryl and diary1 tellurides are given in 
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TABLE 24. lZ5Te solvent shifts of Me,Te" 

Solvent 

Et,N 

Et,O 
CCI, 

%20, 
C,H,N 
MeOH 

Chemical shift (pprn) Solvent Chemical shift (ppm) 

5.9 Me,CO - 12.7 
0.9 CH,CI, - 14.9 

- 0.2 Me,NCHO - 18.6 

- 7.1 MeNO, - 20.6 
- 9.4 Me,SO - 26.4 

- 3.1 CHCI, - 18.8 

- 10.4 

"Relative to m d t  Me,Te; solutions are 5moleX; Ref. 100. 

TABLE 25. lzsTe chemical shifts of dialkyl tellurides" 

Compound 
Chemical 

shift (ppm) Solvent Ref. 

(Me,Sn),Te 
(Me,Si),Te 
MeTePen-neo 
(neo- Pen),Te 
MeTeBu-i 
neo-PenTeBu-i 
MeTePr-n 
MeTeBu-n 
(i-Bu),Te 
neo- PenTePr-n 
neo-PenTeBu-n 
n-PrTeBu-i 
MeTeEt 
n-BuTeBu-i 
Et TePen-neo 
n-Pr,Te 
(Me,Si(CH,),),T~ 
n-PrTeBu-n 
ii-Bu,Te 
n-Pen,Te 

EtTeBu-i 
(Me,CHCH,CH,),Te 
MeTeBu-s 
(PhCH,CH,)2Te 
EtTePr-n 
s-BuTePen-neo 
EtTeBu-n 
MeTePr-i 
i-BuTeBu-s 
i-PrTePen-neo 
EtTeEt 
n-PrTeBu-s 
n-BuTeBu-s 
i-PrTeBu-i 
n-PrTePr-i 

(c 1 6 3 3)ZTeb 

- 1214 
- 43 

5 
25 
44 
92 
95 

103 
113 
1 20 
128 
163 
165 
171 
191 
213 
22 1 
222 
228 
230 
232 
234 
24 I 
246 
217 
285 
287 
292 
322 
332 
35 1 
356; 380; 392 
38 1 
388 
394 
445 

CH,CI, 
CDCI, 
CDCI; 
CDCI, 
CDCI, 
CDCI, 
CDCI; 
CDCI, 
CDCI, 
CDCI; 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 

Not specified 
CDCI, 
CDCI; 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CH,Ci, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDC1, 

CDCI, ; C,H, ; CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 

101 
97 
57 
57 
57 
57 
57 
51 
57 
57 
51 
51 
57 
57 
57 
57 
98 
57 
57 
57 

102 
57 
57 
57 
99 
57 
57 
57 
57 
57 
57 

57; 94;9l 
57 
57 
57 
57 

(Contd.) 
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TABLE 25. (Contd.) 
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Compound 
Chemical 

shift (ppm) Solvent Ref. 

EtTeBu-s 
i-PrTeBu-n 
MeTeBu-t 
t-BuTePen-neo 
EtTePr-i 
i-BuTeBu-t 
(s-Bu),Te 
(s-Pen),Te 
n-PrTeBu-t 
n-BuTeBu-t 
i-PrTeBu-s 
EtTeBu-t 
(i-Pr),Te 
s-BuTeBu-t 
i-PrTeBu-t 
(t-Bu),Te 

CF,TeCF,CI 
(CF3)2Te 

449 
45 1 
479 
504 
512 
554 
558 
564 
602 
608 
618 
670 
616; 707 
786 
846 
979 

I368 
I566 

CDCI, 
CDCI; 
CDCI, 
CDCI, 
CDCI, 
CDCI; 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 

CDCI, 
CDCI, 
CDCI, 
CH,CN 
CH,CN 

CDCI, ; CH,CI, 

57 
51 
57 
57 
57 
51  
57 
57 
57 
51 
51 
57 

57;94 
57 
57 
57 
41 
41 

"Chemical shifts reported relative to neat Me,Te. 
bChemical shifts reported relative to bis~diethyldithiocarbamato)tellurium(II); converted relative to neat Me,Te 
using the expression B[Me,Te] = ~[bis(diethyldithiocarbamato)tellurium(lI)] - 833.6. 

Tables 25,26 and 27, respectively. The effect of replacing a-hydrogens by alkyl groups on 
the '"Te chemical shifts parallels that observed in the "Se chemical shifts for analogous 
Se compounds. A deshielding of Te is observed when hydrogens in Me,Te are replaced by 
Me groups as shown, for example, in the following series: (1) MeTeMe (0 ppm), MeTeEt 
(165 ppm), MeTePr-i (322 ppm), MeTeBu-t (477 ppm); (2) EtTeMe (165 ppm), EtTeEt 
(356 ppm), EtSePr-i (51 2 ppm), EtTeBu-t (670 ppm); (3) i-PrTePr-i (676), i-PrTeBu-t (846) 
and (4) t-BuTeBu-t (979 ppm). The chemical shift values of all possible Me derivatives of 
Me,Te are considered above and in each case the deshielding introduced per replacement 
of a H atom by a Me group is approximately 165 ppm. Furthermore, the shielding caused 
by the introduction of a y-carbon in tellurides can be clearly seen in the lz5Te chemical 
shifts if the following compounds are compared, i.e. MeTeEt ( 1  56 ppm), MeTePr (99 ,  
MeTeBu-i (44 pprn), MeTePen-neo (5 pprn). Thus, the replacement of one hydrogen atom 
on the /?-carbon of the Et group in MeTeEt by a Me group introduces a shielding of 
70 ppm. Further replacement introduces additional shielding although the magnitude of 
the shielding decreases. A small deshielding is observed if alkyl substitution takes place at 
the y-carbon and alkyl substitution more remote to Te than the y-carbon has little or no 
effect on the lz5Te chemical shifts, e.g. ( I )  MeTePr (95ppm), MeTeBu (103ppm); (2) 

The effect of alkyl substitution on the lzsTe chemical shifts for methyl phenyl telluride is 
consistent with that observed with Me,Te. Thus, for alkyl phenyl tellurides, the most 
shielded Te resonance is found in methyl phenyl telluride and the most deshielded 
resonance is observed for t-butyl phenyl telluride. lZsTe chemical shifts for ortho-, meta- 
and para-substituted telluroanisoles are provided in Table 26. There have not been 
enough substituents studied to meaningfully evaluate the data. 

Bu2Te (228 PPm), (GSH33)zTe (232 PPm). 

b. Ditellurides. lzsTe chemical shifts of dialkyl, alkyl aryl and diary1 ditellurides are 
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TABLE 26. lZ5Te chemical shifts of alkyl aryl tellurides" 

Compound Chemical shift (ppm) Solvent Ref. 

PhTeMe 
2-AnTeMe 
2-TolTeMe 
3-TolTeMe 
3-AnTeMe 
3-FC,H,TeMe 
4-EtOC6H,TeMe 
4-AnTeMe 
4-TolTeMe 
4-PhOC6H,TeMe 
4-FC6H,TeMe 
4-CIC,H,TeMe 
PhTeBu-i 
PhTePr-n 
PhTeBu-n 
2-OHCC6H,TeBu-n 
PhTeEt 
PhTeBu-s 
PhTePr-i 

329; 330 CDCI, ; CHCI, 57; 100 
205 CDCI, 102 
22 I 
324 
34 I 
355 
317 
318;321 
318; 329 
326 
336 
338 
409 
460 
468 
517 
532; 549 
640 
702;719 

CDCI; 102 
CDCI, 102 
CDCI; 102 
CDCI, 102 
CDCI, 102 

CDCI, ; CCI, 102; 100 
CDCI, ; CCI, 102; 100 

CDCI, 102 
CDCI, 102 
CDCI, 102 
CDCI, 57 

CDCI, 57 

CDCI, ; CCI, 102; 100 
CDCI, 102 

CDCI, ; CCI, 102; 100 

CDCI, 51 

CDCI, I04 

"Relative to neat Me,Te. 

TABLE 27. lZ5Te chemical shifts of diary1 tellurides" 

Compound Chemical shift (pprn) Solvent Ref. 

Ph,Te 
2An,Te 
2-AnTePh 
4-To12Te 
4-AnTePh 
4-BrC,H,TePh 
(2,4,6-Me,C6H,),Te 
(2-Naph),Te 

688; 688 
445 
579 
660; 663 
664; 668 
699 
612 
692 

CH,CI, ; CDCI, 94; 102 
CDCI, 102 
CDCI, I02 

CDCI, ; CH,CI, 102; I03 
CDCI, ; CH,CI, 102; I04 

CH,CI, I04 
CDCI, 91 
CDCI, I02 

"Relative to neat Me,Te. 

given in Tables 28,29 and 30, respectively. Iz5Te magnetic shielding ofdialkyl ditellurides 
closely parallels that of Se in analogous diselenides, but the sensitivity to changes in alkyl 
groups is even greater. For example, compare Me,Te, (49 pprn), Et,Te, (1 66 ppm), i- 
Pr,Te, (293 ppm) and t-Bu2Te2 (477 ppm). The deshielding effect per replacement of a H 
atom by a Me group is approximately 120 ppm compared to 65 ppm in the 77Se chemical 
shifts of analogous Se compounds. As previously discussed in the 77Se-NMR section using 
Et,Se, as an example, the influence of each Me group is two-fold, (1) to induce deshielding 
of the proximate Se by the dispersion (or polarizability) effect and (2) to cause shielding of 
the distant Se by the y-effect. The same effects are found for Te shielding in dialkyl 
ditellurides. It can be seen further if the shifts of the following ditellurides are compared: 
MeTeTeMe (49 ppm), MeTe*TeEt ( - 48 ppm(*), 264 ppm), MeTe*TePr-i ( - 94 ppm(*), 
435 ppm), MeTe*TeBu-t ( - 68 ppm(*), 597 ppm). In these compounds the Te bonded to 



226 

TABLE 28. lZ5Te chemical shifts of dialkyl ditellurides" 

N. P. Luthra and J. D. Odom 

~ 

Chemical Chemical 
Compound shift (ppm) Compound shift (ppm) 

MeTe*TeBu-s 
MeTelTePr-i 
s-BuTeTe* Pen-neo 
MeTe*TeBu-t 
i- PrTeTe* Pen-neo 
MeTe*TeEt 
r-BuTeTe*Pen-neo 
MeTe*TePr-n 
MeTe'TeBu-n 
EtTeTe*Pen-neo 
i-BuTeOTeBu-s 
n-PrTeTe*Pen-neo 
n-BuTeTe*Pen-neo 
i-PrTeTe*Bu-i 
MeTeTe*Bu-i 
i-BuTe*TeBu-t 
i-BuTeTe*Pen-neo 
n-PrTe*TeBu-s 
EtTeTe*Bu-i 
n-BuTe'TeBu-s 
MeTeOTePen-neo 
n-PrTe*TePr-i 

i-PrTeTeOBu-n 
n-PrTeTe* Bu-i 
i-BuTe*TeBu-n 
(neo-PenTe), 
n-PrTe'TeBu-t 

(MeTe), 

- log(*), I30 
- 94(*), 435 
- 79(*), 353 
- 68(*), 597 
- 65(*),415 
- 48(*),264 
- 45(*), 577 
- 31(*), 185 
- 3l(*), 193 
- 25(*), 249 
- 19(*),315 
- 9(*), 172 
- 8(*), 181 
- 6(*), 378 
- 4(*), 130 

16(*), 545 
17(*), 122 
w*), 291 
37(*), 208 
37(*), 292 
42(*), 72 
44(*), 354 
49 ; 63b 
51(*), 355 
53(*), 131 
53(*), 138 
60 
63(*), 520 

n-BuTe*TeBu-t 
(i-BuTe), 
EtTeTe*Pr-n 
EtTeTe'Bu-n 
(n-PrTe), 
EtTe*TeBu-s 
n-PrTe*TeBu-n 
(n-BuTe), 

(C, H 1 7 Te) 2 
(Me,CHCH,CH,Te), 

EtTe*TeBu-t 
(EtTe), 

(C7H 1 5Te)2 

(t-BuT;), 
i-PrTeTe* Bu-s 
s-BuTe*TeBu-t 
(i-PrTe), 
i-PrTe*TeBu-t 
(s-BuTe), 
(HOOCCH,Te), 
(cF3Te)2 

7 I(*), 522 
79 
88(*), 182 
97(*), 183 

105 
105( *),276 
195(*), 112 
113 
1 I3 
114 
114 
115 
117 
1 I7  
1 18(*), 337 
I18 
120 
1 20 
135(*), 503 
166; 188* 
223 
236(*), 28 1 
249(*),4qP 
293; 303 
305(*), 470 
477 
538' 
686' 

"Relative to neat Me,Te; solvent CDCI, unless otherwise indicated; Ref. 105. 
bSolvent CH2CI,; Ref. 94. 
'Solvent Me,SO; Ref. 103. 
dSolvent C,D,; Ref. 41. 

the Me group is shielded by successive methylation of the distant Me group, whereas the 
shielding of the remote Te decreases progressively. The Te atom remote to the Me group 
does not have any y-atom and thus experiences only the deshielding caused by the 
dispersion effect of the alkyl group in going from Me,Te, + + + MeTeTeBu-t. On the 
other hand, the Me-bonded Te experiences a net shielding from the two opposing effects 
(shielding from the y-effect and deshielding from the dispersion effect). The magnitude of 
the net shielding decreases with additional alkylation (actually, a deshielding is observed 
in going from MeTeTePr-i + MeTeTeBu-t). 

Unlike diselenides, dialkyl'05 and diarylg3 ditellurides apparently undergo exchange 
reactions between two symmetrical ditellurides. The exchange is slow on the 25Te-NMR 
time-scale and, consequently, four lZ5Te resonances were observed in the spectra of 
solutions initially containing two symmetrical ditellurides, one resonance corresponding 
to the Te in each symmetric ditelluride and two resonances representing the non- 
equivalent Te atoms of the unsymmetric ditelluride. Thus, OBrien and coworkers10s 
were able to report the lzsTe chemical shifts of 36 unsymmetrical dialkyl ditellurides by 
initially preparing nine symmetrical dialkyl ditellurides. Such an exchange is also shown 
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TABLE 29. Iz5Te chemical shifts of alkyl aryl ditellurides" 

Compound Chemical shift (ppm) Ref. 

MeTe*TePh 95(*), 384 I05 
i-BuTe*TePh 170(*),331 105 
n-PrTe*TePh 223(*), 305 102 
n-BuTe*TePh 226(*), 304 102 
EtTe*TePh 295(*), 289 102 

"Relative to neat Me,Te. solvent CDCI,. 

TABLE 30. '"Te chemical shift of diary1 ditellurides, XC,H,TeTeC6H,X" 

Chemical 
X = X '  shift (ppm) Solvent Ref. 

H 420; 42 1 CDCI, ; CDCI, 102;93 
2-OMe 168 CDCI, 106 
2-F 255 CDCI, 102 
2-cl 312 CDcl, 102 
2-SPh 325 CDCl, 102 

2-AC 473 CDCI, 102 
2-Me 495 CDCI, 102 
3-Me 416 CDCI, 102 
3-F 444 CDcl, 102 
3-OMe 435 CDCl, 102 

4-SPh 434 CDCI, 102 
4-Br 442 CDCI, 102 

4-OPh 449 CDCI, 102 

4-Me2N 466 CDCl, 102 

2-COOEt 41 1;414 CDCI, ;CDCI, 102; 106 
2-CHO 423 CDCI, 106 

4-Me 427;432.2;433 CDCI, ; CDCI, ; CDCI, 102;93; 106 

4-c1 447; 452 CDCI, ; CDCI, 102;93 

4OEt  455;456 CDCl, ; CDCI, 102;93 
4-F 451;458 CDCI, ; CDCI, 102; 106 

Chemical 
X X' shift (ppm) Solvent Ref. 

CMe* CCI 433.9(*);456.3 
4-Me* 4-OEt 436.8(*); 446.9 
4-CI* 4-OEt 444.3(*); 475.2 

CDCI, 93 
CDCI, 93 
CDCl, 93 

Compound 
Chemical 

shift (ppm) Solvent Ref. 

(2-Thiophenyl),Te2 264 CDCI, 93 
(l-Naph)2Te2 336 CDCI, 102 
(2-Naph),Te2 438 CDCI, 102 

'Relative to neat Me,Te. 
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to occur in diaryl ditellurides and between dialkyl and diaryl ditellurides. Granger and 
coworkersg3 have shown that the exchange is a thermal process. The substituent effect on 
the lzsTe chemical shifts of para-substituted diaryl ditellurides has been shown to be 
consistent with that observed on the 77Se chemical shifts for para-substituted diaryl 
diselenides. Thus electron-donating groups (in a mesomeric sense) deshield the Te 
resonance in diaryl ditellurides. However, mesomeric withdrawing groups have not been 
studied in suffcient number to enable a good comparison. 

Finally, it should be noted that lz5Te chemical shifts of diaryl ditellurides have been 
found to be concentration-dependent93, more so than the 77Se chemical shifts for 
analogous diaryl diselenides. Also, the assignmentg3 of the Te resonances for unsymmetri- 
cal diaryl ditellurides is not consistent with the reported values of 77Se resonances for the 
analogous unsymmetrical diaryl diselenides60. Thus, saturation transfer or labelling 
experiments should be performed to assign the Te resonances unequivocally in these 
unsymmetrical ditellurides. 

c. Tellurium halides. lz5Te chemical shifts of alkyl and aryl tellurium halides (mono-, di- 
and tri-) are reported in Tables 31,32 and 33. From the chemical shift data it is apparent 
that introduction of halogens bonded to Te causes a deshielding of the Te nucleus. For 
example, a deshielding of 293ppm is observed in going from Ph,Te (688ppm) to 
Ph,TeCl, (981 ppm) and deshielding of 749ppm is seen in going from Me,Te to 
Me,TeCl,. Thus, CI has a relatively greater effect on the shielding of Te in the alkyl 
derivative than the aryl derivative. Large solvent shifts of the order of 400 ppm have been 
reported in this class of compounds. The observed chemical shift values of PhTeC1, and 
PhTeBr, in a benzene/toluene mixture are 900 and 892 ppm, respe~tively'~~, whereas in 
CH,CI,: Me,SO (1 :1) the corresponding values are 1229 and 1193 ppm, respe~tively'~~. 
Similarly, the effect of solvent on the shielding of Te is also observed in dihalides, e.g. 
chemical shifts of Me,TeCI, and Me,TeBr, in CH,CI, are 749 and 6 6 9 ~ p m ~ ~ ,  
respectively, and in toluene these are 1218 and 858 pprn'O7, respectively. Although there is 

TABLE 31. lZSTe chemical shifts of aryl- and alkyl-tellurium trihalides' 

Chemical 
Compound shift (ppm) Solvent Ref. 

MeTeBr, 
MeTeCI, 
EtTeBr, 
(CI,TeCH,CO),O 
PhTeBr, 

EtTeCI, 
PhTeC1, 

PhTeI, 
CAnTeI, 
4-AnTeBr3 
(C13Te),CH2 
4-BrC6H4TeC1, 
4-C1C,H4TeC1, 
4-PhOC6H4TeCl, 
4-TolTeCI, 
4-AnTeC1, 

647 C,H$PhCH, I07 
758 C,H,/PhCH, I07 
849 C,H,/PhCH, I07 
864 Me,SO 103 

892; I I93 C,H,/PhCH,; 107; 104 
CH,CI, : Me,S0(2: I )  

900 
917; 1229 

I101 
1078 
1204 
I I98 
I208 
1208 
1226 
1234 
I246 

C,H,/fihCH; 
C,H,JPhCH3; 
CH,Cl, : Me,S0(2: I )  
CH,Cl,: Me,S0(2: 1)  
CH,CI, : Me,SO(I : 1) 
CH,CI, : Me,S0(2: 1) 
Me,SO 
CH,CI,:Me,SO(l:I) 
CH,CI, : Me,SO( 1 : I )  
CH,CI, : Me,SO(I : 1) 
CDCI, : Me,SO( 1 : 1) 
Me,SO 

107 
107; 104 

104 
104 
104 
103 
104 
104 
104 
104 
104 

"Relative to neat Me,Te. 
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TABLE 32. lZ5Te chemical shifts of diorganyl tellurium dihalides, R,TeX,' 

Compound Chemical shift (pprn) Sol veil i Ref. 

Me,TeBr, 
PhTeMel, 
4-TolTeMel2 
4-AnTe Me1 , 
4-EtOC6H,TeMel, 
Me,TeCI, 
Et,TeBr, 
Ph,TeCI, 
4-TolTe( Ph)CI2 
4-BrC,H4Te( Ph)CI , 
i-Pr,TeBr, 
(CF,),TeCI, 

(CF,),TeF, 
(CF3)2TeBr 2 

Ph,TeBr, 
4-Tol,TeBr2 

669; 858 
698 
663 
664 
670 
749; 1218 
879; 1 153 
981;917 

1070.6 
1079.6 
I105 
1114 
I I80 
I187 

905 
1481; 1508;890 

CH,CI, ; PhCH, 
CH,CI, 
CH2CIz 
CH,CI, 
CH,CI, 
CH,C12;PhCH, 
CH,CI, ; PhCH, 
CH,CI, ; PhCH, 
CH,CI, 
CH,CI, 
CH,CI, 
MeCN 
MeCN 
MeCN 

CDCI, 
THF; CDCI, ; PhCH, 

94; 107 
103 
103 
103 
103 

94; 107 
94; 107 

103 
I04 
I04 
94 
41 
41 
41 

91; 102; 107 
I02 

"Relative to neat Me,Te. 

TABLE 33. "'Te chemical shifts of triorganyl tellurium halides, R,TeX" 

Compound Chemical Shifts (ppm) Solvent Ref. 

Me,TeI 
Et,TeMeBr 
PhTeMe,l 
4-EtC,H4TeMe,I 
4-AnTeMeJ 
Et,TeBr 
Ph,TeMeI 
2-Tol2TeMeI 
(Et,Te*),(TeCI,Br,) 
(Et,Te*),(TeBr,) 
i- Pr , TeMeI 

443 
470 
550 
542 
550 
573 
595 
580 
598.4("), 1365.4 
603.5(*), 1347.7 
630 

Me,SO-d, 
Dz0 
Me,SO 
Me,SO 
Me,SO 
DzO 
Me,SO 
Me,SO 

CH,CI, : Me,SO( I :2) 
CH,CI, : Me,SO( I :2) 

D,O 

94 
94 

103 
103 
103 
94 

103 
103 
104 
I 04 
94 

'Relative to neat Me,Te. 

no explanation provided for this very substantial solvent effect observed for the '25Te 
chemical shift of these halides, we find it hard to rationalize the 25Te shifts of this class of 
compounds based on simple inductive and solvent effects. 

From the results of many cryoscopic studies'O* it has been suggested that MeTeC1, 
exists as a mixture of monomers and dimers in benzene and that MeTeBr, is more 
associated than MeTeC1,. Thus, equilibria involving higher aggregates are more 
important for MeTeBr,. Perhaps due to the different degree of oligomerization in various 
solvents, the state of aggregation may play an important role in determining the shielding 
of Te in these compounds. Even the 'H-NMR spectrum of MeTeC1, exhibited a 
pronounced solvent dependence'08. A peak was found at 2.83 pprn in benzene, while this 
resonance occurred at 3.70 ppm in CH2CI,. Clearly large solvent effects will make it rather 
difficult to interpret the shielding behaviour of Te in the organic tellurium halides. A 
consideration of shifts in the same solvent should enable a more valid comparison of 
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various effects on 125Te chemical shifts. The four diiodides, XC,H,TeMeI,, havechemical 
shifts in the region 663-698 ppm (Table 32). The shielding of Te in the two diarylmethyl 
tellurium iodides (Table 33) increases (580 and 595 ppm), indicating that the Te nucleus 
becomes more shielded when I is replaced,by an aryl group. The replacement of aryl by Me 
causes further shielding. The chemical shifts of the three aryl dimethyltellurium iodides are 

TABLE 34. "'Te chemical shifts of sub- 
stituted tellurophenes" 

Compound Chemical shift (ppm) 
~ 

2-CHZOH 
2-H 
2-CHO 
2-AC 
2-COOEt 
2-COOH 
2-c1 
2-Br 

~ 

764 
782; 782* 

789 

820 
848; 861' 

905 
949 

* 813 

"Tellurophene in (CD,),CO was used as a re- 
ference; chemical shift values have been con- 
verted relative to neat Me,Te using the ex- 
pression B(Me,Te) = &tellurophene) - 782; sol- 
vent (CD,),CO; Ref. 109. 
bRelative to neat Me,Te; solvent (CD,),CO; 
Ref. 100. 
'Ref. 102. 

TABLE 35. lZ5Te chemical shifts of substituted benzo[h]tellurophenes" 
A 

~ 

Chemical Chemical 
Compound shift (ppm) Compound shift (ppm) 

2-CH20H 72 1 2-SMe 839 
2-H 727 2-c1 868 
2CHO 127 2-Br 91 1 
2-Me 750 2-CN 952 
2-AC 75 1 3-Me 659 
2-COOH 764 3-CHzCOOH 680 
2-CONHZ 764 3-CHzOH 683 
2-CONHMe 765 3-CHZCN 709 
2-COCI 769 3-CI 72 1 
2-COOEt 774 3-CHO 750 
2-COOMe 775 3-Br 762 
2-COPh 786 3-CN 787 
2-CONMez 830 

-___ 

"Relative to neat Me,Te; Ref. 110 
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TABLE 36. I2’Te chemical shifts of other heterocycles containing tellurium” 

( 20) 
(a) x = CI, c1 
(b) X = Br, C1 
(c) X = Br, Br 
(a) X = I, I 

~~ ~ 

Compound Chemical shift (ppm) 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

175 
209 
269c 
383b 
424b 
468b 
50 1 
512b 
630 
888 
901b 

Solvent 

(CD,),NCHO 
CDCI, 
CDCI, 
CDCI; 
CDCI, 
CDCI, - 

Not specified 
CDCI, 

Ref. 

I l l  
1 1 1  
98 
95 
95 
95 
95 
95 

111 
112 
96 

ma 994c (CD,),NCHO 98 
20b 972‘ (CD,),NCHO 98 
2oc 94OC (CDJ2NCH0 98 
2od 83Ic (CD,),NCHO 98 

“Relative to neat Me,Te. 
b(4-TolTe), in CDCI, was used as a referencc;chemicalshift values have been converted relative to neat Me,Teusing 
the expression 6(Me,Te) = 6(4-TolTe), - 427. 
‘Chemical shifts reported relative to bis(diethyldithiocarbamato)teUurium(II); converted relative to neat Me,Te 
using the expression 6 [Me,Te] = 6[bis(diethyldithiocarbamato)tellurium(II)] - 833.6. 
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in the region 542-550 ppm whereas the value for trimethyl tellurium iodide is 443 ppm. As 
expected, a shielding of Te is observed in going from PhTeC1, + PhTeBr, -+ PhTeI,. 

d.  Heterocyclic tellurium compounds. I 25Te chemical shifts of 2-substituted tellur- 
ophenes are reported in Table 34. When the substituent-caused shifts of the eight 
tellurophenes (substituent: 2-C1,2-Br, 2-CH20H, 2-CHO, 2-Ac, 2-COOH, 2-COOMe, H) 
were plottedLog against the 77Sechemical shifts of the same set of selenophene derivatives, 
a good linear correlation was observed. This should be an indication that the transmission 
of substituent effects follows the same mechanism in the two analogous heterocyclic 
systems. Furthermore, the slope of the regression line showed that Te is 2.44 times more 
sensitive to substituent effects than Se in this type of organic compoundLog. Te chemical 
shifts for substituted benzo[b]tellur~phenes~~~ and other heterocyclic Te compounds are 
given in Tables 35 and 36, respectively. 

e.  Miscellaneous tellurium compounds. The L25Te chemical shifts of miscellaneous 
compounds are shown in Table 37, whereas Table 38 provides the IZ5Te chemical shifts of 
alkenyl and alkynyl tellurides. The presence of two chemically different Te atoms in 
tellurenyl tellurinyl selenides, RTeSeTe(O)R, was indicated lo6  by two widely separated 
'"Te-NMR resonances (Table 37). One resonance was the same as that observed for the 
corresponding ditelluride whereas the second was observed approximately 600 ppm 
further deshielded. The magnitude of the deshielding effect would be expected for a Te-0 
bond. It is interesting to  note that even in these compounds mesomeric donors deshield 
both Te nuclei, although the magnitude of the deshielding is smaller for the telurinyl 
Te(Te-0). It has been reported l o b  that when a solution containing two aryl tellurenyl 

TABLE 37. '"Te chemical shifts of miscellaneous compounds containing tellurium" 

Compound Chemical shift (pprn) Solvent Ref. 

(PhTe*)Se(TeBz) 
(2-AnTe*)Se(2-AnTe(O)) 
(4-TolTeZ)Se(4-TolTe( 0)) 
(4-AnTeZ)Se(4-AnTe(0)) 
(4-FC,H4Te*)Se(4-FC,H,Te(O)) 
MeTeSeMe 
i-PrTeSeMe 
(4-OctC,H4C(0))Te(4-PenC,H,) 
(4-AnC(O))Te(4-Tol) 
(2-EtOOCC6H,Te),Se 

(2-CHOC6H,Te),Se 
(OCH,CMe,CH,O),Te 

(CF,CH,O),Te 
(EtO),Te 
(MeO),Te 
(i-PrO),Te 
(i-BuO),Te 
(OCMe,CMe,O),Te 
(OCH,CH,O),Te 

B~Te(4-Tol) 

((CF3)2CH0)4Te 

431(*), 1014 
I59(*), 93 I 
424(*), 1010 
455(*), 1012 
456(*), 1027 
512 
816 
899.9b 
904.7b 
907 
929.4b 

1120 
1355' 
1394' 
1463' 
1503' 
1510' 
1523' 
1525' 
I526 
1601' 

~ 

CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 

CH,CI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 

Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 
Not specified 

C6H6 

106 
106 
106 
106 
106 
94 
94 
36 
36 

I06 
36 

I06 
15 
15 
15 
15 
15 
15 
15 
15 
15 

'Relative to neat Me,Te unless otherwise specified. 
b(4-TolTe), in CDCI, was used as a reference;chernical shift values have been converted relative to neat Me,Te using 
the expression d[Me,Te] = 6[(4-TolTe),] - 427. 
'Relative to 2.m Me,Te in C,D,. 
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TABLE 38. lz5Te chemical shifts of alkenyl and alkynyl" tellurides 

Compound 
Chemical 

shift (ppm) Solvent Ref. 

MeTeC = CBu 
MeTeC = CCH =CHI 
PhTeCZCPh 
CTolTeC = CH 
4-FC6H,TeC = CH 
CClC,H,TeC = CH 
(CH,=CH),Te 
PhTeCH=CH, 
CAnTeCH=CH, 
CBrC,H,TeCH =CH, 
4-TolTeCH =CHOCOEt 
CTolTeC(Ph)=CHCHO 

159. I 
174 
415 
483.7 
499.0 
503.1 
529.9 
615.3 
596.3 
621.0 
743.9 
918.0 

Neat 100 
Neat 100 
CDCI, 102 
CCI, 100 
CCI, 100 
CCI, 100 
CCI, 100 
CCI, 100 
CCI, 100 
CCI, 100 
CCI, 100 
CCI, 100 

"Relative to neat Me,Te. 

aryltellurinyl selenides was examined by ' "Te-NMR, a rapid exchange similar to the 
exchange reported for diary1 ditellurides appeared to occur. It can also be noted that the 
replacement of a Te in Me,Te, by a Se (i.e. MeTeSeMe) caused a deshielding of Te by 
449 ~ p m ~ ~ .  A similar deshielding (425 ppm) was observedg4 in going from MeTeTePr-i 
+MeSeTePr-i. A deshielding of similar magnitude was observed'06 in the aryl derivatives, 
e.g. (o-CHOC,H,Te), (423 ppm), (o-CHOC,H,Te),Se ( 1  120 ppm). 

To date there have been no published reports dealing with isotope effects in lz5Te- or 
"'Te-NMR spectroscopy. 

3. Coupling constants 

As a general rule, spin-spin coupling constants involving Te are about 2-3 times greater 
than the same coupling constants involving Se. Although coupling constants of Te to other 
magnetically active nuclei have not been studied in any great detail, coupling to 'H, 13C, 
I9F, 31P, "Se, Il9Sn, lz9Xe and 195Pt have been reported and these were recently 
reviewed1I3. Analogously to Se, our primary concern will be Te-C and Te-Te spin-spin 
coupling, although the fact that the Iz5Te nucleus couples strongly with 'H allowed 
McFarlane to obtain Te chemical shifts of organotellurium compounds by heteronuclear 
double resonance over a decade ago94*'03. At the same time two- and three-bond Iz5Te- 
'H coupling constants were obtained and p ~ b l i s h e d ~ ~ * ' ~ ~ .  These values were generally 
between 20 and 30 Hz. 

More recently, by use of selective population transfer experiments, the sign of *J(Te-H) 
and 3J(Te-H) in 2-tellurophenecarboxylic acid were to be negative while the 
one-bond J(Te-C) coupling constant was positive. In this same report'14, a personal 
communication from Jakobsen was cited in which the J(Te-C) one-bond coupling in the 
parent tellurophene was also found to be positive. Also, relatively recently, reports of Te- 
C coupling constants have appeared for various organotellurium compounds although 
the value for Me,Te had appeared1'5*1'6 as early as 1967. The mechanism which 
contributes to Te-C coupling has not been thoroughly studied although in a follow-up 
study to the sign determinations discussed above, Martin and coworkers"' determined 
'z5Te-13C coupling constants in 2-substituted tellurophenes. Based on a comparison of 
Se-C and Te-Ccouplingconstants in analogouscompounds, it was postulated' '' that, in 
addition to the Fermi contact term, orbital and spin-dipolar terms also contributed 



2 34 N. P. Luthra and J. D. Odom 

significantly to these couplings. Interestingly, in perhaps the most complete study to date 
of ' 3C parameters of organotellurium compounds, Chadha and Miller'04 assume that 
Te-C coupling is dominated by the Fermi contact term. In their study, a linear 
relationship between A c ~ ( ' ~ C , )  and 'J(Te-C) is observed and different straight lines are 
found for phenyl- and p-methoxyphenyl-tellurium compounds. On this basis, and the fact 
that there is an approximate linear relationship between 'J(Te-C) and lZ5Te Mossbauer 
isomer shift values, it was postulated104 that one-bond Te-C coupling constants depend 
primarily on the s electron density a t  the Te nucleus. No correlation between the 
magnitude of one-bond and two-bond Te-C couplings was evident, leading to the 
postulate'04 that the two-bond couplings are dependent on complex steric and electronic 
factors. 

With the exception of the determination of Te-Te coupling constants in polyatomic 
cationss7*' only one report has appeared describing the determination of this parameter 
in organotellurium compounds. Granger and coworkersg3 reported J(' 25Te-125Te) 
values for two unsymmetrical ditellurides and found that, because of exchange, the 
magnitude of this coupling may change with solvent and concentration. 

Several Se-Te coupling constants have been reported although most of these are from 
polyatomic  cation^^^*^'^. Two of these coupling constants are published for organic 
compounds'06. 

111. ESR STUDIES 

A. Organoselenium Compounds 

In 1964, Shimazu and Tappelllg first found that Se-amino acids are much better 
protectors in uitro against ionizing radiations than the analogous S-amino acids and this 
was later confirmed in uioo by Breccia and coworkerslZO. To explain these results, it was 
suggested that Se-containing compounds were able to stabilize free radicals better than the 
thio analogues. Even though the hypothesis that Se-amino acids are able to stabilize free 
radicals was advanced some time ago, to date there have been only a few reports concerned 
with electron spin resonance (ESR) studies of organoselenium radicals and, with the 
exception of a Se-Te compound, we are not aware of a single study describing the ESR of 
organotellurium compounds. 

No radicals could be detected by ESR spectroscopy when Me2Se2 was photolysed in 
hydrocarbon solvents nor when mixtures of MeSeH and di-t-butyl peroxide were 
photolysed'2'. This is hardly unexpected since alkoxy radicals'22 and alkylthiyl 
 radical^'^^.'^^ in solution are also undetected by the ESR techniqueIZ5. This is due to the 
fact that these radicals have orbitally degenerate (or nearly degenerate) ground states 
which lead, by spin-orbit coupling, to a markedly anisotropic g factor. As a consequence, 
these radicals have very short relaxation times and hence extremely broad lines122- lZ4. 
However, a radical that appeared to be MeSe. was trapped when Me2Se was photolysed in 
the presence of t-butyl phenyl nitrone. The adduct had a well-resolved ESR spectrum"', 

Me 

I 
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the parameters for which are g = 2.0097, uN = I3.5G, uH( 1 H) = 2.06G and uH(3H) = 
0.85G at - 50°C. On the basis of these parameters structure 21 was assigned to the 
adduct. NO adduct was identified when 2-methyl-2-nitrosopropane or 1, I-di-t- 
butylethylene were used as spin traps. However, di-t-butyl selenoketone gave a short-lived 
adduct (tl,, = 0.5 s at - SOT) having g = 2.0026 to which the structure MeSeSeC(t-Bu), 
was assigned. With di-t-butyl thioketone at - 105"C, a weak signal due to MeSC(t-Bu), 
could be obtained together with an even weaker signal at g = 2.0056 which was attributed 
to MeSeSc(t-Bu),121. 

The ESR spectrumLz6 of a y-irradiated single crystal of Me,Se at - 196°C consisted of 
lines from more than one radical. The main spectrum (evenSe) showed hyperfine coupling to 
twelve equivalent protons. The analysis is what would be expected for a radical cation 
dimer of Me,Se, i.e. Me,SeSeMe,+.. Dimer radical cations of the congeneric species 
Me,SSMel' have been detected by ESR studies during chemical oxidation of Me$ in 
aqueous solution'27. The identification of this radical cation dimer of Me,Se was 
completed by the observation of 77Se satellite spectra at several different orientations of 
the crystal. The relative intensities in the 77Se spectrum were in agreement with a hyperfine 
interaction involving two anisotropicallyequivalent Se atoms (a"(12H) = 4.9 G). From the 
principal values and the direction cosines of the 77Se hyperfine and g tensors, the structure 
of the dimer radical cation was interpreted as a centrosymmetrical dimer, with the 
unpaired electron occupying an antibonding (a*) orbital formed almost entirely from the 
po orbitals of the two Se atoms. The results seemed to rule out the possibility of any 
significant d orbital participation in the bondinglZ6. 

That dimerization of the dimethyl selenide radical cation can be avoided was shown by 
using a y-irradiation technique which generated the monomer radical cations by positive 
charge transfer to the parent molecules dispersed in a Freon matrix"*. Thus, the ESR 
spectrum of the dimethyl selenide radical cation, generated in a Freon solution129, 
consisted of a seven-line pattern with a binomial intensity distribution with the parameter 
a"(6H) = 15.6 G. The 'H coupling constant for the monomer species is about three times 
greater than that for the dimer species. Assuming that the spin population is shared 
between the Se orbitals in going from monomer to dimer without any significant change of 
orbital hybridization, a ratio of 2 would be expected if the 'H coupling in the Me groups 
were determined only by the local spin densities in the orbitals of the adjacent Se atom. It 
was proposed that the admixture of a Me group orbital into the heavy atom orbitals of a 
dimeric radical species is determined by the character of the molecular orbital (MO) 
formed between the heavy atoms. If the MO containing the unpaired electron is 
antibonding, the Me group admixture coefficients into the two heavy atom orbitals will 
have opposite signs resulting in considerable cancellation and a much lower spin density at 
the Me hydrogens in the dimer than half the value for the monomeric species. Since the 
MO which contains the odd electron in Me,SeSeMe:' is antibonding (a*) the results are 
clearly in accord with this proposal'29. 

All attempts at the direct observation by ESR spectroscopy of unhindered B-selenoalkyl 
radicals formed by hydrogen atom abstraction from Me,Se, Et,Se, n-BuSeBu-t, MeSePh 
and Me,Se, were unsuccessfulL2'. In contrast to the unhindered b-selenoalkyls, well- 
resolved ESR spectra of hindered B-selenoalkyl radical species R,XSeC(t-Bu), (where 
X = C,S,Se) were obtained when transient radicals R,X. were added to di-t-butyl 
selenoketone' 30.1 31. 

The ESR parameters for a series of R,XSeC(t-Bu), radicals are listed in Table 39. The 
failure to detect unhindered P-selenoalkyl radicals (which were shown to be produced by 
spin-trapping experiments) was attributed to the conformation adopted by these radicals. 
It was proposed that the hindered radicals adopt a conformation in which the unpaired 
electron interacts only weakly with the Se nucleus because a Se unshared pair of electrons 
lies in the C,-2pZ nodal plane. The unhindered radicals presumably adopt a conformation 
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TABLE 39. ESR parameters for R,XSeC,(r-Bu), radicals" 

R"X y a(I3Ca)(G) u("Se)(G) uX(G) Temp. range ("C) 

Me 2.0021 49.5 23.7 19.00 30 to - 100 
t-Bu 2.0019 48.5 21.3 b 20 t o  - I50 
F3C 2.0005 46.5 36.6 b 30 t o  - I30 
C13C 2.0020 . 45.5 46.5 b - 2 0 t o - 7 0  
Ph 2.0030 49.5 18.7 b 30 to - 50 
C,F, 2.0026 b b b -20 only 
Me3C0 2.0024 38.4 66.3 b 0 to - 100 
(Me,CHCH,),( Me)CO 2.0024 b 64.2 b - 70 only 

n-BuS 2.0018 b 65.8 b - 110 only 

(t-Bu),CHSe 2.0022 b 39.22 65.06 - 110 only 
MeSe 2.0026 b b b - 120 only 

t-BuS 2.0014 41.1 59.4 b 20 to - 80 

CF3S 2.0024 b b b - 10 to -80  

"Unless otherwise noted, parameters are reported in n-pentane or isopentane at - 50°C and they are essentially 
invariant over the range of temperatures studied. 
bPoorly resolved. 

in which the Se lone pair is eclipsed by the C,-2p, orbital and the resultant strong 
interaction with the Se nucleus leads to a line-broadening both by the spin-rotation and 
the spin-orbit mechanisms. 

The formation of y-selenoalkyl radicals presented no major problems provided the 
intervening 8-atom was not carbon121. Thus, the MeSeSec(t-Bu), and MeSeSc(t-Bu), 
radicals could be formed by the addition of the MeSe. radical to the selenoketone and 
thioketone (for ESR parameters, see Table 39). However, no y-selenoalkyl radicals having 
a B-carbon could be detected by ESR spectroscopy'". The failure to detect these radicals 
was attributed to a facile and probably exothermic 8-scission reaction, i.e. 

R,XSeCH,~H, + R,XSe. + CH,=CH, (1 1) 
From chemical observation, Chu and coworkers'32 proposed that both Se-Se and 

Se-C scissions occur in dibenzyl diselenide photolysis. Brown and coworkers' 33  had 
considered that for the same compound the cleavage of the Se-Se bond was more 
important than that of the Se-C bond, and a similar result had been reported for 
Et,Se,'34. Franzi and G e ~ f f r o y ' ~ ~  concluded from their results that diphenyl diselenide 
and dibenzyl diselenide, when subjected to UV irradiation in the presence of the spin- 
trapping reagent nitrosodurene, probably reacted by different mechanisms. 

(12) 
h" ? 

PhCH,SeSeCH,Ph - [(PhCH,),] + PhCHzNCloH13 
o=NclOn,, 

0 
hv 

O=NC I 014 I 3 
PhSeSePh - [PhSe] -+ PhSek , ,H , ,  

Equation (12) involves C-Se scission and a subsequent formation of $eSeCH,Ph, which 
was not detected by ESR spectroscopy. The spectrum obtained for PhSeN(0)C,oH13 was 
characterized by a high g value, which indicated some spin delocalization into the Se atom 
(g = 2.0098, a(14N) = 18.8G, u ( ~ ' S ~ )  = 8.7G). An ESR spectrum was also observed for o- 
N0,C6H4SeN(0)CloHl, during photolysis of (o-NO,C,H,Se), in the presence of 
nitrosodurene. The electron-attracting group increased the nitrogen participation in the 
NO(x) orbital and thus decreased the nitrogen contribution in the NO(n*) orbital which 
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contained the unpaired electron. The diminution of the I4N-2p, spin density involved a 
smaller spin polarization of the 77Se s electrons, resulting in a smaller value of u ( ~ ~ S ~ )  
(g = 2.0075), a(14N) = 16.5 G, a(77Se) = 7.8 G)'35. 

It has been shown that irradiation of Ph,SeX (X = C1,Br)'36*'37 and of 
R2Se02138 lead respectively to the formation of Ph,SCX and R$eO,. The X-irradiation of 
a single crystal of Ph,SeCI produced a radical showing hyperfine interaction with "CI and 
77Se. Through the principal values of g and the hyperfine coupling tensors, it was proposed 
that the totality of the spin was shared between the C1 and Se atoms and that, for these two 
atoms, the unpaired electron was confined in a p orbital. The calculated spin distribution 
for Ph,$eC1 trapped in Ph3SeC1 was pf5C1) = 0.24, px(77Se) = - 0.09 and pZ(77Se) = 
0.72. The X-irradiation of single crystals of Ph,SeBr leads to the formation of a radical 
identified as Ph,StBr. Using the magnetic hyperfine interaction or the quadrupolar 
interaction, the value calculated for p,(Br) was found to be the same (0.27). Thus, when 
Ph,$eCI trapped in Ph,SeCI was compared with Ph,$eBr trapped in Ph,SeBr, it 
appeared that substitution of C1 by Br led to a slight increase in the spin density of the 
halogen. This difference was further evident when Ph2$eCl trapped in Ph,SeC1 was 
compared with Ph$eBr trapped in Ph,SeBr, [p,(Br) = 0.47]137. This behaviour is in 
accordance with an antibonding character of the orbital containing the unpaired electron. 
From the analysis of the data it was concluded that the u* orbital was oriented 
perpendicular to the CSeC plane. The ESR parameters for the Ph,$eC1 radical trapped in 
Ph,SeBr, have also been provided and the spin distribution was again found to be very 
sensitive to the nature of the host matrix'37. 

The first ESR study of an organic seleninyl radical trapped in a singlecrystal matrix was 
reported by Franzi and coworkers'39, when they produced the radical Ph$eO by 
irradiating diphenyl selenoxide, Ph,SeO. From the analysis of the hyperfine interaction 
with 77Se it was concluded that the unpaired electron was mainly localized ( - 80%) in a Se 
4p, orbital. The reported ESR parameters are very similar to those obtained for Ph,As 
and from that it was estimated that the p, orbital was probably perpendicular to the CSeO 
plane. The spin density on the Se atom in the phenylseleninyl radical, Ph$eO, was 
calculated to be twice as much as that reported in the phenylselenenoyl radical, 
Ph$e0213g. 

Radical anions of 2,2,4,4-tetramethyl-3-pentaneselone, t-Bu,C=Se, and 1,1,3,3- 
tetramethyl-2-indaneselone were produced by one-electron electroreduction and were 
studied by ESR spectros~opy'~~. From the values of the 13C hyperfine coupling constants, 
it was concluded that the spin density was located at the central carbon atom. The ESR 
parameters were similar to those obtained for the corresponding thioketyl radical anions. 
For the thioketyl molecules a temperature dependence of the I3C hyperfine coupling 
constants was observed which indicated the presence of a planar geometry for these radical 
anions. 

The ESR spectra of cation radicals (22) and nitroxide radicals (23) derived from 
phenoselenazine have been rep~rted'~' .  Hyperfine splittings from "Se have been 
observed and these are employed in the evaluation of the unpaired electron density 

0 
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distributions. For the cation radical it has been concluded that spin-rotation relaxation 
caused an appreciable contribution to the line-width of the ESR spectrum in solution at 
room temperature. The ESR spectra of several Secontaining anion radicals from 2,1,3- 
benzoselanediazole and the corresponding perfluorocompound have been reported. No 
77Se satellite lines have been reported for these compounds. 

The radical cations generated from the peri-bridged naphthalenes C,,H,XY, where 
XY = SS, SSe, STe, SeSe, SeTe are found to be stable at room temperature except when 
XY = TeTe for which no ESR signal could be detected even at 200 K14'. The ESR spectra 
of other compounds showed line-widths increasing in the sequence S c Se < Te. From the 
17 lines observed for the disulphide radical cation, only a quintet remained in the 
selenothiol derivative. It was still recognizable in the ESR spectrum of C1,H,SeSef' but 
could no longer be detected for C,oH&Te+' (only one broad line was observed). The g 
values of the radical cations generated increased from 2.0086 (XU = SS) to 2.0409 
(SY = SeTe). 

The formation and stabilization of free radicals in X-irradiated S- and Se-amino acids 
have been investigated by ESR spec t r~scopy '~~.  It was difficult to identify radical species 
from powder spectra; therefore, speculative interpretations have been made based on 
studies on the related compounds. Se-Cystine and Se-methionine at 295 K showed very 
similar ESR spectra, whereas Se-ethionine exhibited a very different one. The spectra of Se- 
cystine and Se-methionine were poorly resolved whereas Se-ethionine showed a well- 
resolved spectrum. It was speculated that the main radicals in Secystine and Se- 
methionine were RSeSecHR' and MeSeCHR". For Se-cystine the spectrum at IOOK 
showed a signal in the low-field region and was attributed to the RSe radical. On warming 
the low-field signal disappeared very quickly and the spectrum changed to that observed at 
295 K. 

Finally, with regard to ESR studies of organoselenium compounds, brief mention 
should be made of studies of biological systems which normally contain S but which have 
had Se substituted for labile S. ESR studies of such seleno biomolecules include 77Se- and 
"Se-replaced putidaredoxin and a d r e n ~ d o x i n ' ~ ~ - ' ~ ~ ,  Se-containing parsley ferre- 
doxin 147 and N,N-dimethylselenocysteamine iron(rr1) complexes of bleomycin and 
hemoglobin' 48. 

9. Organotellurlum Compounds 

organotellurium compounds. 
To our knowledge, there have been no published reports concerning ESR studies of 
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1. INTRODUCTION 

The number of scientific papers concerning the mass spectra of organic Se and Te 
compounds has grown in parallel with the increasing interest in such compoundsin the last 
decade. Among the reasons for the growing interest are the use of Se and Te and related 
species in chemical synthesis', the potential of these compounds for antitumour and 
antileptospire activity', the development of molecules in the organic conductor class3, and 
the study of the mass spectral behaviour of compounds which contain the Group VIa 
metals in a rational series. 

Because of the decline in activity in 'main-group element' chemistry and the 
concentration of inorganic chemists upon transition-metal complexes and organometallic 
species, most of the work in this area has been performed from the organic chemistry 
perspective. But the general organic chemistry view of the organo-selenium and -tellurium 
class is likely to consist of the opinion that these compounds by-and-large emulate their S 
analogues except insofar as the heavier species are less stable and hence more difficult to 
prepare. AIthough this is generally true, we shall see examples in this review where large 
differences in the gas-phase ion chemistry of Se- and Tecontaining compounds occur in 
comparison to their S analogues. 

The rich isotopic mixture for both Se and Te provides advantages and drawbacks. 
'Fingerprinting' is more detailed in the mass spectra, and the discernment of the presence 
and number of atoms of Se or Te present in a species is usually quite direct. Ideal mass 
distributions for combinations of two or more chalcogens in the same species, even 
including a halogen or two, have been reported by several a ~ t h o r s ~ - ~ .  On the other hand, 
the presence of species containing one less or one additional H atom and the contributions 
by etc. mixed into the isotopic distributions can complicate the spectra. Therefore, 
most authors thoughtfully convert their data to a basisconsistent with the presence of only 
*'Se or '"Te. Deconvolution techniques are useful and often essential for this purpose. A 
recent example of the analytical use of isotopic ratios is the quantitation of selenocysteine 
in glutathione peroxidase'. 

The generally reduced stability of Se- and Tecontaining compounds, by comparison to 
the 0- and S-containing analogues, has two effects. First, use of a direct inlet method 
becomes desirable since decompositions and rearrangements can result during attempts at 
chromatographic separation and purification. Secondly, low mass ions, corresponding to 
such species as CH,Se or C3HSe, which may be produced prior to ionization as a result of 
attempts to vaporize samples, are rather typically observed in the spectra. (Metastable ion 
studies can rule out these species as resulting from the fragmentation of heavier 
ions.) 

A few other features of the mass spectra rather commonly occur for Se- and Te- 
containing organics: (1)  combinations of molecular groupings leading to m/z ratios 
greater than that of the parent ion, very often at [M + 801' when Se is involved; (2) the 
relatively larger tendency of ions to lose chalcogen, even to 'extrude' chalcogen from the 
middle of a group or from a ring system; and (3) the subsequent propensity of chalcogen 
atoms to combine to give species of the general formula Se+' or Te+'. 

The natural expectation that Se-C and, even more so, Te-C bonds would be more 
easily broken than their C-0 and C-S counterparts is most often borne out in the 
fragmentation behaviours upon electron ionization. But some instances of surprising 
resilience of C-Se are encountered. Cases where the parent ion is too unstable to be 
detected are rare but do occur: e.g. alkyl selenides and tellurides. 

Nearly all workers who have reported mass spectral studies of organic Se and Te 
compounds have made use of electron ionization (usually at high energy, 70eV) and low- 
resolution mass analysis. In those cases, the proposed fragmentation mechanisms and ion 
structures should be viewed as entirely speculative. However, studies are beginning to 

- 
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appear which have involved high mass resolution to confirm elemental compositions, 
metastable ion studies to verify pathways, and isotopic labelling to shore-up mechanisms. 
Most metastable ion studies are somewhat haphazard; that is, only those metastable ions 
which appear in the normal mass spectra are used. With the advent of tandem mass 
spectrometry instruments* including reverse geometry and triple sector quadrupoles, 
more detailed investigations of decomposition pathways are urged and should appear. 
Moreover, standard high-resolution instruments of forward geometry can be modified 
with linked scanning capabilitiesg to permit studies of metastable ions unencumbered by 
normal ions which usually overlap severely in conventional spectra. 

Other ionization modes may be useful for certain organic Se and Te compounds. 
Complex acyclic materials such as alkyl selenides and tellurides give low abundance 
molecular ions. These substances may be profitably ionized by using chemical ionization, 
field ionization or field desorption. Very few examples of the use of these more gentle 
methods of ionization have been. published to date. The utility of fast atom bombard- 
ment" and field desorption will no doubt be realized for thermally sensitive or ionic 
compounds in the Se and Te series. One example compound is benzeneseleninic acid 
which decomposes under normal solid sample handling. Finally, negative ion mass 
spectra may be very useful for structure studies and for determining molecular masses. 
This approach has also been slighted as we were able to find only one report of 
organoselenium compounds in which negative ions were investigated. Nevertheless, it is 
expected that the recent advances in technique in mass spectrometry will have a salutary 
effect on future studies of organic-Se and Te compounds. 

In the review which follows, we begin with a discussion of the ionization of and the 
charge localization in organic compounds containing Se and Te. This is intended to serve 
as an introduction to the chemistry of gas-phase ions of these compounds. These sections 
are followed by a review of the mass spectra of compound types, beginning with acyclic 
selenides and tellurides and moving toward complex heterocycles. The review includes 
papers published up to early 1984. 

A. Ionization Energies 

The first event in producing a mass spectrum is ionization, usually to form a radical 
cation. The initially formed radical cation may exist in various excited states, but internal 
conversion to a vibrationally excited ground state should occur very rapidly. 
Fragmentation is then viewed to involve the ground state of the ion. Therefore, it is of 
interest to consider the nature of the lowest energy ionization of Se- and Tecontaining 
organic molecules before discussing their mass spectral fragmentations. 

The lowest energy ionization of various dimethyl chalcogenides has been measured by 
using photoelectron spectroscopy (PES), and assigned to ionization from the chalcogen 
lone The trend of ionization potentials for Me,X is 10.04,8.71,8.40 and 7.89eV 
for X = 0, S, Se and Te, respectively. The decreasing electronegativity of X as we go from 0 
to Te destabilizes the n molecular orbital and is responsible for the trend. Similar 
variations were found for a series ofcompounds (MH,),X where M = C, Si, Ge, and X = S, 
Se, Te13. 

The lowest energy ionization of the series PhXMe also smoothly decreases as X is varied 
from 0 to TeI4. Again, the most facile ionization is that of the n electrons of X except for 
PhOMe where K electron ionization is more favoured. 

For a series of disubstituted benzenes RC,H,SeMe, where R = NH,, OMe, SMe and 
SeMe and is substituted ortho, meta and para to the SeMe, little difference can be seen in 
the lowest ionization energies". Again, electrons in then orbital of the Se are most readily 
removed. Little interaction occurs between the two substituents, apparently because of the 
non-planar structures of these disubstituted molecules. On the other hand, the lowest 
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ionization potential of p-MeOC,H,OMe is determined by ns orbitals of the benzene ring 
and not by the chalcogen. 

Simple cyclic molecules, (CH2),X, also show a smooth decrease in the ionizing energy 
as we go from 0 to Te16. The ionization is thought to involve an n, molecular orbital 
which is perpendicular to the C-X-C plane and thus reflects the electronegativity of X. 
The trend of values 9.53, 8.42, 8.14 and 7.73eV for X = 0, S, Se and Te, respectively, 
parallels nicely that observed for the Me,X series. 

The picture is more complex for the series furan, thiophene, selenophene and 
tellurophene: I E  = 8.99, 9.12, 9.01 and 8.60eV, respectively, as determined by using 
electron ionization”. It was concluded by using PES that the highest occupied molecular 
orbital (HOMO) oftellurophene is n2 whereas the other analogues have n3 as the HOMO. 
The n2 MO involves bonding between carbon atoms and antibonding between the 
heteroatom and carbons whereas 7c3 is almost exclusively C-C bonding and, thus, its 
energy is nearly independent of the heteroatom. Low-energy ionization of selenophene, as 
of furan and thiophene, does not involve the n electrons of the chalcogen. 

This inversion of n2 and n3 molecular orbitals in tellurophene was verified by a PES 
study of a large series of substituted furans, thiophenes, selenophenes and tellurophenes’*. 
The n2 is inevitably the HOMO for all tellurophenes, but n3 is of highest energy for all 
others. 

The PES of benzo[b]selenophene and benzo[b]tellurophene have also been measured 
and compared with those of benzofuran, benzothiophene, indole and indene’ g. The 
HOMO for benzo[b]tellurophene is highly localized on the heteroatom and has an 
ionization energy of 7.76eV whereas the HOMO ionization energy for the 
benzo[b]selenophene is 8.03 eV. 

Ionization energies determined by electron ionization have been used to determine the 
extent of tautomerism of various substituted selenophenes (see equation 1) in the gas 
phasez0- ? The strategy involved comparisons of the ionization energy of the unknown 
with various model or reference compounds which exist in either a keto or enol form. For 
both 2- and 3-hydroxyselenophenes, the keto form is preferred whereas 3-thio-substituted 
selenophenes exist preferentially in the thiol (enol) form. 

Ionization energies from mass spectrometric measurements have also been used as 
correlates for understanding electrophilic substitution reactions on selenopheneZ3. It was 
concluded that variation of reactivity with substituent effects is similar to that of 
thiophene. 

The lowest ionization energies for a series of phenoxachalcogenins (4), where X = 0, S, 
Se and Te, were determined by using PES and found to be nearly identical whatever the 
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identity of XZ4. If the molecules were planar, the K MOs would become progressively 
destabilized as the mass of X was increased. Since this was not the case, it was postulated 
that the centre ring is not planar, and n interactions with the chalcogen and the aromatic 
rings are reduced. This conclusion is in agreement with interpretations drawn from dipole 
moment dataz4. 

The lowest ionization energies of various non-benzofused analogues (S), where X = 0, S, 
Se and Te, also do not vary significantly for various identities of X, which indicates that the 
favoured ionization does not principally involve the chalcogen atomz5. This is not true for 
various (MeO),PX compounds where X = 0, S and SeZ6. The lowest ionization energy 
drops in the order 10.82,9.16 and 8.67eV for X = 0, S and Se, respectively, which can be 
interpreted in terms of favoured ionization of the n electrons of the X atom. 

( 5) 
A unique application of PES has been the proof of the structure of 6-fulveneselone, a 

product of the pyrolysis of 1,2,3-benzoselenadiazolez7, The first ionization potential of 
8.34eV is lower than for the S analogue and the lowest of known fulvene-like analogues. 
However, a reversal is found for tetramethyltetraselenafulvalenewhose HOMO is 
stabilized ( I E  = 6.58eV) with respect to the tetrathia compound ( I E  = 6.40eV)28. 

In summary, caution should be exercised in viewing the positive charge localized on Se 
or Te in ionized organic molecules containing these atoms. This seems to be an accurate 
picture for selenides and tellurides, but it clearly is not for more complex molecules. The 
role of localization of charge in triggering fragmentation reactions is discussed in the next 
section. 

8. Role of Charge Localization in Fragmentation 

The replacement of an 0 or S atom by Se in an organic molecule may result in a lowered 
ionization energy. For example, the ionization energies for Me,O, Me$, MezSe and 
Me,Te are 10.0eV, 8.71 eV, 8.40eV and 7.93eVlZ. This has presented theorists in mass 
spectrometry with an opportunity to examine the widely held concept of ‘charge 
localization’. It has been hypothesized that the unimolecular dissociations of gas-phase 
radical cations are triggered or initiated by the nearby presence of a charged site. For 
example, the loss of R in the series of compounds MeXCH,R, where X is a chalcogen, is 
due to the ionization of the chalcogen (equation 2). 

+. + 
MeXCH,R + MeX=CHz + R 

A now classic example of the use of charge localization theory is the explanation of the 
mass spectra of methionine and selenomethionine. Svec and Junk” postulated that the 
reason for the higher intensity of C2H5X+ (X = Se, S) is the preferred charge localization 
on S or Se rather than N (equations 3 and 4). The ionization energy of Se non-bonding 
electrons in molecules such as selenomethionine is ca. 8.6eV compared to ca. lOeV for 
nitrogen non-bonding electrons. 

M&CH,CH,CHCOOH -+ M e i  = CH, (3) 
I 
NH, 
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+ 

MeXCH,CH,CHCOOH + MeXCH,CH,CH = NH, 
I 

(4) 

However, Bentley and coworkers3’ have shown conclusively by means of metastable 
ion measurements and low energy spectra that C,H5X+ is not produced by direct 
decomposition of the molecular ion but rather by some circuitous routes such as loss of 
H,O followed by expulsion of methyl radical, CO and finally HCN. The loss of water has 
an appearance energy lower than the ionization energy of the non-bonding electrons of 
-NH, or -COOH, and, thus, the charge triggering or localization of charge on the 
NH, or COOH moieties is not a necessary prerequisite for the decomposition. In other 
words, the decomposition takes place ‘thermally’ from the vibrationally excited ground 
electronic state of methionine or selenomethionine, an explanation fully in accord with the 
quasiequilibrium theory of mass spectra. 

Van den Heuvel and Nibbering31 have shown that the corresponding multistep process 
leading to C2H5S+ from ionized methionine contributes little to the intensity of this ion 
actually observed in the mass spectrum. This serves as an appropriate caution that 
metastable-denoted fragmentation routes may ‘refer to processes which contribute to the 
intensities of peaks to only a minor extent.. .’. Furthermore, they were able to rationalize 
the decomposition route of the methionine radical cation by invoking charge localization 
on nitrogen. Bentley and coworkers3o anticipated this type of rationalization by noting 
that the triggering approach does have the notable properties of ‘flexibility and vagueness’. 
The criticism is undeserved, in part, because there is no doubt that charge localization is a 
valuable predictive and didactic tool in the hands of the practicing mass spectroscopist. 
Nevertheless, it is now clear that the Svec and Junk explanation of the relatively intense 
C,H,Se+ ion in the mass spectrum of selenomethionine is incorrect. 

Budzikiewicz and Pesch’’ have also addressed this problem of charge localization by a 
study of a wellchosen set of homologues CH,X(CH,),NH, where X = 0, S or Se. Here, as 
for methionine and selenomethionine, little C2H5X+ is obtained; the major ions produced 
in the mas+s spectral decompositions contain N, viz. CH,=NH:. The direct cleavage to 
give CH,X=CH, is probably not favoured energetically when X = Se because of the 
difficulty in forming a C-Se double bond. The ionization energy and appearance energy 
for production of CH,=NHl were measured as a function of the number of intervening 
methylene groups between Se and NH, (see Table 1). As can be seen from the table, the I E  
is nearly the same for all homologues and is principally determined by the orbital energy of 
the chalcogen. The appearance energy for CH2=NHl is between 9 and IOeV, which is 
above the ionization energy of n-propylamine ( I E  = 9.1 ev) but suspiciously, and perhaps 
fortuitously, close to the AE of CH,=NHl from CH3CH,CH2NH, (AE = 9.7 eV). 

There are two notable exceptions; the homologues for which n = 3 have appearance 
energies significantly lower and nearly equal to the ionization energies. One explanation, 
favoured by Budzikiewicz and Pesch, is that charge exchange from Se to N can now occur 

TABLE 1 .  Ionization ( I E )  and appearance en- 
ergies ( A E )  for the homologous series of com- 
pounds: CH3X(CH,),CH,NH2 

x = s  X = Se 
n I E  A E  I E  A E  

1 8.4 8.9 8.4 9.8 
2 8.5 9.1 8.3 9.5 
3 8.4 8.4 8.3 8.3 
4 8.5 10.1 8.3 10.0 
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via a six-membered ring, a transition state of lower energy than those which would be 
possible for the other homologues. Thus, transfer and localization of charge on the N 
triggers the fragmentation to produce CH, =NHi .  

An alternate explanation rests upon the unusual stability of the neutrals formed along 
with CH2=NH2+ when n = 3; e.g. CH,XCH; and CH,=CH, or a cyclic structure. If this 
is so, then the question must be addressed as to why no unusual stability pertains when Se 
or S is replaced by oxygen. Thus, the question of charge localization remains an open one. 
In our view, because it provides a means of conveniently interpreting spectra of Se- 
containing molecules, the concept should be retained on a utilitarian basis until more solid 
evidence to require its rejection is generated. 

II. MASS SPECTRA 

A. Alkyl Selenides and Tellurides 

Agenas, in a 1973 review of the mass spectrometry of Se compounds3', discussed the Se 
analogues of ethers. The mass spectra of several prototypic compounds, e.g. diethylse- 
lenium, dibenzylselenium, diphenylselenium as well as more complex species such as 
selenodialkanoic acids, selenomethionines, 3,3'-diindolyl selenide, 3,3'-di(1- 
methy1indolyl)selenide and mixed sidechain compounds such as selenocyanatobenzene 
were presented. Typical decomposition reactions of the selenides included progressive loss 
of alkyl groups, H migration and alkene (e.g. C,H4) loss, and loss of RSe, HSe or Se itself. 

For cyclic analogues such as selenolane and tellurolane with five-membered saturated 
rings various eliminations leading to three-membered rings were most commonly 
reported, although cyclic structures had to be inferred. 

More recently, RebaneJ4 used deuterium substitution to demonstrate supplemental 
skeletal rearrangements which implied that Se extrusion and carbon-carbon bond 
formation took place. Thus, the one-step loss of C,H, from dimethylselenium was 
confirmed by metastable ion studies. The base peak in the mass spectrum of this 
compound corresponded to Me%+ ; successive losses of hydrogens from MeSe', leading 
finally to CSe+-, were posited as well. The most common decomposition reaction for 
higher molecular weight dialkyl selenides was the cleavage of a C -Se bond accompanied 
by migration of H to Se to give RSeH'.. This process is rare for 0- or Scontaining 
analogues. Other ions resulted from fragmentations involving the alkyl groups. 

Budzikiewicz and Pesch3, reported the spectra of several dialkylselenium compounds, 
all possessing one Me group on the Se. They, along with others, observed the disfavour of 
the Se compounds for acleavage. However, their assertion that this is due to the 
impossibility of a Se=Cdouble bond (to form, say, MeSe=CH;) is, at best, of qualitative 
value, since the appearance of such a species has been reported by other workers. They also 
studied the decomposition of MeSe(CH,),NH, as was discussed in the previous section. 

The mass spectra of (C,F,),Te, MeTeC,F,, (CF,),Te and of CF,TeMe were reported 
by Denniston and Martin35. They noticed no interchange of H and F in the mixed 
fluorine-hydrogen compounds. For the perfluorinated bis-ethyltellurium, Paige and 
P a ~ s m o r e ~ ~  have similarly reported only the parent ion and an expected fragmentation 
pattern. 

B. Alkyl Aryl Selenides and Tellurides 

Rebane37~3*, Greiner and coworkers39 and Busse and coworkers40 have added to our 
knowledge of the mixed alkyl aryl ether analogues. Thus, it is now possible to make 
comparisons of behaviour descending the Group VI column. For phenyl methyl ether and 
its analogues, the parent ion is invariably the base peak in the mass spectra. For the ether 
proper, the familiar losses of formaldehyde and CH, + CO are equally dominant 
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(ca. 60%). For the sulphide, loss of SCH, (ca. 50%) still occurs, but new processes involving 
loss of Me radical (ca. 50%) and of HS expulsion (ca. 35%) enter in. With the selenide, 
the processes insinuated into the scheme by replacement of 0 by S grow in importance, 
and, by the time the telluride is reached, Me radical loss is entirely dominant. These results 
are summarized in Scheme 1 for comparison. 

A similar comparison of the phenyl ethyl ether and its analogues (see Scheme 2) first 
shows, for the ether itself, the familiar expulsion of ethene and production of the PhOH+'  
ion (via the so-called the phenetole rearrangement) which provides the base peak in the 
spectrum. While the same sort of process occurs for the sulphide, the PhS=CHi  ion, by 
loss of a Me radical, is nearly as important. With the replacement of S by Se, yet another 

C6H:' + CH2S 

PhS+ + .CH3 

L C5H5+ + CS 

C,H,+ + HS 

PhSMe 

C6H6+' + CH2Se 

PhSe+ + *CH, 

c+i5+ + CSe t: Ph' + Se 

C7H; + HSe 

PhSeMe 

C6H6+' + CH,Te 

PhTe' + 'CH3 

C5H5+ + CTe t: Ph' + Te 

C7H7+' + HTe 

PhTeMe 

SCHEME 1 
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process, loss of a Et radical, becomes significant. Finally, for phenyl ethyl tellurium, the 
important ions (parent ion = 100%) are: Ph' (l08%, perhaps by progressive loss of Et and 
Te), PhTe+ (83% loss of Et radical), C6H,,+. (1% loss of ethene and Te), Te" (46.0%), 
HTe' (8.6%) and C,H: (17.2%). This latter species may be viewed as a product of 
reductive elimination of Te from PhTeCH:. The rearrangement to give PhTeH" still 
occurs, but it is relatively unimportant. 

PhSH" < Phg=CHZ 

PhSEt 

PhSeH" 

PhSeEt PhSe=CH2 

PhTeH' 

PhTe' 

Ph$=CH2 7 
c+I7+. (17%) 

Te+' (46%) 

H T ~ +  (9%) 

PhTeEt 

C6H: 

SCHEME 2 

Greiner and coworkersJg reported the fragmentations of ionized ether analogues 
involving Ph and Et groups substituted by CN or C0,Me groups. a-Cleavage to produce 
Ar-X=CH: (X = 0, S, Se, Te) was encouraged by the substituent groups; PhXH" 
fragment ions lost CX to give C,HZ' when X = 0 or S. Production of PhX+ became 
important for X = Se or Te as for the PhXMe and PhXEt series discussed above. 

Busse and coworkers40 also noted the presence of low molecular weight species of the 
class TeC,H, (p = 1-4, q = 1,2) in the mass spectra of alkyl phenyl tellurides. These 
fragment ions were found to derive their hydrogens from the Ph ring as was proved by 
studies of deuterium-labelled analogues. The MeTe+ ion from methyl phenyl telluride 
contained exclusively the Me group on the Te of the parent compound with no H/D 
exchange reactions preempting this simple cleavage reaction. 
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C. Dlaryl Selenides and Tellurldes 

Fewer studies have been carried out on diaryl selenides and tellurides, although some 
information has arisen as a result of studies upon the dichalcogenides (vide injra). 
Rebane4' has supplied data concerning bis(substituted pheny1)selenium. He has reported 
that the main fragmentations involve scission at the Se atom although loss of the 
substituents on the Ph ring is also typical. Most interesting are the strong tendency to 
extrude the Se entirely, presumably giving rise to a substituted biphenyl species, the 
tendency to undergo rearrangements towards expanded aromatic rings (tropylium ion, for 
example) or even to undergo a process such as that shown in equation (5). 

( 5 )  

G. D. Sturgeon and M. L. Gross 

- 2 M c  
(MeC6H4)2Se+' - (C6H4)2Se+' 2 (C6H4)i' 

Albeck and Shaik4 reported studies on Ph2Te, p-An,Te and their dichlorides and 
dibromides. The most notable features for the dihalides (halogen bounded to Te) were the 
losses of the halogens leading to the species already noted for the simple diaryl 
compounds. Based on metastable ion studies, they were able to demonstrate that the 
dihalides were also capable of the stepwise loss of aryl groups giving rise to ArTeC1" and 
TeCl+, for example, but since the initial step was invariably loss of Cl', no ArTeCl: was 
observed. 

D. Cyclic Selenides and Tellurides 

Rebane3, reported the mass spectrum of the saturated cyclic selenane, C,H,,Se. An 
important process was the fracture of both Se-C bonds, allowing the elimination of HSe 
after an H atom migration so that the resulting ion has the formula C5H;. An entirely 
parallel pattern has been reported for the ~elenacyclopentane~~, but this behaviour is 
foreign to the corresponding S analogues. Additional modes involved elimination of one-, 
two-, and three-carbon atom fragments giving rise to C,H,Se+, C3H,Se+', C,H,Se+, 
CZH,Se+', C,H: and CH,Se+', the last arising at least in part via a succession of C,H4 
eliminations. CHSe+, HSe+ and Se+' ions, typical of aliphatic Se compounds, were also 
observed here. 

Kulkarni and coworkers43 reported detailed studies of a series of saturated heterocyclic 
hexanes analogous to 1,4-dioxane. Important decompositions resulted in cyclic in- 
termediate ions by elimination of C,H, and CH2X where X = chalcogen. The formation 
of C2H,X+' and C,H: ions was also important. As would be anticipated, there was 
considerable variation among the different members of the series and a fairly regular trend 
was often observed. 

In the case of 1,4-dioxane itself, the most abundant ion was C,H;', the parent ion 
lagging at 77% and the ion resulting from loss of formaldehyde at 59%. For all other 
members of the series studied, the parent ion was the most abundant and the Occurrence of 
C,Hf' was at less than 10% except for the 1,Cdithiane (80%). Loss of formaldehyde 
dropped off in importance as one 0 atom was successively replaced with S, Se or Te; of 
course, loss of formaldehyde was impossible in the absence of 0, but no formaldehyde 
analogue figured significantly among the species ejected from the parent ions. The authors 
suggested that a difficulty in forming the resultant cyclic intermediates militates against 
these eliminations for those species bearing the heavier chalcogens. 

Especially in the cases involving the heavier chalcogens, the fragment ions retained the 
chalcogen atom because, apparently, of the capacity of the chalcogen for stabilizing 
positive charge through a greater ability to share electrons or to be polarized. 

Formation of H2C=X+' via C,H,O loss assumed the most importance for OC,H,S 
(99%) and for OC,H,Se (85%), dropping off thereafter for OC,H,Te (13%). The dithiane 
(49%) and to a lesser extent the diselenane ( I  7%) produced a similar CH,X+' ion. 
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Production of C2H4X+' was of little importance for the low molecular weight members 
of the series, but their direct production by loss of C,H,O became very important when 
X = Se (90%) or Te (44%). Hydrogen migration and loss of C2H,0 led to C,H,X+ 
[X = S (66%), Se (51%) and Te (0.7%)]. For l,cl-dithiane, the C,H: peak was again 
fairly large at 53%. 

Nanjappan and coworkers44 have published recently a study of an extensive series of 4- 
selenanones (6) with both alkyl and aryl substituents on the ring carbon atoms. In addition 
to cleavage reactions involving ring carbons, loss of CO occurred to form presumably a 
five-membered cyclic selenide, a process not found for 4-thianones. 

E. Dlselenldes and Ditellurldes 

Reactions of tetrafluoroethylene with Se,(AsF,), and with Se8(Sb,F1 1) were carried 
out by Desjardin and Passmore4'. Among the unusual perfluorinated alkylselenium 
compounds which were discovered and studied using mass spectrometry were 
(F5CzSe),, (F5C2Se),Se, their Me analogues and some oxyfluoro species tracing from 
chemical contaminants. 

The triselenium species gave rise to F,C,Se3C,Fi', and F,C,Sel' along with species 
typical of the diselenium version of the compound (vide igrfra). In light of the occurrence of 
triselenium species in mass spectra of samples where only diselenium species are supposed 
to exist, it is not clear whether real quantities of a neutral triselenium compound were 
actually prepared, although the excess of Se present would certainly allow for this. The 
reports of the mass spectrometry of the triselenium species are sketchy, but the spectra do 
show that F atom loss and the fracture of F-C as well as C-Se bonds, while the Se, 
group remains intact, both occur. 

In the spectrum arising from (F,C,Se),, the most abundant ion is CF: (100%); other 
important fluorocarbon fragments are C2Fl(37%) and C,F: ' (23%). As for Secontaining 
species, the parent ion (26%), [M - C,F5]+ (36x1, SeC,F: (5x1, F,C,Se+' (773, 
Se2C,Fd' (873, SeCF' (17%) and Se:' (39%) appear with notable abundances. 
Many less abundant species appear to have arisen possibly by loss of a fluorine atom, 
breaking a C-F bond. The ion at m/z 379 (1%) certainly corresponds to [M - F] +, This 
information together with the albeit slight presence of species such as F,CSe:', FCSe:', 
and SeC" serve as a warning that fragmentations depend upon factors aside from 
inherent or relative strengths of bonds such as Se-C or C-F. 

Irgolic and Haller5 have presented and discussed the mass spectra of symmetrical diary1 
ditellurides where the aryl groups were XCbH4(X = 4-Me, 3-F, 4-F, 4-Br, 4-Ph). 
In most cases, the parent ion was most abundant, but for the bis(fluoropheny1) and 
bis(bromopheny1) compounds, the ArTe+' species were the most favoured; for bis(4- 
biphenylyl) ditelluride the parent ion was of low abundance and the dominant species was 
Ar". All of the spectra exhibited the foreseeable species Ar,Te+', ArTe;, ArTe+, Ar;', 
Ar', Te:' and Te+' (cf. Scheme 3). In addition, the species Ar,Te:' was noted in several of 
the spectra. Whether this arose from a tritelluride impurity in the initial compound or from 
thermolytic rearrangement reactions upon evaporation into the ionization region 
or upon electron ionization is not known. Again, low intensity peaks corresponding to 
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R- Te-Te- R 

I - e  

- RTe 
+ 

- Te 
R- Te - R +' 4 R - Te -Te - R+ ' 1 -R' 

-R' -RTe 
T e 2 '  4 R-Te-Te' b Te+' 1 -Te 

- R' 
b R-Te+ 4 

L R-R+' R+ 

SCHEME 3 

TeC,H ( n  = 2-5) were observed. Also, typically, species such as ArTe2H+', ArTeH", 
Te,H+ and TeH' were present. Finally, smaller hydrocarbon fragments, attributable to 
decomposition and possible rearrangements of Ar + and Ar:' were observed. Therefore, 
the authors noted that, with the exception of HS loss from disulphides, which is not found 
for Se and Te cases, the spectra of the diaryl disulphides, diselenides and ditellurides are 
largely the same. 

For the decomposition of ionized bis(4-bromophenyl) ditelluride, the presence of a 
C7H,Te+ species was noted. Although unexplained, it is reminiscent of C,H,Te+ 
observed in the spectrum of PhTeEt and must necessarily result from some rearrangement 
process or processes. 

Dance and McWhinnie4, studied a similar group of R,Te, compounds but with 
R = Ph, p-Tol, p-An, p-EtOC,H,, p-PhOC6H, or C,F,. These spectra presumably 
exhibited the features as described by Irgolic and Hailers. Dance and McWhinnie 
performed appearance energy measurements which permitted them to argue for the 
production of R,Te+' by the fragmentation of R,Tei. rather than via thermolysis on the 
sample introduction probe. The curvature of the ionizing energy vs. intensity curves for 
RTe+ was cited as an argument in favour of two routes for production of this ion from the 
parent R,Tez'-the first by rupture of the Te-Te bond and the second by progressive 
loss of Te, then R. They suggested that both the Te-C and Te-Te bonds have bond 
strengths of the order of 290kJmol-', thus supporting the low-energy pathway 
represented by Te extrusion. 

Another interesting feature of this work involved the physical mixing of two 
different diaryl ditelluride species prior to admission to the sample introduction probe and 
ionization. In addition to the spectral features anticipated from each component of the 
mixture, evidence for mixed species such as PhTeTeC,H,OPh+ ' and PhTeC,H,OPh+ ' 

was noted, in spite of their lack of success in preparing the corresponding unsymmetrical 
neutral ditelluride molecules. 
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Finally, these workers also prepared and studied the series Ph,SnTeR (R = Ph, 
p-An, p-EtOC6H4, p-PhOC6H4) and also observed a parent ion for (n-Bu),SnTePh, 
all of which might be considered 'pseudo-ditellurides'. Appearance energies for some 
ionic species and the note that Ph6Sni' was observed from thermolysis were the 
limits of information provided. 

Continuing their pursuits of the 1960s, Buu-Hoi and coworkers47 studied the mass 
spectra of RTeTeR' compounds, most of them with R = R' (R = Ph, p-Tol, qa'-Naph, 
B,fJ'-Naph). Parent ions were obtained for these compounds, presumably because the aryl 
groups provided sufficient stabilization for the positive charge. Many of the features of the 
spectra were expected, e.g. the stepwise extrusion of Te atoms leading to RTeR'" and 
RR' '' species. However, there was no evidence presented for the symmetric fracture of the 
parent ion at the Te-Te bond. The spectra of these compounds qualitatively, if not 
quantitatively, emulated those of the analogous Se compounds. However, the counter- 
parts of species such as C,HSe+ and CHSe, species which are typical in the Se systems, 
were not reported here. 

F. Other Selenides 

Shafiee and  coworker^^^-^' have prepared a number of Secontaining compounds and 
have used mass spectrometry to characterize them, chiefly by observing the parent ion and 
noting the intensity pattern appropriate for the isotopic distribution of Se. In one 
the mass spectra of a group of related compounds were studied. They can be interpreted as 
discussed below although no demonstration of the fragmentations or supporting data are 
available. 

CO, Me Me ,OC 

CH 

C02Me Arc =C-Se-C-C02Me A r C G C - S e  

II 
I 
II 

Se 

For all of these compounds Ar = p-Tol. Progressive losses from the parent ion at m/z 
338 for 7 gave rise to daughter peaks at m/z 307 (loss of MeO), m/z 275 (loss of CH,O from 
m/z 307), m/z 219 (loss of two CO) and m/z 139 (loss of Se). The isomer, 8, appeared to lose 
Me (giving m/z 323) and (CCOOMe), followed by Se (giving m/z 195 and 1 15), and also to 
undergo a rearrangement yielding mfz 146 which corresponds to ArC=COMe+'. 
Compound 9 with parent ion at m/z 280 apparently lost OMe (giving m/z 249), 
SeCHCHC0,Me (giving m/z 115) and CHCHC0,Me (giving m/z 195). In addition, the 
ArCECOMe radical cation (m/z 146) is again produced along with ions at m/z 209 
corresponding to Arc-C-Se-CH;' and at m/z 129 corresponding to ArCszC- 
CH:'. 

G. Dialkyl Selenoxides 

Dialkyl selenoxides are the Se analogues of sulphoxides, and their mass spectra have 
been investigated by Rebane3*. Dimethyl selenoxide gives an intense molecular ion upon 
ionization, but the molecular ion intensity drops precipitously for higher homologues such 
as diethyl, dipropyl, etc. The mass spectra of these latter compounds are dominated by 



256 G. D. Sturgeon and M. L. Gross 

alkyl and alkenyl ions. For example, the most abundant fragments produced in 
the decomposition of dibutyl selenoxide are C4Hg and its decomposition products C3Hl  
and C2H:. Unlike Me,Se=O and Ph(Me)Se=O which give abundant fragments 
corresponding to MeSeO' and PhSeO+, the higher dialkyl selenoxides give very 
low-abundance ions corresponding to CnHZn+ lSeO+. 

This is also true of the dialkyl selenides themselves. The relative abundances of RSe+ are 
surprisingly low compared to R +  (R = Et, Pr, Bu). From this we may conclude that the 
ionization potentials of the alkyl selenide and alkyl selenoxide radicals are higher than 
those of the alkyl radical, i.e.: 

Et' ( I E  = 8.4eV) < EtSe' and EtSeO' 

Pr' ( I E  = 8. I eV) < PrSe. and PrSeO. 
(6)  

(7) 
There exist interesting rearrangement reactions of the dialkyl selenoxide radical cations 

which compete only weakly with the decomposition to produce alkyl ions. The 
rearrangement processes are most noteworthy for MeSeOMe. In addition to the 
rearrangement of H followed by loss of OH, losses of M e 0  and CH,O to give MeSe' and 
MeSeH", respectively, have been observed. These latter ions must originate in a 
rearrangement (termed a selenoxide-selenate rearrangement) (see equation 8). The 
relative abundances of MeSe' and MeO+ are comparable, which may mean that the 
ionization potential of MeSe is approximately equal to that of MeO. However, it is 
possible that these ions are produced by rearrangement to give CH20H+,  for example. 

MeSe' + MeO' 

MeSeH" + CH20 

(8) Me2 Se =O 1'' + MeSeOMe l+' < 
The corresponding selenoxide-selenate rearrangement occurs for diethyl, dipropyl 

and dibutyl selenoxides, but it is of little consequence. The mass spectrum of Pr,Se=O 
shows a weak molecular ion, loss of 0, OH and C3H6. The losses of OH and of the 
olefin are also found in the decompositions of the corresponding sulphoxides. 

The dibenzyl compound shows the loss of C,H, (which corresponds to C3H6 loss for 
dipropyl), loss of 0 and a low abundance selenoxide-selenate rearrangement. Specifically, 
losses of PhCH,Se and PhCH20 constitute less than 5% of the total ion current. 

H. Cyclic Selenoxldes 

Compared to the acyclic compounds, the five- and six-membered ring selenoxides show 
considerably more abundant molecular ions". Losses of 0, OH and C2H, all imply 
no rearrangement. However, the low intensity losses of SeH and C2H40 require a 
prior rearrangement, presumably selenoxide-to cyclic selenate (equation 9). The 
corresponding process is less important for the six-membered ring, probably because 
expansions to seven-membered rings are less likely. 

ol+- 0'. C2H4Se+' + C2H40 (9) 

Se Se 

0 
I 1  
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1. Alkyl Aryl Selenoxides 

Methyl phenyl selenoxide undergoes a very facile rearrangement to form m/z 94 (base 
peak) by expulsion of neutral CH,SeJB. Again, this can be accounted for by the 
selenoxide-selenate rearrangement involving preferential Ph migration (equation 10). The 
corresponding rearrangement also occurs from methyl phenyl sulphoxide, but it is 
considerably less facile. The other decompositions of Ph(Me)Se=O radical cations 
are the expected ones: loss of Me and 0. Following loss of 0, the expulsion of SeH to give 
C,HT is found, just as for PhSeMe. 

Ph(Me)Se=Ol+' + PhOSeMel+'+ PhOHl+' (10) 

J. Diary1 Selenoxides 

Here skeletal rearrangements totally dominate, which is consistent with the high 
aptitude of Ph groups for migration to electron-deficient centresJ8. First of all, one sees 
abundant loss of Se (reminiscent of the diaryl selenides) to give, in the case of diphenyl 
selenoxide, PhOPh". the expected loss of 0 is observed and expulsion of Se again gives 
Ph-Ph". However, the most intense ion is PhSe' (equation 1 1). Weakly competitive is 
the formation of PhO + as is expected in view of the greater ability of PhSe to accommodate a 

PhSe' + PhO' 
I00 O/O 

Ph2Se=0 l+' 4 

PhO' + PhSe' 

7 o/o 

positive charge. The loss of H,O is reasonably facile and must be accompanied by an 
interesting rearrangement; Rebane has suggested the pathway as shown in equation (12). 
The rearrangement to selenate finds precedent in Ph,S=O with PhS+ as one of themost 
abundant fragments formed in its decomposition. The comparable rearrangement also 
occurs for substituted diphenyl selenoxides and is probably general for all diaryl 
selenoxides. 

K. Oxygen Atom Transfer Reactions: Rearrangements to Selenoxides 

Certain molecules containing S and o-NO,C,H, groups undergo novel oxygen-transfer 
reactions upon electron ionization (see equation 13). Martens and coworkersS8 have 
recently investigated the scope of this reaction by replacing the S atom with Se. For 
example, the radical cation of the Se analogue of the compound pictured decomposes to 

11, which must arise via an oxygen transfer. The most abundant ion ( 1  00% 
eC,H,Me, which is formed by simple a-cleavage. 

o-0,NC6H4C(=O)SC6H,Me1+' 4 O=$-C6H4Me (13) 



258 G. D. Sturgeon and M. L. Gross 

A 0  

(10) (11) 
21 % rel. abund. 95% rel. abund. 

A more stringent test of the generality of the reaction is the mass spectral decomposition 
of o-nitrophenyl p-tolyl selenide (equation 14). The indicated fragmentation is very facile 
which shows 

o-O,NC,H,SeTol-pJ +.  4 a; (1 4) 

N O  

that oxygen transfer can occur via a fivecentred transition state. When the Se is replaced 
by S, the reaction is not observed; rather the unusual loss of SO, is found instead. 

The authors pointed out that the intermediacy of a selenoxide which would then 
rearrange to a selenate cannot be ruled out. We have reviewed a number of examples which 
implicate clearly the latter process. Therefore, a possible mechanism is as shown by 
equation (1 5). 

o-O,NC,H,SeTol-p+' + o-ONC,H,Se(=O)Tol-p +'-+ 

o-ONC,H,SeOTol-p+ (15) 

If the Se is replaced by SeO, again the rearrangement of 0 occurs with expulsion of 
C,H,O, to give the most intense ion in the mass spectrum. The corresponding sulphoxide 
radical cation does not undergo this loss of C,H,O, but oxygen-transfer reactions must 
still pertain as losses of SO,, SO, and HSO, (the last gives rise to the most abundant ion) 
are conspicuous. 

The aromatic ring might be regarded as necessary to orient the o-nitro group properly 
for oxygen transfer, but this is not so for acyclic Scontaining nitro compounds. However, 
the radical cation of O,NCH,CH,COSeTol does not decompose by loss of C,H,O; 
instead, an interesting rearrangement to form [HOSeC,H,CH,] + ' occurs. 

Martens and coworkersS* concluded that the generalization that S and Se compounds 
show analogous behaviour is suspect. The compounds they studied are the most dramatic 
examples which support their conclusion, but additional examples are reviewed here that 
show that mass spectral decompositions of Secontaining compounds are related but not 
identical to those of S analogues. 

0 
II 

L. Dialkyl Selenones (RSeR) 

6 
The mass spectra of this class of compounds have been principally investigated by 

Rebane5g. Only dimethyl selenone gives an abundant molecular ion; for the diethyl 
homologue, the molecular ion is barely visible, and for higher dialkyl homologues, the 
molecular ion is so low in abundance as to preclude inclusion in the bar graph spectrum. 
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Clearly alternative methods of ionization, such as chemical or field ionization, will be 
required for obtaining unambiguous molecular weight information of even moderately 
complex dialkyl selenones. This precipitous decline in molecular ion abundance and the 
higher propensity to produce alkyl ions is also a property of sulphones, selenoxides and 
selenides (uide supra). 

The principal decomposition reactions of the diethyl selenones and higher homologues 
is to produce alkyl ions. Just as for the selenoxides, the fragmentation to ions carrying the 
Se atom is overshadowed by the high abundance of alkyl cations. Nevertheless, some 
diagnostic ions of higher mass are produced by loss of an alkyl group or by rearrangement 
of H followed by loss of an alkene (see equation 16). These decomposition reactions are 
characteristic of the selenides and the selenoxides as well. 

Isomerization of dialkyl selenones to dialkyl seleninates must occur for these 
compounds as evidenced by losses of CH,O, CH,O and formation of CH,O' from the 
molecular ion of dimethyl selenone (equation 17). A second Me migration either before, 
concurrent with, or following loss of M e 0  and Me was also postulated to account for the 
consecutive loss of CH,O (equations 18 and 19) and was substantiated by observation of 
the appropriate metastable ions. 

MeSeO' + MeO' 

Me2Se$'' 4 MeSe(=O)OMe l+'-E MeSeOH" -t CH20 (17) 

MeO+ + MeSeO' 

0 

(18) 

(19) 

I1 
MeSe' ---* MeOSe' + HSe' + CH,O 

MeSeOz + MeOSeO' -+ HSeO' + CH,O 

The mass spectrum of dimethyl sulphone serves as an interesting contrast to that of 
dimethyl selenone. The sulphone decomposes principally by loss of Me, and the losses of 
MeO, CH,O and formation of MeO' are only weakly competitive. Replacement of S by 
Se apparently lowers the activation energy for the selenone-seleninate rearrangement 
such that this process is highly competitive with the simple cleavage to expel a methyl 
group. 

The higher molecular weight homologues also undergo the selenone to seleninate 
rearrangement, but the principal fragmentations of the isomerized ion no longer include 
expulsion of the alkoxy radical. For example, dipropyl selenone decomposes to give 
roughly comparable amounts of Pro'  and PrSeOH'. (equation 20). Apparent loss of 0, 
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either as such or via a two-step process is also characteristic of higher homologues, but it is 
not possible to rule out trace quantities of the dialkyl selenides being present initially or 
formed thermally on the sample introduction probe of the mass spectrometer. 

A unique rearrangement occurs for the dibutyl selenone. Apparently a double hydrogen 
rearrangement occurs with expulsion of C,H;, which is followed by loss of C,H; (equation 
2 1). 

M. Diaryl Selenones (Ar,SeO,) 

Diaryl selenones undergo extensive rearrangement reactions, similar to diaryl sele- 
noxides, an observation not unexpected given the greater migratory aptitude of aryl 
groups. These rearrangements find precedent in diaryl sulphone mass spectral reactions as 
well. Thus, the base peak in the mass spectrum of diphenyl selenone arises by elimination 
of PhO’. Furthermore, PhO+ formation presumably occurs in competition with the 
elimination of PhO’ (equation 22). Both of these fragment ions undergo consecutive 
decarbonylation reactions to give the abundant CSH,Se+ and C5H: daughters, 
respectively. 

PhSeO 

PhO’ 
(22) Ph2Se02 1 +’ + PhOSe(=O) Ph l+,< 

Reductive elimination of SeO,, of Se following loss of 0, (or 0 + 0) and of SeO are 
other noteworthy features of the decomposition reactions of the diaryl selenones and 
appear to be general processes. Finally, all of the diaryl selenones investigated by Rebane 
show losses of ArSe’. This interesting rearrangement may be a route to protonated o- 
quinoid structures as pictured for the diphenyl compound in equation (23). Evidence for 
this hypothesis is the stepwise elimination of two CO molecules from the presumed o- 
quinoid ion, as confirmed by detection of appropriate metastable ions. 

Ph2Se02 l+. + PhSe(=O)OPh l+’ --b PhSe’ 4- (23) 

0 

N. Organo-selenium and -tellurium Dihalides 

Several organoselenium dihalides, R,SeX, (R = Me, Pr, Ph; X = CI, Br), as reported by 
Rebane3’, provided quite untrammelled mass spectra. Loss of a halogen was the first 
process in all cases studied, and that reaction was so facile that a parent ion was often not 
observed; X i .  was also very weak or not observed. The [M - XI+ ion, in one common 
mode of fragmentation, eliminated the second halogen, thus presumably providing an 
organic selenide radical cation identical to that directly available by ionizing the neutral 
selenide; it presumably would be capable of the same fragmentations. The other mode of 
fragmentation, in which the remaining halogen stays with the Se, involved fracture of one 
or both Se--C bonds, or cleavage of a C--C bond a to the Se, with or without an 
associated H migration. 
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Mass spectra of dihalides of cyclic selenides have also been investigated by Rebane3' 
and by Kulkarni and coworkers43. 

Futekov and coworkers60 reported in passing that several compounds of the type 
R,SeCI,, in which R represents a monochloro, saturated alkyl group, cyclic or not, 
presented mass spectra exhibiting the parent ion as well as successive losses of C1 and of 
HCI. Their suggestion that the departing halogen and hydrohalogen species arose from the 
hydrocarbon portions and were not attached to the Se is probably an untenable 
speculation in light of the work of Rebane just mentioned. 

Dimethyltellurium diiodides and tetraiodides were studied by Smith and Thayer6'. The 
highest mass ions they observed in both cases were those of Me,TeI+ ' and a trace of TeI:. 
The major ion corresponded to 1:' and other ions corresponding to MeTeI+, TeI+, 
Me,Te+, MeTe', Me1 t, Te'. and 1' testified to the rather straightforward decomposi- 
tions induced by electron ionization of these molecules. 

0. Selenium Ylldes 

A brief description of the mass spectrum of (diacetylmethylene) diphenylselenurane was 
reported by Wei and coworkers62. Other than loss of Me group and loss of the complete 
diacetylmethylene groups, the spectrum exhibited the features ofdiphenyl selenurane; viz.: 
Ar,Se+', ArSe+, Ar l '  and Ar+. 

A more complete study of the mass spectra of selenium ylides was made by Terent'ev 
and c o ~ o r k e r s ~ ~ .  They observed the parent ion for all seven of the ylides which they 
studied; in fact, the molecular ion was quite abundant possibly because of ready ionization 
at the anionic site (equation 24). 

(24) R,s~+-CR, + R , s ~ - ~ R ,  + e- 

Invariably, the main fragment ions corresponded to the rupture of the ylide bond 
(R'R'Se-C) accompanied by H transfer from R'R2 when R'R' = -C,H,-. Thus, 
species such as R'R'Se'', R'Se = R2H+, R'Se' etc. could be explained. 

More striking was the transfer of Ph from Se to the 0 of the anion moiety which was 
postulated to explain the losses of PhSe and PhO and the formation of PhSe' (equation 
25). Various explicable purely organic species were also observed, but SeHf ', RSeO', 
RSeOH+' and RSeH+' ions were not observed even though these are characteristic of 
selenides and selenoxides. ph\+.pJ ph-se-/jl+' phse+ loss of PhSe 

i" loss of PhO 

Ph 0' O'P h 

P. Dlorganotellurium Dicarboxylates 

A fairly thorough study of the mass spectra of some diorganotellurium dicarboxylates 
was reported by Adley and coworkers64 (see Scheme 4). The carboxylate groups were 
either acetate or benzoate; the organo groups were: Ph, p-An, or p-EtOC6H,. Among the 
general features were: (1) The parent ions never exceeded 0.05% &, and mostly were not 
observed. Alternate ionization methods are recommended for these compounds. (2) Purely 
organic ions were important in the spectra, particularly species such as the biphenyl ion. (3) 
Loss of one complete carboxylate group from the parent ion always occurred and the 
resulting ion generally showed loss of the second carboxylate group as part of its 
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fragmentation pattern. (4) By contrast, loss of an aryl group was not favoured, particularly 
when the aryl group was Ph. (5) By shedding of various groups and Te extrusion, some 
arylcarboxylate ions (e.g. PhOAc') were observed. (6) Small fragments such as TeCH; 
turned up, but were not important in the spectra. 

R' = R2 = Ph R' = R2 = Ph 
R3  = R4 = C0,Me 

R' = R2 = p-An 

R3 = R4 = C0,Ph 

R' = Ph, R 2  = p-PhOC6H4 
R3  = R4 = C0,Me R3  = R4 = C0,Me 

SCHEME 4 

R '  = R 2  = -C4H8- 
R 3  = R4 = C0,Me 

R ' R 2 =  -C H - 
R 3  = R4 = C0,Ph 

4 8  

Additionally, Adley and coworkers ordered the groups according to their facility to 
detach from the central Te atom: acetate R benzoate > p-EtOC,H, z p-An > Ph. 
Disubstituted tellurium ions, observed in the course of decomposition of the tetrasubsti- 
tuted species or by direct ionization of the disubstituted neutrals, behaved similarly. 
However, the trisubstituted species, again arising in the fragmentation of the tetrasubsti- 
tuted species, behaved somewhat differently. Most interestingly, the loss of acetate, for 
example, was not a single-step process but rather required loss of ketene followed by loss of 
OH, whereas the loss of benzoate was direct. 

Necessarily, some rearrangements must occur to account for the formation of biphenyl 
and other ions with two originally ligated groups conjoined: the conversion of 
PhCOOTeAr" to PhTeAr" with loss of CO,, loss of RCO, from C,H,TeOCOR+, as 
well as the loss of C,H4 from biaryl+'ions. 

0. Seleninic Acids and Selenocyanates 

The first report of the mass spectra of methaneseleninic acid, CH,SeO,H, its methyl 
ester, and benzeneseleninic acid, PhSeO,H, and its methyl ester was made by Rebane65 in 
1974. As for selenones and selenoxides, methaneseleninic acid rearranged after electron 
ionization to yield [MeOSeOH]" and Me0  and CH,O were then lost. The other 
decompositions were predictable. Similar rearrangements occurred for benzeneseleninic 
acid en route to formation of [C6H60]+', for example, and for a variety of substituted 
benzeneseleninic acids. Although the molecular ions were of low abundance, they were 
detectable, and the mass spectra were consistent with the structures of the acids and esters. 

More recently, the mass spectra of the benzeneseleninic acid class were reported again in 
two papers by Benedetti and c o ~ o r k e r s ~ ~ * ~ ' .  No mention was made of the earlier work of 
Rebane. By far the most notable feature of the mass spectra of these compounds was that 
they were dominated by peaks corresponding to diphenyl diselenide ions and their 
daughter fragments. The spectra were totally different to those reported by Rebane65. The 
fragment ions were presumed to arise via a probe reaction prior to ionization. After 
ionization, the fragmentation behaviour of the diphenyl diselenide ion was that already 
discussed. Of lesser importance was the occurrence and the fragmentation of Ph,SeO+ '- 
type species, giving PhSeO+ and PhSeOH+ ',for example. Again, these were analogous to 
the selenoxide-selenate rearrangements discussed earlier. 

Regardless of the presence of a substituent (X = m-CI, p-CI, m-Br, p-Br, m-NO,, p-NO,, 
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p-Me) on the Ph ring or of the position of the substituent, the principal fragmentation 
mechanisms remained the same. The authors cited several species such as XC6H,Se+, 
XC6Hf, C,Hi' as possible daughters of an originally ionized acid molecule. However, 
peaks corresponding to these ions had slight intensities in the spectrum and the ions may 
have originated by other decomposition routes. Low intensity peaks in appropriate 
multiplets were observed at m/z  ratios ascribable to XC6H4SeOC6H4X moieties. This 
species surely arises as part of the thermally induced probe reactions. 

The appearance of ions with masses appropriate to C6H40H+, XC6Hl. and 
XC6H40H+' argued for a possible parent acid molecular ion (not seen in the spectrum) 
which rapidly eliminated SeO and then lost either CO or X. The loss of SeO was supported 
by metastable ion studies. 

In the case of the nitro-substituted benzeneseleninic acids only, the steps of formation of 
selenoxide ion via a 1,Zshift of N0,C6H, group to 0, then loss of NO, groups and Se to 
give C6H40C6H:' (possibly a dibenzofuran radical cation) was supported by a 
metastable ion. This ion was not observed by Rebane in his earlier study65. The dramatic 
differences in spectra reported by these two authors point to the requirement of careful 
sample handling during sample introduction into the mass spectrometer. We suggest 
that a more reliable way of mass spectral analysis of these seleninic acids would be to 
employ fast atom bombardment. 

Finally, Benedetti and coworkers6' presented a study of the mass spectrum of m- 
nitrophenyl selenocyanate. This compound presented a very abundant molecular ion and 
subsequent fragments. Here too, the diselenide and its fragment ions were present, but at 
much reduced abundance when compared to the seleninic acids. The selenocyanate parent 
ion itself fragmented by rather expected routes: initial loss of CN, NO, or Se followed by 
subsequent losses such as CN, NO,, Se, CO, NO, HCN. A variety of small-mass 
hydrocarbon ions as well as the species C,HSe and HCSe were explained in the authors' 
proposed decomposition reaction schemes. 

R. Carbonate Analogues 

Dimethyl carbonate analogues with S and/or Se were studied by Drager and Gattow6. 
It is worth recalling that, after ionization, MeOCOOMe itself primarily ejects H and 
neutral CO, to yield CH,=OMe+. Although the charged species CS:' was observed in 
the spectrum of MeSCSSMe, it is unlikely that the CS:. arose directly from the 
molecular ion. Since the ionization potential of neutral Me,S is about 8.7 eV, and that of 
neutral CS, is about lOeV, the charge of a parent ion should be retained by the Me$ 
fragment rather than by the CS, portion. Rather, we propose that the origin of CS; was by 
loss of Me from MeSC=S+. 

For the case of MeSeCSSMe, the expected preferential cleavage of the Se-C bond was 
observed, giving S=CSMe+ as the base peak in the spectrum. Again this species ejected 
Me' to give CS; '. Because the altFrnate route involving initial loss of MeS by cleavage of a 
C-S bond to produce S=C=SeMe is less significant, only a small peak due to SeCS+' 
was expected and was observed. There is no reason to believe that the Se atom in the 
original molecule does not bear a Me group. 

The compound Me,CSSe,, according to expectation and to the NMR spectrum, shows 
both Se atoms bearing Me groups. The high abundance of SeCS' ' in the decompositions is 
explicable regardless of S and Se positions, but were the structure of the parent ion 
MeSeCSeSMe', there should be at least some fracture of a C-S bond giving rise to 
MeSeCSe+ which in turn ought to yield CSe;'. However, no MeSeCSe' was observed. 
With two Se atoms present in the parent, the occurrence of the species Sel., Se,Me+ and 
(MeSe);' is not startling. 

When the compound Me,CSe, is ionized, the parent ion is not so abundant as in the 
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previous cases; CSe: becomes the base peak. In all of these cases, the lower mass region 
contains several of the by-now-familiar fragments such as SeCH:(x = 1-3). 

S. Urea Analogues 

Kirkien and coworkers6* extended their study of the mass spectra of numerous N- 
substituted ureas and thioureas to include five selenoureas, and two related selenothiocar- 
bamic esters. In addition to graphical representations of the actual spectra, they presented 
a tabular summary of the features they considered important in comparable 
R'RZNCXNR3R* compounds (X = 0, Se; R = H, Me, Ph). There appears to be some 
disagreement between the numbers shown in their Table 2 and the data found in their 
references (in particular, the m/z and relative intensity data for H2NCSNHPh and for 
Me,NCSNHPh). Nonetheless, the reader may find the article useful in identifying spectra 
or in rationalizing spectra of related compounds. 

A few generalizations can be drawn from their table: there is a very strong tendency to 
produce a R1R2NH+' species when at least one of the R groups is Ph. By contrast, 
evidence for the same sort of species when the R groups are H or Me is minimal or 
vanishingly small. The S analogue species exhibit the greatest tendency to form intact 
molecular ions. Falling outside the authors' standard set of fragmentation behaviors is the 
loss of SePh from Me,NCSeNHPh to give the base peak at m / z  7 1. Expulsion of HSe is 
also notable. On the other hand, the 1, ldiphenyl analogue, H,NCSeNPh,, shows loss of 
HSe, H2Se and SePh, but derives its base peak from the m/z 5 1 ion, a standard fragment of 
the Ph group. 

The other 'standard fragmentation behaviours' must involve cleavage at the carbonyl 
C-N bond, with the charge apportioned to either of the resulting fragments and with or 
without H migration in either direction. Needless to say, most of the observed fragments 
can be fitted to such a set of behaviour patterns, especially when migration of H or R 
groups to the 0 or chalcogen atom is added to the list of possibilities. Some of the same 
patterns were observed, in part, in the fragmentation patterns of the selenothiocarbamates 
although some rather more complicated mechanisms would have to be invoked to explain 
the prominent occurrence of [M - SeMe]+ for Me,NCSeSMe or of PhCN+ from 
PhHNCSeSMe. 

The authors concluded that the Se compounds generally emulate the S analogues more 
closely than the 0 analogues, particularly as R group migration to Se is involved, and that 
the charge of the molecular ion must be 'largely centred on the selenium atom'. 

T. Selenophenes and Tellurophenes 

When one turns to the mass spectrometric behaviour of this aromatic class of 
organochalcogen compounds, it is found that Fringuelli and Taticchi6' have provided a 

TABLE 2. Percent total ionization between m/z 29 and M ' 

C,H,O C,H,S C,H,Se C,H,Te 

M + '  26.8 30.4 44.8 44.4 
[M - CHX]+ 43.2 8.3 3.3 0.4 
[M - C,H,I+ 6.8 17.5 5.2 1 . 1  
[M - CzH2]+' 3.0 19.7 16.6 4. I 
[M - HX]+' 1 . 1  5.7 6.6 
X +  4.8 21.6 
[M - X]+ 0.8 3.8 
[M - H]* 2.0 
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useful comparison by a study of the furan to tellurophene series of model compounds. The 
principal fragmentations noted for the unsubstituted members of the series are sum- 
marized in Table 2. 

That S and Se exhibit the most closely similar behaviours within this family is aptly 
illustrated by these data. Fairly regular variation in a single direction is exhibited for the 
most part. Only Se and Te atoms show any propensity to be eliminated as monatomic 
neutrals or by retaining the charge as monatomic cations. 

This authors were able to suggest a few decay routes which rationalize the observed 
spectra (Scheme 5). 

SCHEME 5 

A parallel statement by Barton and  coworker^'^ regarding the furan class with 
chalcogen replacement reads: ‘Thus there is a great variety in the modes of decomposition 
of excited Group VI heterocyclopentadienes, but at the same time there is a high degree of 
continuity in going from furans to tellurophenes with selenophenes providing a key link in 
that continuity at the interface of the non-metallic elements of the group with the metallic 
members of the group.’ 

Further, Barton’s group reported the mass spectra of selenophenes and tellurophenes 
with a Ph group substituted in either the 2- or 3-position, and mono- or tri-substituted 
with D. Of two important observations, one was that a compound substituted with a Ph 
group, regardless of location, gives a mass spectrum with the same fragmentations as those 
of the unsubstituted heterocycles except for the straightforward offset of some peaks by 77 
units due to the presence of Ph; the other was that the photolytic decompositions of these 
parent molecules are also dominated by the loss of Se, or of Se and HCSe. 

U. Benzoselenophenes and Related Compounds 

A set of 18 disubstituted benzo[b]selenophenes (12) substituted in the 2- and 3-positions 
was studied by Croisy and  coworker^'^. When either R’ or R2 = Me, the molecular ions 
were the most abundant ions seen. Where the substitution was appropriate, rearrange- 
ments in the category of ‘ortho effects’ occurred just as for other 1,Zdisubstituted aromatic 
compounds. For example when R2 = Me and R’ = CO,H or CO,Me, losses of H,O or 
MeOH were found. In a consecutive reaction, loss of CO occurred to give 13 which was 
postulated to undergo expansion to give the interesting radical cation 14 (equation 26). 
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(1 2) 

When R' = OH and R2 = CO,Et, the 'ortho effect' rearrangement led to elimination of 
EtOH which was followed by expulsion of two molecules of CO to yield 15. The structures 
are purely speculative as little supporting evidence involving isotopic labelling, metastable 
or collisional activation spectra of the ions was obtained. 

Closed-shell ions possibly of similar structure were found as products in many of the 
mass spectral decompositions of substituted selenophenes. For example, when R' = COR 
and R2 = Me, the expected losses of R followed by CO occurred to give ion 16 which might 
undergo ring-expansion to 17, a rearrangement entirely analogous to the tolyl-tropylium 
ion interconversion. Losses of H from the Me group of Me-substituted selenophenes might 
also be accompanied or followed by a similar ring-expansion to give substituted 
selenopyrylium ions. Additional evidence from metastable ions or collisional activation 
spectroscopy and from isotopic labelling should be gathered before the ring-expansion 
hypothesis is accepted. 

Isomers which involve interchange of the substituents R' and R2 could be detected in 
some cases by comparison of quantitative peak intensities in the mass spectrum. The 
consecutive losses of R and CO were more prevalent when COR was R2 than when it is R' 
(in 12). 

It is noteworthy that loss of Se from these disubstituted selenophenes was not observed 
except when a second Se atom was introduced into a sidechain of the molecule. This 
contrasts with the mass spectrum of the parent or unsubstituted benzoselenophene. The 
chemistry of disubstituted benzoselenophenes is entirely analogous to other 1,2- 
disubstituted aromatics. The decomposition reaction to expel Se is preempted by other, 
more standard, fragmentation processes such as ortho effects, loss of substituents, etc. 

Croisy and coworkers' have also reported the mass spectra of 13 selenolo[2,3- 
blpyridines (18) including the parent compound and mono- and di-substituted analogues. 
The unsubstituted compound, like selenophene, gave the molecular ion as the most 
abundant species. For 18 and selenophene, ca. 50% of the total ion current was carried by 
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(1 8) 

the molecular ion. Fragmentation of 18 was a composite of that of selenophene and 
quinoline; i.e. losses of C,H,, HCN and Se were observed, the latter being in 36% relative 
abundance. 

Me-substituted 18 showed more extensive fragmentation when ionized. The expected 
loss of H might befollowedbyring-expansion. Losses of Se and HSe (possibly in two steps) 
were still observed. Substitution with COR, where R = H, Me or OEt, led to fragmentation 
by loss of R to give abundant ArCO+ ions which then decarbonylated to form Ar+. No 
loss of Se was observed, presumably because the decomposition reactions involving COR 
were of lower critical energy. 

The compound with an OEt substituent gave an unexpected mass spectrum. Unlike 
ethyl aryl ethers, no loss of C2H, to give ArOH was found. Instead losses of Et and OC2H, 
occurred. No explanation has been put forth. 

For disubstituted compounds such as those with R’ = OH and RZ = CO,Et, the 
expected loss of EtOH (‘ortho effect’) occurred, just as for the corresponding benzo- 
selenophene, to give the most abundant ion in the spectrum. This type of rearrangement 
was not found when R’ = Me and R Z  = CO,Et, however. 

The decomposition reactions of these substituted compounds are also typical of mono- 
and di-substituted aromatic molecules, and they have low energy barriers which preempt 
the loss of Se which is so prevalent for the unsubstituted prototype. 

The mass spectra of some tricyclic analogues 19 and 20 where X and Y = S or Se have 
been studied by Jacquignon and co~orkers’~. The molecular ions were relatively stable 
yet losses of Se were facile processes. When X = S and Y = Se, the greatest propensity to 
lose Se was found ([M - Se]” carried ca. 20% of the total ion current). When Se and S 
were interchanged (X = Se, Y = S), loss of Se was somewhat attenuated, which may suggest 
that the selenophene ring is more stabilized when fused to two other aromatic rings. 

(1 9) ( 20) (21) 

When X = Y = Se, consecutive losses of both Se atoms were observed, and this was the 
major decomposition route for this ionized compound. Losses of two Se atoms were also 
characteristic of 2173. The structural possibilities for the [M - 2Se]+’ are intriguing. 
Could it be 22, a benzyne analogue of naphthalene (23) or diethynyl benzene (24)? 
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Other fragmentations such as losses of C,H,, CS or CSe compete only weakly for this 
series of compounds. Once again the ability of unsubstituted selenophene radical cations 
to undergo reductive elimination of the Se is seen. 

Shafiee and Behnamsl prepared a series of seleno[3,4-b]benzofurans (25), but the mass 
spectrum of only one member of the series (R = OMe) was reported. The molecular ion 
was the most abundant. 

C fj H 4 R-F 

(25) 

Evers and  coworker^'^ reported the preparation of a number of benzochalcogen- 
ophenones, and mass spectra were obtained for several compounds. In the case of the 
benzo[b]selenophene-2(3H)-ones (26), a selenolactone model, and closely related struc- 
tures, the mass spectral behaviour was characterized by the strong presence of the parent 
ion, the loss of the monocarbon species, either CO or HCO, and of Se. 

0 

In the case of 1H,3H-benzo[c]tellurophen-l -one (Ztellurophthalide) (27) Loth- 
Compere and  coworker^'^ were able to ascertain that the expulsion of monatomic Te 
generally preceded the loss of CO or HCO. Their comparison of the fragmentations of the 
Te-, Se- and S-containing analogues of 28 illustrated anew the pivotal position of Se. Se 
approximated the behaviour of S in participating in a retro-Diels-Alder reaction via 
emission of CH,S or CH,Se (like the familiar formaldehyde loss), or in suffering the loss of 
CO or of HCO while the Te compound showed one-fourth to one-half the propensity for 
these decay routes. On the other hand, both Se and Te species were capable of producing 
C,H:' and C9H40+'.  Indeed, C,HZ', presumably the cyclooctatetraene radical cation, 
was the most abundant in the decomposition of the Te compound. As has been often 
observed, the chalcogens can be viewed to exhibit metallic behaviour by exiting from the 
species to which they had been bound. For example, this process of reductive elimination is 
also exhibited by Se- and Te-containing heteroaromatics. 

WCHO 02 WCHO 
62 
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Van Coppenolle and R e n ~ o n ’ ~  reported a molecular ion for a selenosulphone (29) 
which lost an SOz molecule and gave an ion corresponding in formula and fragmentation 
to that obtained directly from formyl-2-benzo[b]selenophene. 

Cohen and coworkers” presented considerable detail concerning the mass spectra of 
two classes of compounds, represented by 30 and 31, which are related in their mass 
spectra even more than they may appear to be according to their structures. 

F F F F 

(30) 
X = Y = S  
X = Y = S e  
X = S , Y = S e  

(31) 
X = S, Se, Te 

Through the use particularly of metastable studies, the authors were able to discern 
many implications in the spectra of these species. For compound 30 with one or two S 
atoms, the ion current was distributed broadly among various ions, but these need not 
concern us here. When two or even one atom of Se was present, the spectra were more 
straightforward. For example, with X = Y = Se, the major ion resulted from loss of Se from 
the parent ion. The parent ion itself, [M - Se] ”, [M - 2 Se]” and Se: ’ accounted for 
73% of the total ion current. When X = S  and Y =Se, the parent ion was relatively 
abundant, but the ion [M - Se]” provided the base peak and these two peaks alone 
accounted for nearly 75% of the total ion current. 

For compounds of structure 31 the parent ions were so dominant as to account for over 
half of the ion current. The S compound showed the greatest stability of its parent ion, 
but the Se and Te analogues demonstrated increasing tendencies to lose neutral Se or Te 
atoms (10.2% and 17.1%, respectively, of the total ion current). Other ion current was 
attributable to a myriad of species which had diminished numbers of C and F atoms with 
or without chalcogens. 

The substantial degree of fragmentation via loss of Se is once again cited by these 
authors as a reflection or indicator of a relatively weak C-Se bond strength. This must be 
tempered by the observation that loss of Se is more favoured when there is an S atom 
across from it than when two Se atoms are present. In part, this probably reflects the 
greater stability of the tricyclic product when the S atom is a part of the central ring. It is 
also bemusing to note the authors’ comment: ‘Another common reaction is the loss of 
neutral F‘ among the many metastable-ion-supported fragmentations of fluorocarbon 
groupings, with or without a chalcogen. What, if anything, does this suggest regarding 
strength of the C-F bond? 

V. Fulvalene and Pentalene Analogues 

The mass spectra of Se analogues of tetrathiofulvalenes (TTF) (32) were reported by 
Andersen and coworkers3. In these compounds, all of, or two of, the S atoms, 
symmetrically or not, across the inversion centre of the molecular core, were replaced by 
Se. Various substituent groups were attached to the periphery of the molecules. 
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(32) 

(a) All R = H; all X = Se 
(b) All R = Me; all X = Se 
(c) All R = Me; X', X3 = S ;  X2, X4 = Se 
(d) All R = Me; X', X4 = S ;  X2, X3 = Se 
(e) R', R3 = H; R2, R4 = Me; all X = Se 
(0 R', R4 = H; R2, R3 = Me; all X = Se 
(g) R', R3 = H; R2, R4 = Ph; all X = Se 
(h) R', R4 = H; R2, R3  = Ph; all X = Se 
(i) R', R3 = H; R2, R4 = Me; X', X3  = S ;  X2, x4 = Se 
(j) R', R3 = H; R2, R4 = Me; X', X4 = S ;  Xz, X3 = Se 
(k) R'R2 =-(CH2)3-; R3R4 = -(CH2)3-; all X = Se 
(I) R'R2 = -(CH2)3-; R3R4 = -(CHJ3-; X', X3 = s; Xz, x4 = Se 

(m) R'R2 = -(CH&-; R3R4 = -(CH2)3-; XI, X4 = S ;  X2, X3 = Se 

This thorough study made good use of field ionization (FI); the observation of only the 
molecular ions in the FI spectra demonstrated the high purity of the samples. Thus, the 
electron impact spectra were open to interpretation without fear of being misled by peaks 
arising from impurities or from prior thermolysis. 

A number of fundamental patterns were observed. As is the case for many other 
compounds, the ease of elimination of Se was greater than for S. But this Se loss, commonly 
observed in Se organics, was only of 1-6% relative abundance for this class. The loss of 
C2R2 was most important for the tetraseleno class, less so for the dithiadiseleno class, and 
least important for the tetrathia class, in support of the idea that the C-Se bond is 
relatively fragile. Although the loss of SCR had a relative abundance up to 43%, no loss of 
SeCR occurred detectably. 

The authors pictured the primary products as originating either directly from the parent 
ion or via parallel routes, all substantiated by metastable ion studies. 

One particularly noteworthy rearrangement reaction takes place (see equation 28) 
starting with the [M - C2R2]+' fragment 33. When the diselenodithia compound is 

(28) 

involved, the only product is 35. The intermediate species can be viewed as reacting with a 
preferred migration of a five-membered ring moiety onto the Se atom, followed by 
elimination of CS. A second intermediate 36 is formed from the parent ion by initial loss of 
XCR. It subsequently loses C,R. Since no corresponding loss of SeCR was observed, this 
route must be blocked for the tetraseleno analogues. 
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(35) (36) 

Undoubtedly, an important factor in the fragmentation of the TTF-type compounds is 
the production of species 37, the stability of which has already been demonstrated by the 
mass spectra of the corresponding neutrals, which invariably show the molecular ion as 
the most abundant. 

( 37) 

A small group of rather unusual, conjugated fused ring structure species was studied by 
Moller and coworkers7*. The two basic structures are shown as 38 and 39. Part of the 
incentive for studying this group of compounds arose from the linear arrangement of the 
chalcogen atoms and the implied threecentre, four-electron bonding. Some possible 
reflection of these unusual features was anticipated in the mass spectra. What was 
observed for 38 and derivatives was a very abundant molecular ion, often providing the 
base peak of the spectrum; the inevitable loss of Se,, confirmed by a metastable ion, 
occurred in parallel with or followed by losses of Se or HSe. Note that there was no loss of 
S, by the S analogues for which, rather, losses of SH, S,H and S,H, were observed. 

Se -Se -Se 

4+A...J 
Se-Se-N- Ph 

&A 
(38) (39) 

1 ,6,6a14-Triselenapentalene Phenyl- 1,6a14-diselena-5,6-diazapentalene 

For the class of compounds represented by 39, about 50% of the molecular ions 
fragmented to give Ph+ when the N atom bore a Ph group. For compound 40, losses of Se, 
and PhN, led to the formation of C,H:. However, for compound 41, only a trace of C,HT 
was observed. 

Se-Se- N-Ph 

Me 

A rather interesting class of compounds (42) was studied by Perrier and  coworker^'^. By 
analogy with the symmetric trithiapentalenes, this 2,5-diaza-l ,6-dioxa-6aA4- 
thiapentalene and its Se and Te analogues are presumed to be bicyclic with the chalcogen 
atom assuming a tetravalent role. 
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o-x- 0 

R R 

(42) 
R = H ,  Me 
X = S, Se, Te 

The stability of these species upon electron ionization is reflected in the high abundance 
of the molecular ion, which generally, gives the base peak. The formulae for the parent 
compounds are thereby demonstrated. 

All species, after ionization, are capable of loss of first one and then a second NO 
molecule, leading to a cyclopropenone-type stoichiometry and, perhaps, structure. It is 
this HC,HTe+' species which provides the most abundant ion in the spectrum arising 
when R = H and X = Te. 

A possible but less favoured alternative to the loss of the second NO is the loss of XO 
although it is about equally likely that the charge will remain with the XO as with the 
organic moiety. 

Loss of HCNO is observed when R = H, but there is no observed loss of MeCNO. 
Finally, a few unusual decomposition reactions are observed: loss of HO when R = Me, 

X = Se and the appearance of H C r S '  or HC=Se+, but not HCETe', and of H,CC- 
Se+. All in all, the spectra of this group are very similar to each other. 

W. Complex Heterocyclic Compounds 

In the category of the more complex monocyclic compounds, Jham and coworkerss0 
have discussed some substituted thiazoles and the analogous selenazoles. They reported 
no major differences in the electron ionization mass spectral behaviour relating to the 
substitution of Se for S. 

In addition to the predictable fragmentation behaviour such as release of Ph', Ph+, 
PhCO or PhCO', etc., the following were presented, based on metastable ion evidence 
and deuterium replacements of 0-H and N-H hydrogens (equations 29-32). 

- G H ,  ArCOCH2N AT' (29) 

(44) 

Ar COCH, N 
WX 

(43) 

X = S .  Se N H ~ + '  
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I f R = H :  

(46) 

If R =H:  - [ HzO, CzH4, HCW -+Ar-CEC-N=X (32) 

(47) 

The rather startling loss of water from 49 was proposed to proceed via the mechanism in 
equation (33) leading to a highly conjugated, stabilized species. Replacement of an imine 
hydrogen by an alkyl group caused the water elimination to shut down, an observation in 
accord with the proposed mechanism. It is interesting to note that, in the case where 
R=Ac, a fragmentation specific for that species, elimination of CH,CO with an H 
migration, should produce a species identical to the parent ion where R = H originally, 
except for possible differences in energy. Nonetheless, the authors did not report evidence 
for the novel water elimination from the [M - CH2CO]+' which was reported for the 
parent compound where R = H. Whether this process indeed does not occur when R 
originally equals Ac or the data relating to this process have been omitted by the authors is 
not clear. 

(33) 
Both the Se and S compounds with R = H have, as the base peak in their respective 

mass spectra, ions which correspond in fact to an approximately 50/50 mixture of 
isobars arrived at through separate pathways: the first involved progressive loss of alde- 
hyde and ethene (see equation 34); the second loss of PhCHOH and hydrogen cyanide 
(see equation 35). 

1" 
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NH 
II 

(54) 
(55) 

For the class of compounds of type 56 it was postulated that the initial fragmentations, 
confined to the ring adjoining that containing the chalcogen, consisted of the ordinary 
eliminations of isocyanate-type species. These all appeared to originate in the cleavage of 
the C-N bond between the carbonyl carbon and the adjoining tertiary nitrogen. 

0 
(56) 

(57) 

Similarly, compounds typified by 57 kept the chalcogencontaining ring system intact in 
all of the initial fragmentations of the parent ions so that no Se-specific chemistry was 
noted. 

A thorough study of the mass spectra of 1,2,5-selenadiazoles, together with their 0 and 
S analogues, was carried out by Pedersen and Mollere'. They worked at the lowest 
possible probe temperatures to minimize thermal decomposition of the samples, employed 
metastable defocusing techniques to support virtually all of their fragmentation pathways, 
and used exact mass measurements to ascertain the chemical formula of C,H,Nt ' for m/z  
76 which previously had been posited to be the benzyne ion. 

Most of the important features of the observed spectra with the exception of the 
propensity for the ionized O-containing compounds to undergo NO emission are 
summarized by equation (36). In comparison, NS emission was observed only barely, and 
NSe not at all, from their respective analogous species. 

The molecular ions always appeared quite strongly, sometimes providing the most 
abundant species. To be noted is the consistent first fragmentation step of the loss of RCN. 
The chemical formula for the resulting species is RCNX+'(X = 0, S, Se). The authors 
raised the question of the structure of this species. The loss of X, which was strongest for Se 
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of course, would appear to call for a simple cleavage of the N-X bond. However, other 
fragmentation products such as losses of CX and HCN neutrals argued for the 
rearrangement of RCNX+’. Comparison with spectra from PhNCX molecules did not 
completely answer the question, which remains open at this point. 

In the presence of a Ph group, the charge of the ions tended to be retained on the organic 
moiety producing high abundances of species such as PhCN+’ and Ph +. In the absence of 
a Ph substituent, the tendency for the charge to reside on those species containing S, and 
even more so, Se, was enhanced, Thus, when R’ = RZ = H, the dominant fragmentation 
was by progressive emission of HCN groups. Similarly, when R’R2 = -C,H,-, loss of 
HCN was by far the most important fragmentation process. 

Arshadis2 also studied the mass spectra ofthe 1,3-benzodiazoles with 0, S and Se in the 
2-position and found results parallel to those of Pedersen and Mollersl. However, he also 
investigated the negative ions of these species-an unusual approach when it comes to 
organoselenium compounds although the author points out the propensity of these and 
similar compounds for electron capture and formation of molecular anions. 

( 59) 
X = 0, S, Se 

All of the various species 59 exhibited formation of molecular anions at relatively high 
pressures (9 x lo-’ Torr) where there is an abundance of secondary electrons with 
approximately thermal energy. However, even at low pressure (1 x Torr), the Se 
compound was able to form molecular anions in significant quantities (38% relative 
intensity). 

Dissociative electron capture processes produced very abundant amounts of CN- ion 
for all species under all circumstances, generally providing the base peak in the spectrum. 
In addition, the oxygen compound showed loss of NO from the parent anion, formation of 
CNO-, and of very small amounts of 0- ; the Se analogue predominantly gave CN- and 
Se- ions; and the S analogue was intermediate between the 0- and Secontaining species 
in its behaviour. 

Following the study of 1 ,2,5-selenadiazo1ess1, PedersenE3 reported the synthesis and 
mass spectra of some substituted 1,2,5-selenadiazole N-oxides. He found that the position 
of N-oxide could be detected; for example, 60 underwent a facile loss of MeCNO and little 
MeCN elimination was seen. 

Ph Me 

(60) 
A particulaly straightforward fragmentation scheme largely appears to be followed by 

the molecular ion of 61 as reported by Fitjer and Luttkes4. Although the base peak was 
provided by C3H;, the molecular ion showed a 79% relative abundance. The molecular 
ion mainly underwent a cycloreversion, expelling C4H, (isobutene), followed by loss of 
CO. The second ring then emulated the first leading to formation of Se2C,”, of undeter- 
mined structure. Besides a peak for C4H8Se+’, only hydrocarbon fragments, including 
that yielding the base peak, were to be found in the decompositions. 
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0 

0 

(61) 
trans-3,3’-Dioxo-4,4,4’,4’-tetramethyl-2,2’-bise1enolany1idene 

The mass spectra of phthalide, together with some Sand Se analogues (62) were reported 
and discussed by McMurray and coworkers8’. They observed that when both X and 
Y = 0, the abundant parent ion gave rise to relatively abundant species (40-50% 
compared to the parent i0n)corresponding to the loss of CHO and subsequent loss of CO, 
forming Ph+ ion. 

Y 

(62) 

When both X and Y = S, the predominant decomposition of the abundant parent ion 
was via loss of CS and CHS, mimicking the 0 prototype. However, loss of monatomic S 
became signifcant here, along with some loss of CS,, which introduced a route not 
observed when X = Y = 0. 

Compounds with mixed chalcogens, corresponding to X = 0, Y = S, or X = S, Y = 0, 
gave nearly identical spectra when ionized. Loss of CO, loss of CHO or CO then H, some 
loss of COS and a trace of S loss were all observed. The authors explained the near-identity 
of the spectra on the basis of a facile interchange of the X and Y atoms (see equation 37). 

L 

T 

( 63) ( 64) (65) (66) (37) 
A similar interchange occurred when X = Se and Y = S or X = S and Y = Se; the spectra 

were nearly identical. Here, loss of Se was so pronounced as to give rise to the most 
abundant ion with the parent ion at only 40% relative abundance. 

All of the fragmentations of this group of species can be explained ,by the authors’ 
fragmentation schemes which invoke no unusual processes beyond the isomerization of 
the parent ion prior to decompositions. 

The electron ionization induced decompositions of some model benzoselenazoles (67) 
and benzoisoselenazole (68) have been investigated by Croisy and coworkerse6. It is 
informative to compare their spectra with benzothiazoles and benzoisothiazole (also 
reported in this paper) as well as with benzoselenophene itself (oide supra). 



7. Mass spectrometry 277 

(67) 

Both of the Darent comDounds 

(68) 

underwent loss of HCN after ionization to vield 
C,H,Se+' whic6 then elimiiated Se to give C,Ht'. In competition with this processwas 
the expected reductive elimination of Se, which was considerably more favoured (by a 
factor of seven times) for the isoselenazole. Benzoselenophene also showed elimination of 
Se, but the corresponding benzoisothiazole and benzothiazole give barely detectable 
losses of S. 

The loss of HCN shifted to an elimination of MeCN for both 2-methylbenzoselena- 
diazole and 3-methylbenzoisoselenazole. The loss of Se, CSe and H were competitive but 
the differences in the abundances in [M - Se]+ could no longer be observed. 

Replacing the Me groups with Ph groups led to expulsion of PhCN instead of MeCN. 
The isoselenazole now showed considerably more loss of Se and HSe (presumably in two 
steps) which permitted ready distinction of the two isomers. 

The mass spectrometric fragmentations of several 2-acylmethylbenzo-thia- 
and -selenazoles (69) were reported by Ciurdaru and coworkerss7 whose work was 
distinguished by the use of high-resolution as well as metastable ion studies. For these 
compounds very little of the fragmentation was determined by the presence of S or Se. 
Beyond the loss of PhCO, exhibited by all of the analogues studied, the Secontaining 
compound showed loss of Se which was not reflective of the other two compounds. 

(69) 
X = 0, S, Se, NH (imidazoles) 

Very similar fragmentations were found by Bologa and coworkersa8 when they 
attempted to introduce quaternary nitrogen salts of the structure 70 into the mass 
spectrometer. The salts lost HI and then evaporated and were ionized, presumably to give 
71. A preferred method for these compounds would be fast atom bombardment. Once 
again, with X = 0, the principal decomposition was loss of CO, when X = S the loss was of 
SH and when X = Se the loss was of Se itself. Exact masses and the study of metastable 
species were used to advantage again in this study. 

-HI 

-e (38) 
N 

Me 

X = 0, S, Se 

I 
Me 

I * -  
(70) (71) 
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Stackhouse and coworkerseg, in a report of the first example of a selenabenzene (72), 
presented its mass spectrum and those of related synthetic products (e.g. 73). The mass 
spectrum was used to provide a fingerprint and to confirm the mass of the parent molecule 
through the parent ion. They presented no analysis of the mass spectra but it would appear 
that among the fragmentations were found some familiar and anticipated routes such as 
the loss of Se, and of H,Se. 

A number of complex heterocyclic organic molecules containing Se have been subjected 
to mass spectrometric examination by Shafiee. working with a number of different 
 colleague^^*-^^. This work was inspired chiefly by the pharmacological potentialities of 
the compounds, and so the mass spectral information was sought primarily to provide a 
molecular mass and a Kngerprint' of each compound. Therefore, little more than the m/z 
of the parent ion, perhaps along with masses of a few other prominent ions, devoid of 
interpretation, was offered. The compounds which were reported have structures 74-97. 

(74) rn = 1 : 5-Styryl-2-thioxo-l,3-thiaselenoless 
(75) rn = 2: 5-(4-Phenyl-1,3-butadienyl)-2-thioxo-1,3-thiaselenoless 

0 

(76) 
Methyl 2-amino-3,4,5,6-tetrahydr0-4-0~0-2H-l, 3-selena~ine-6-carboxylate~~ 

(77) R' = H, R2 = Ph: 6-Phenylselenolo[3,4-dl [1,2,3]thiadiazoles0 
(78) R' = Ph, R2 = H: 4-Phenylselenolo[3,4-dl [1,2,3]thiadiazoleso 
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CH2SeC(=NH)NH2 

(79) 
4-Isoselenoureidomethyl-5-benzoyl-[ 1,2, 3]thiadiazole5 

(80) 
4-p-Methoxyphenylselenolo[3,4-b]benzofuran5 ' 

0 

(81) 
R' = R2 = H: Methyl 2-imino~3,4-dihydro-4-oxo-2H-1,3-selenazine-6carboxylate49 

R = RZ = Ph: Methyl 2-phenylimin0-3-phenyl-3,4dihydro-4-0~0-2H- I13-selenazine-6- 
carb~xylate~~ 

(82) 
2-Phenyl-4,10-dihydro-lO-oxo[ 13 
benzoxepino[ 3,4-JJselenazole ' 

(83) 
Dimethyl 4-p-tolylselenophene-2,3-di~arboxylate~~ 

p-To1 C=C -Se -C(CO,Me)=CHCO,Me p-To1 C =C -Se-CH =CHC02 M e  

Dimethyl 2-(2-p-tolylethynylselenomer- Methyl cis-3-(2-tolylethynyIselenomer- 
capto)- 1,2-ethenedi~arboxylate~~ capto)a~ryiate~~ 

(84 (85) 
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R' 

Se 

(86) R' = CH,Cl, CH,OH, HCO; R2 = Ph: 2-Phenyl-4-chl0romethylselenazole'~ 
(87) R' = CH,OH, R2 = Ph: 2-Phenyl-4-hydroxymethylselenazole53 
(88) R' = CHO, R2 = H: 2-Phenyl-4-forrnylselena~ole~~ 

C02 E t 
H 

(89) 
Ethyl 2-phenylpyrrolo[3,2-d]selenazole-5-carbo~yIate'~ 

LQ Ph 

(90) 
6-Phenylselenolo[3,4-d-Jthiazoles * 

(91) R = Ph, X = CHC0,Et: 2-Phenyl-w-carbethoxy-l,4-thiaselenafulvene54 
(92) R = CHMe,, X = NPh: 5-Isopropyl-2-phenylimino-l,3-thiaselenole54 
(93) R = Me, X = NC0,Et: 5-Methyl-2carbethoxyimin0-1,3-thiaselenole~~ 

(94) 
4-Carbethoxy-2-selenoxo-l ,3-dithioleS6 
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(95) R' = CO,Et, R2 = H: 5-Carbethoxy-2-thioxo-1,3-thiaselenole56 
(96) R' = H, RZ = C0,Et: 4-Carbethoxy-2-thioxo-1,3-thiaselenole56 

Et20C 

(97) 
4-Carbethoxy-2carbethoximino- 1,3-thia~elenole~~ 

X. Organometallic Compounds lnvolvlng Transitlon Metals 

Chaudhuri and  coworker^^^-^^ carried out mass spectrometric studies of a class of 
compounds which involve chalcogen together with manganese and iron carbonyl 
species. In the case of species of the general formulae Fe,(CO),X,(X = S, Se) and 
Fe,(C0)9X; (X' = S,  Se, Te), the parent ion appeared in all cases; its abundance increased 
with the atomic weight of X or X' but was much greater for the diiron species than for the 
trisiron ones. In all cases, the base peak was provided by the ions resulting from the 
complete shedding of CO molecules and with iron and chalcogen atoms retained. 
Thereafter, progressive losses occurred, first of X, then of Fe for Fe,X;, or of Fe, then both 
X and another Fe ultimately resulting in monatomic FefgO. These results were well 
supported by studies of metastable species. 

In the case of the species [Mn(CO),SeCF, J, and [Fe(CO),SeCF, JZg1  the molecular ion 
was observed and successive losses of six carbonyl groups led to (CF,Se),Fe,. An ion 
corresponding to CF,SeFe,F+ indicated occurrence of a transfer of F from C to metal; 
this turned out to be standard in the decomposition of these compounds. A different 
placement of the charge led to SeCF: ' which appeared as 'one of the strongest ions' in the 
mass spectra of these two metal carbonyl species. 

For CF,SeFe(CO),C,H,, a similar pattern was followed. Beginning with the parent ion, 
progressive losses were observed as follows: - CO, - CO, - SeCF,, - F, - C,H, and 
- C,H3. Chaudhuri and his coworkers9* presented a thorough mass spectrometric 
study of compounds of the class [CF,XMn(CO)J,, [CF,XFe(CO),], (X = S, Se), 
CF3SeFe(C0),C,H, and CF,SCr(NO),C,H,. Low-abundance molecular ions 
were observed for both the [CF,XMn(CO)& compounds. The molecular ions lost three 
CO groups in a single step, another CO, and then XCF, with an accompanying F atom 
shift to the Mn. The resultant fragment, [CF,XMn,(CO),F]+ lost the remaining CO 
groups stepwise, then another XCF, unit which gave [Mn,F,]+'. This lost its F atoms, 
one by one, then an Mn atom leading to the Mn+ ion. Little distinction between the S and 
Se cases was to be noted. 

were again present but sparse. The preferred decompositions proceeded via the 
progressive loss of all six CO groups and progressive loss of XCF, groups, leading to 
species containing only Fe and F atoms: [FezF2]+'+ [Fe,F]+ -+ [Fe]+. 

For the iron compounds [CF,SFe(CO),], and [CF3SeFe(C0),]2, the molecular ions, 
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111. SUMMARY 

An examination of the mass spectra of organic Se and Te compounds presents the 
opportunity to test whether their chemical properties can be understood in analogy with 
those of corresponding 0 and S analogues. In general, smooth variations occur for the 
reactivity of gas-phase radical cations. Starting with alkyl selenide radical cations, 
RSeR", losses of R to give RSe+ and hydrogen rearrangements to yield RSeH'' are 
foreshadowed by the chemistry of S analogues, but these reactions are not seen when S or 
Se is replaced by 0. Diselenides and ditellurides react similarly to disulphides. The aryl 
alkyl chalcogenides ArXR, constitute a useful system for making detailed comparisons. 
For PhXMe, the propensity for loss of CH,X smoothly drops whereas production of 
PhX+ smoothly increases as one goes from 0 to Te. For PhXEt, the common 
rearrangement to expel C,H, is dominant for X = 0, but is barely detectable for X = Te. 
Replacement of 0 with Se or Te presumably opens up new low-energy pathways, such as 
formation of PhX + . 

The ability to expel X increases smoothly from X = 0 to X = Te for ArXAr, a process 
which may be viewed as a reductive elimination and which occurs commonly in the 
fragmentations of Se and Te compounds. As expected, the elimination is only important 
for compounds containing the more metal-like chalcogens. 

Periodic variations are also seen for cyclic chalcogenides. Notable is the smooth 
decrease in the facility of98 to undergo cycloreversion reactions to expel CHzO or C3H60 
as X is varied from 0 to Te. 

( 98) 

Various oxidized organoselenides have been extensively studied, and examples include 
selenoxides and selenones. Noteworthy is a facile rearrangement which usually involves 

PhSe( = O)Me+ Ph-0-SeMe (39) 
aryl transfer from Se to 0 (equation 39), which is termed as a selenoxide-selenate 
rearrangement. Hints of this rearrangement are found by examining the decompositions 
of the corresponding sulphoxides and sulphones. Oxygen transfer from a nitro group to Se 
followed by the selenoxide-selenate rearrangement may be the explanation for the 
abundant loss of C,H,O from 99. For 99 and related compounds, the variation of 
chemical properties is abrupt rather than smooth as the S-containing analogues show 
absolutely no sign of this interesting rearrangement. This abrupt change, however, 
appears to be an exception, not the rule. 

o-O,NC6H,SeTOl-p (99) 

Examination of the mass spectra of various heteroaromatics also reveals smooth 
variations of decomposition reactions. Loss of CHX smoothly drops off as one proceeds 
from furan to tellurophene whereas the reductive elimination of Te from tellurophene is 
foreshadowed by the fragmentation of selenophene. For benzoselenophene, benzosele- 
nazole, benzoisoselenazole and selenolo[2,3-b]pyridines, reductive elimination of Se is 
always important. The reactions of substituted benzoselenophenes, however, involve 
decompositions which are determined by the nature of substituents rather than the 
presence of the Se. The mass spectra are entirely similar to the corresponding benzofurans 
and benzothiophenes. Apparently, the energy requirement for substituent-driven pro- 
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cesses is lower than that of the reductive elimination. Systematic variations can also be 
found for the mass spectral decompositions of selenadiazoles, 2,Sdiazoles substituted 
with 0, S or Se in the I-position, and other heterocycles. 

Besides the selenone/selenate-type rearrangement, two other rearrangements are 
noteworthy for Secontaining compounds, and they merit further study. The exchange of 
heteroatoms in the S and Se analogues of phthalide (see equation 37) and the C-Se 
interchange which occurs for various selenofulvalenes (see equation 28) are characterized 
by transfer of organic moieties to the Se. An interesting question is whether these processes 
pertain when these species are in solution under one-electron oxidation conditions. 

Final remarks are focused on the mass spectrometric techniques used in the studies 
reviewed here. Most compounds have been ionized by using electron beams and that 
works reasonably well. It is recommended that materials which give low-abundance 
molecular ions be reinvestigated by using newer methods such as field ionization, field 
desorption and fast atom bombardment, or by electron attachment to give radical anions. 
Two reports show clearly the advantages of field ionization and negative  ion^^**^. Many, 
but not all, fragmentation pathways and ion structures are speculative. Future studies 
should include metastable ion measurements, collisional activation and tandem mass 
spectrometry (MS/MS) to remove some of the uncertainties associated with the 
mechanisms given in this review. 
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1. INTRODUCTION 

The heaviest elements of the sulphur subgroups-Se, Te and Po-have been less 
intensively studied than either 0 or S; consequently the radiation chemistry of Se- and Te- 
containing compounds has been less exploited. Nevertheless, the interest in radia- 
tion effects, particularly in Se-containing compounds has increased in recent years, 
as, on the one hand, the identification of radiation damage is helpful in understanding 
the part played by Se in radioprotection, and on the other, such studies enable a direct 
comparison with the more important element S .  The organic Tecontaining compounds 
could be important in relation to hot-atom chemistry. 

II. SELENIUM COMPOUNDS 

A. Antiradiation Effects in Chemical and Biological Systems 

connection with the role played by these compounds as radioprotectors. 
Radiation chemical studies on %containing compounds were recently performed in 

Many chemical substances can act as modifiers of radiation damage (i.e. radioprotectors 
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and radiosensitizers) in chemical and biological systems and it is well known that the most 
important class of radioprotective agents is the S-containing compounds'. 

Compounds in which Se replaces S are also of interest in relation to the phenomenon of 
radiobiological protection. Some chemical and biological features of Se- and S-containing 
compounds appear to be similar, but some differences are ~ b s e r v e d ~ - ~ .  The atomic 
rays and the solvation abilities of S and Se analogues are rather similar. S is a typical 
metalloid and can expand its electron shell, but does so with some difficulty; Se presents 
some metallic properties and the expansion of the electron shells is easier. Their 
compounds are therefore quite different in terms of electronic distribution and chemical 
reactivity. For example, in conjugated systems, the C-Se bond is more polarized than the 
C-S bond. The differences in the bond polarization are reflected in the different 
reactivities of the systems in analogous series of compounds. 

Se-containing compounds are generally very reactive, especially in redox processes. The 
Se-Se bond is less stable than the S-S bond and it is easily cleaved in various reversible 
reactions. In the last few years the biochemistry of Se has also developed extensively due to 
the role of Se as an essential micronutrient element. Recently it has been shown that some 
enzymecatalysed redox reactions require the participation of Se-containing proteins, and 
a detailed review on this subject has been published5. 

Considerations concerning mainly ionization potentials, bond strengths and elec- 
tropositivities suggest that compounds in which Se replaces S should be good radioprotec- 
tive agents. Some attempts made in the past to test this assumption have not always met 
with success. The first Se-containing compound tested for radioprotective ability was 
selenophenol. When administered to mice i.p. (0.2 or 0.4 mg per kg body weight) in olive oil 
10 minutes before X-irradiation, this compound was found by Bacq and coworkers to be 
ineffective6. 

Shimazu and Tappel'** have compared the radioprotection, in model systems, offered 
by the Se-containing amino acids, selenocystine and selenomethionine, with that of the 
known radioprotectors, cystine, 2-aminoethylthiopseudourea dihydrochloride and 2- 
aminoethanethiol hydrochloride. The selenoamino acids were found to protect different 
amino acids and the enzymes ribonuclease and yeast-alcohol deydrogenase against 
ionizing radiation better than the S-containing compounds. The strong radioresistance of 
selenomethionine was attributed to its ability to form stable radical intermediates which 
can combine with free H atoms or electrons to restore the molecule.to its original state. 

This behaviour could be linked to the biological role of Se and in particular to its 
antioxidant action. However, in these and in other in uitro experiments, the Se levels were 
very much higher than those commonly present in normal tissues and cells and often the 
pH values were outside the physiological rangeg. 

In other related experiments, Dickson and Tappel" explored the effects of the 
selenoamino acids, as compared to the analogous thioamino acids, on the activation and 
the activity of the sulphydryl enzymes papain and glyceraldeyde-3-phosphate dehy- 
drogenase. They observed that the selenoamino acids bind reversibly to the thiol groups of 
the enzymes to form substrate-displaceable complexes which protect the enzymes against 
oxidative inactivation. 

The synthesis of some potential antiradiation Se compounds, analogues of the well- 
known radioprotective drugs, are reported in the literature: 2-aminoethaneselenol 
(selenocysteamine) hydrochloride ' ', bis(2-aminoethyl) diselenide(se1enocystamine) di hyd- 
rochloride' 'p", 2-aminoethaneselenosulphuric acid' ' and 2-aminoethyl seleno- 
pseudourea dihydr~bromide'~. None of these compounds showed any protective 
activity3. 

The radioprotective activities of ~elenourea'~ and of selenocystine, selenomethionine, 
selenoxanthene, selenoxanthone, selenochromone and colloidal Se' in rats exposed at 
sublethal (600 R), lethal (750 R) and superlethal doses (900 R) have been reported. All these 
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substances show activity similar to that of cysteine and, in some instances, superior to it. 
This results in reduction in mortality, of some clinical symptoms of radiation injury and of 
the severity of haematological syndrome (depression of white cell count and of 
neutrophiles in blood). Moreover, other experiments have shown that the preadminis- 
tration of selenourea in rats modifies favourably other biochemical changes induced by 
ionizing radiationI6. 

The parameters investigated in the last paper were the total protein content and the 
protein pattern of serum and some changes in the activity of plasma enzymes like alkaline 
phosphatase (AP), glutamate oxalacetate transaminase (GOT) and glutamate pyruvate 
transaminase (GPT). 

The distribution of '5Se after 6 hours to 14 days from labelled selenourea in rat organs 
has been determined after i.p. administration''. The distribution of ''Se varied depending 
upon the amount of Se and was strictly related to the physiological activity of the organs 
and to the catabolism of selenourea. At the highest levels of administered selenourea, 
chemical and radiochemical toxicity phenomena were observed'*. 

The rates of incorporation of seleno analogues of cystine, methionine, cystamine and 
taurine, as well as their toxicities have also been investigated in  rat^'^.^^. Generally, the 
highest values of incorporation of all the tested compounds occurred in the liver with a fast 
metabolic exchange, while the blood values remained practicallly constant from three 
hours to one week. The toxic effects were estimated from the survival, the general clinical 
conditions and the qualitative changes in the components of the red and white blood-cell 
series. 

With selenourea, selenocystine and selenomethionine the retention of Se in blood 
constituents and its distribution at the subcellular levels of the liver have been s t~d ied '~ .  
For all compounds the blood radioactivity was concentrated in the red cells, while that in 
the plasma was low. In the subcellular fractions of the liver, the "Se was distributed 
mainly in the non-protein-soluble fraction, in the microsomes and in the nuclei. There was 
practically none in the protein and in the mitochondria. The microsomes should be the 
initial point of Se incorporation into proteins and should therefore be the first to utilize the 
organoselenium compounds and the elementary Se. The high activity of the nuclei was 
probably due to elementary Se formed by decomposition of the compound and 
precipitated with the nuclear fraction. The radioactivity of the soluble fraction was due to 
the presence of intact organoselenium compounds, as tested by chromatography. 

Inorganic seleno compounds have also been reported to exhibit radioprotection in 
animals. Sodium selenate, when administered to rats one hour postirradiation (800 R) at 
4.2-4.6 mg/kg i.p., followed by an additional 80% subcutaneously, resulted in the survival 
of all the animals". Sodium selenite, administered per 0s to male Swiss albino mice, using a 
dose of 0.05 mg/kg day for ten consecutive days prior to their 500 R irradiation, increased 
their survival rates in the 15th day after irradiation". Other experiments have 
demonstrated the protective effects of Se against teratogenic and carcinogenic effectsz3. 

The radioprotective characteristics of sodium selenite on rats have also been 
investigatedz4. It was ascertained that the sodium selenite in combination with vitamins A 
and E has radioprotective ability. The greatest protective effect was achieved by 
introduction of the combination of sodium selenite with the vitamins A and E half an hour 
before irradiation. The possible mechanism of the radioprotective effect has been discussed 
on the base of the antioxidizing characteristics of Se and vitamin E and on their influence 
on the subcellular particles, specifically on lysozomes. 

The radioprotective properties of Se in 2-amino ethylisoselenouronium bromide- 
hydrobromide, 2-aminoselenoazoline and the Se analogue of mercaptoethylguanidine 
were investigated in white mice''. A radioprotective effectiveness, comparable with 
classical thiol radioprotectors, was manifested by 2-aminoselenoazoline. In the other two 
compounds, on the contrary, a synergism of toxicity and radiation was observed. 



290 Roberto Badiello 

The time dependence of the distribution of 75Se-labelled 2-aminoselenoazoline in the 
organisms of rats and mice was followedz6. By comparison of the results obtained with the 
previous study of radioprotective properties of this compound, its efficiency was shown to 
be dependent on the actual concentration in tissues. 

Se-containing compounds have also been reported to act as radioprotectors in cellular 
and molecular systems. 

The ability of various Se heterocycles to protect ATP from losing orthophosphate on 
irradiation has been studied by Brucker and Bulka”. Only 2-amino-4, Sdimethyl- 
selenazole hydrochloride acted as radioprotector. Other 2-aminoselenazoles, as well as 
selenocarbazide and acetoselenosemicarbazone, did not show any radioprotective ability 
for Phycomyces blakesleeanus, but on the contrary showed some sensitizing effect28. 

Selenourea has been reported to protect amino acids from radiation damage in aqueous 
solution and in the solid state” by serving as an effcient free-radical scavenger3’. Similar 
behaviour in selenourea, as well as in selenocystine and selenomethionine, was observed 
for enzyme systems, i.e. r i bon~c lease~~  and yeast-alcohol dehydr~genase~,. 

The inactivation of ribonuclease was strongly reduced by the presence of the Se- 
containing additive. In view of the high reactivity of selenourea, selenocystine and 
selenomethionine with primary water radicals, as deduced from the radiation chemical 
data, the radioprotective effect could be explained on the basis of a simple competition 
between organic Se compounds and ribonuclease for the radicals themselves. 

In contrast with the results obtained from multicellular systems, when cultures of E.  coli 
B/r were irradiated in the presence of selenourea, they show an increased survival when 
irradiated in air, and the opposite effect in nitrogen33. The anoxic sensitization was 
explained by the presence of colloidal Se which is the main product of selenourea 
radiolysis, while selenourea itself is a most active protector in the presence of 0,, 
confirming the general trend found for Se-containing compounds in mammalian systems. 
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FIGURE 1. Survival of E .  Coli B/r irradiated with X-rays in the presence of colloidal Se: 
0-0 control and 0-0 colloidal Se in N,, A-A control and A-A colloidal Se in air. 
Reproduced with permission from Ref. 33 
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TABLE 1. Radioprotective elfects of Se-containing compounds on various biological systems 
~ ~ _ _ _ _  

Compound Test system End-poin t Ref. 

Selenocystine, 
Selenomethionine 

Selenourea 

Selenourea 

Selenourea, 
Selenocystine, 
Selenomethionine 
Selenocyanate 

Selenium dioxide 

Colloidal Se 

2-Amino-4,5dimethyl- 
selenazole; HCI 

Selenourea 
Colloidal Se 
2-Aminoselenazoles, 
Selenocarbazide, 

Molecular 
Amino acids 
Enzymes (ribonuclease, 
yeast-alcohol-deh ydrogenase) 
Amino acids 

Yeast-alcohol dehydrogenase 

Ri bonuclease 

EnFymes (ribonuclease, 
lysozime, a-chymotrypsin, 
alcohol dehydrogenases) 
Enzymes (ribonuclease, 
lysozime, a-chymotrypsin, 
alcohol dehydrogenases) 
Yeast-alcohol dehydrogenase 

ATP 

Cellular 
E .  coli B/r 
E.  coli B/r 
Phycomyces blakesleeamus 

Acetoselknosemkwbazone 

Selenourea Rats 
Multicellular organisms 

Selenourea Rats 

Selenocystine, Seleno- 
methionine, Selenoxanthene, 
Selenoxanthone, Selenochromone 
Sodium selenate 
Sodium selenite 
Sodium selenite 
(+ vitamins A and E) 
Selenophenol 
2-Aminoselenoazoline, 
Selenium-2-aminoethyl- 
isoselenouronium bromide-HBr, 
Selenoethylguanidine 
2-Aminoethaneselenol 
(selenocysteamine). HCI 
Bis(2-aminoethyl) diselenide 
(selenocystamine).Z HCI 
2-Aminoethaneselenosulphuric 
acid 
2-Aminoethylselenopseudourea* 
2 HBr 

Rats 

Rats 
Mice 
Rats 

Mice 
Mice 

Mice 

Mice 

Mice 

Mice 

Chemical degradation 
Loss of catalytic 
activity 
Chemical degradation 
and inhibition of 
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Figure 1 shows the sensitizing activity of colloidal Se on bacterial systems. In particular 
the data emphasize that colloidal Se has no effect in air but it shows appreciable 
sensitization in the absence of 0,. Although colloidal Se does not appear to have any 
possible practical application, mainly because of its toxicity and instability, it exhibits a 
type of radiosensitization which could contribute to an understanding of mechanisms of 
anoxic ~ensit ization~~. Colloidal Se forms as the result ofchemical and physical actions on 
aqueous solutions of selenourea. The hydrosols of elementary Se are made up by micellae 
which may contain different numbers of atoms. The micellae tend to grow sedimenting 
amorphous red Se which then goes over into the grey form. The elementary Se particles are 
rather unlikely to be involved in an intracellular sensitization mechanisms just because of 
their size, and therefore one is inclined to postulate an extracellular mechanism in which 
the free-radical cleavage and reformation of -Se -Se- bonds is likely to play a role. The 
sensitization is probably due to the formation, from irradiated colloidal Se, of short-lived 
species acting in processes occurring extracellularly. 

It should be noted that the two inorganic secondary radicals(CNSe),- ’’ and SeO,- 36, 

derived from the radiation-induced oxidation of CNSe- and SeO,, show on the 
inactivation of some enzymes a dose-modifying effect which is related to the specificity of 
attack of the secondary radical towards certain amino acids and to the structure of the 
protein i t ~ e l f ~ ’ . ~ ~ . ~ ’  (see also Section 1I.B). 

A series of 2-substituted selenoazolidines have been synthesized as potential radio- 
protective agents”. 

A comprehensive survey of the radioprotective activity reported so far for a variety of 
systems of different biological organization and end-groups is given in Table 1. With 
multicellular organisms only a few compounds have apparently been tested. However, one 
can try a tentative extrapolation to such organisms, based on the information concerning 
mechanisms of action obtained with molecular and single-cell systems. 

B. Radiation Chemistry of Selenium Compounds 

Understanding of the radiation chemistry of Se-containing compounds is especially 
important in order to explain their role in radioprotection and to permit a comparison 
with the S analogues. Identification of the transient species and radiolysis products arising 
from Se compounds and knowledge of the nature of their reactions with biologically 
interesting compounds should help to explain the radioprotection offered by these 
compounds. 

All these studies are far from being exhaustive since the instability of many Se 
compounds with consequent analytical difliculties does not permit accurate experiments 
of steady-state radiolysis. 

The most suitable techniques for studying such systems are pulse radiolysis and electron 
spin resonance spectroscopy and most papers deal with these subjects. In particular, pulse 
radiolysis uses a short intense pulse of radiation to induce the initial physicochemical 
damage and fast recording techniques (i.e. absorption kinetic spectrophotometry with 
oscillographic output) to investigate the short-lived chemical species produced and to 
follow their subsequent reaction pathway40. 

Unlike photochemistry, where the incident energy is absorbed by a particular 
chromophore, the absorption of ionizing radiation energy occurs non-selectively and, in 
dilute solution, exclusively by the solvent. The most important transient species formed in 
water or in aqueous solutions are O H  radicals, H atoms and the hydrated electron (e;), 
which are the precursors of the subsequent chemical damage. 

When aqueous solutions of Se-containing compounds are pulse-irradiated, an intense 
transient absorption with a maximum from 380 to 450nm is produced (Figure 2). In all 
cases this absorption is attributed to radicals where Se atom (or atoms) is (or are) involved. 
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( f )  selenium dioxide36. A spectrum similar to (c) was obtained in the case of selenoethi~nine~~. 
Reproduced with permission from the above references 
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Radicals which absorb in a similar spectral region have been identified for S-containing 
corn pound^^^. 

The most studied and best understood is the radiation chemistry of selenourea4'. The 
main results obtained from pulse radiolysis of selenourea are summarized in Table 2, 
which gives the features of the transient absorption spectra, Table 3 which gives the 

TABLE 2. Transient spectra on irradiation of selenourea solutions 

Transient absorption maximum 410nm 

Effect of N 2 0  on absorption 
Effect of acid pH 
Effect of 0, 
Effect of OH scavenger 
Effect of solute 

Extinction coeficient (410 nm) 8.7 I 0 3  
Increased by a factor of 2 
Increased by a factor of 2 
Reduced by a factor of 0.2 
Strongly reduced 
Not in accordance with a 
radical scavenging process 

TABLE 3. Characteristics of the 410 nm absorption decay in selenourea pulse radiolysis 

Always second order in N,O-saturated and neutral solution 

The rate increases as the ionic strength increases 
No effect of hundredfold increase in selenourea concentration 
Nearly second-order in N,-saturated and neutral solution 
(k= 1.4 X ~ o ' o M - l S - l )  
Pseudo-first-order in 0,-saturated solution, 
(average value of the bimolecular rate constant between the transient and molecular oxygen,(k = 1.2 

(k=5.7 X 1 0 9 M - 1 S - 1 )  

X I o * M - ' S - ' )  

TABLE 4. Rate constants for the reaction of selenourea with primary water radicals" 

Reaction Method used to determine k k ( M - ' S - ' )  

Selenourea + e; Decay of e& at 700nm, in 
N,-saturated, neutral solution 

N,O-saturated, neutral solution 
Competition with EtOH in N,O- 
saturated, neutral solution 

N,O-saturated, neutral solution 

4.0 x lo9 (independent 
of pH in the range 6-1!) 

6.8 x lo9 

Selenourea + OH Competition with CNS-, in 7.2 x 109 

Competition with MeOH in 6.5 109 

Bleaching at 250nm 6.9 109 
Direct build up of 410nm 5.5 109 

Competition with EtOH in N,O- 

absorption in N,O-saturated, 
neutral solution 

saturated, neutral solution 
Competition with MeOH in N,O- 
saturated, neutral solution 
Direct build up of 410nm 
absorption in N,-saturated, 
acid and concentrated solution 

7.5 x 108 

6.4 x los 

6.3 x lo8 

Selenourea + H 

'Reproduced with permission from Ret 41. 
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characteristics of the transient absorption decay and Table 4 which gives the rate 
constants for the reaction of selenourea with primary water radicals. 

From the above data and from the data in the tables both the OH radical and the 
hydrogen atom give rise to the same radical species when reacting with selenourea. The 
radical formed by this reaction with a strong absorption band at 41 Onm is shown to be a 
charged complex involving two selenourea molecules. 

The reaction involves the abstraction of one H atom from the -SeH group of the 
pseudoenol form of the compound, followed by the association with another molecule of 
selenourea in an equilibrium reaction (Scheme 1). 

Se Se-H Se' H20 I1 I I 
I /  I OH I + or /"\ -A " A  

H2N N H ~  H2N NH H,N NH H2 

Se-H Se Se-H 

I 
1 +  

HZN NH H2N NH H2N NH 

2 H+ 
2 3  - 

L -1 

Se Se Se 

2 II I I 
HC\ YC\ 

+ 
/\ 

H2N NH2 HN NH2 HN NH2 

SCHEME 1 

The radical species decays with the reformation of two selenourea molecules and the 
formation of the condensed dimer. The latter is very unstable and serves as a precursor of 
the red Se found under all experimental conditions. 

The structure of %a'-diselenobisformamidinium cation, derived from selenourea 
oxidation product has been determined by X-ray structural analysis4'. 

Table 4 shows the high reactivity of selenourea towards the primary radicals of water 
radiolysis. Selenourea is superior to urea and thiourea in competing for these free radicals. 
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The order of reactivity with radicals in the series of ureas seems to parallel their known 
radioprotective activity in biological systems. The ability of a secondary radical to form a 
relatively inert complex may also have some bearing on the protective eficiency of the 
parent molecule. 

The high reactivity of selenourea with free radicals is also found in the irradiation of 
organic compounds in the solid state, where the presence of selenourea suppresses the 
formation of stable free radicals by an amount proportional to its concentration2’. The 
fact that neutron activation has proved a good method for labelling selenourea with” Se 
with high yield48, although the recoil of the (n, y) reaction has sufficient energy to break the 
Se-C bond, reflects the efficiency of Se as a radical scavenger. 

Gamma and pulse radiolysis of selenoamino acids have been reported and mechanisms 
of the radiation-degradation processes can be suggested. 

Table 5 shows some radiolytic products derived from y-irradiation of s e l e n ~ c y s t i n e ~ ~ * ~ ~ .  
The main product is elementary Se, which is produced with a yield proportional to 
selenocystine decomposition. Some amino acids not containing Se are present, as well as 
the oxidation product selenocysteine seleninic acid (4). Deamination and decarboxylation 
reactions occur but they have not been followed quantitatively. 

coo- 
l +  

HC-NH3 
I 
CH* 

I 
CH2- Se02H 

(4 1 

Tables 6 and 7 show some radiolytic products derived from y-radiolysis of seleno- 
methionineS0.’ I .  The main radiation-degradation reactions of selenomethionine include, 
in addition to decarboxylation and deamination, reactions leading to cleavage of the Se 
bonds accompanied by formation of volatile compounds, as well as recombination 
reactions, which prevail in a nitrogen atmosphere. In oxygen, oxidation reactions take 
place on Se, on the carbon skeleton and on the cleaved groups, 

Some of these degradation products have been found, although to a lower extent, during 
the storage of radiopharmaceutical selenomethionine labelled with ”Se, due to self- 
radiolytic p r o c e ~ s e s ~ ’ * ~ ~ .  

The pulse radiolysis results demonstrate the high reactivity of selenocystine and 
selenornethionine with the hydrated electron and the hydroxyl radical The rate constants 
(Table 8) are higher than for other aliphatic amino acidss3 and are of the same order of 

TABLE 6. Radiolytic products from ji-irradiation of selenomethionineSo 

Deaerated solution N,O-saturated solution 0,-saturated solution 

G(-selenomethionine) = 1.4 G(-selenomethionine) = 5.2 G(-selenomethionine) = 5.7 
Ammonia (G = 0.52) 
Selenohomolanthionine (No other product was tested) Selenomethionine oxide 
Selenohomocysteine Homoserine 
Me,Se Aspartic acid 
Me292 Methylselenous acids 

Ammonia (G = 1.2) Ammonia (G = 1.5) 

Selenous acids 
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TABLE 7. Radiolytic products from y-irradiation of selenomethionine (1 Mrad)" 

Deaerated solution Air solution 

Undestroyed selenomethionine (30%) 
Inorganic Se and highly oxidized 
selenomethionine (7.0%) selenomethionine (1 5%) 
Selenomethionine oxide (43%) 
Other decomposition products (5.0%) 

Undestroyed selenomethionine (30%) 
Inorganic Se and highly oxidized 

Selenomethionine oxide (1 1%) 
Other decomposition products 
(negligible at this dose and about 10% at 2 Mrad) 

TABLE 8. Rate constants for the reaction of ea; and OH with selenoamino acids 

Reaction PH Method used k(M - I S - I )  

Selenocystine + e;q 6.0 Decay of ea; at 700nm 
11.5 

7.6 x 109 
3.9 109 

Selenomethionine + en; 7.0 Decay of ea; at 700 nm 1.8 x 109 
Selenocystine + O H  7.0 Direct build-up of 1.0 x 10'0 

the transient absorption in N,O 
7.0 Competition with CNS- in N,O 
7.0 Direct build-up of the 

transient absorption in N,O 

1.7 x 1 O l o  
1.3 x 1O'O Selenomethionine + OH 

Ref. 

42 
42 
43 
42 

- 

42 
43 

magnitude of those of thioamino acids54. The compound selenodicysteine shows similarly 
a high rate constant for scavenging OH radicals55. 

The product of the reaction of ea; with selenomethionine has no significant absorption 
in the ultraviolet and visible region. The most likely reaction of ea; with selenocystine 
occurs a t  the -Se-Se- group and gives rise to a transient absorption with a 
maximum at  400nm. The reaction scheme is shown in Scheme 242. 

1st order 
RSeSeR + e& + RSeSeR A RSe' + RSe- 

OH 
2 R S e  + RSeSeR 4 RSeOH + RSe' 

SCHEME 2 

The electron adduct decays in an equilibrium reaction and the radical RSe' is 
responsible for the absorption peak at  460nm A back-reaction should occur with 
reformation of selenocystine and this would explain the low values of G( -RSeSeR) 
in y-radiolysis experiments. 

As OH radicals also generate a transient absorption at  460 nm, a possible mechanism is 
indicated in Scheme 2. Such mechanism is in conformity with the y-radiolysis experiments, 
as RSeOH could be the precursor of the Se analogue of cysteine sulphinic acid. 

In the case of selenomethionine, the OH attack occurs at the Se atom with the formation 
of transient absorption at 380 nm. 

The decay of this radical is complex due to  the existence of concurrent reactions, and it 
requires a special kinetic treatments6. The exponential decay observed at  low doses may 
be due to a unimolecular decomposition or to an internal rearrangement; the bimolecular 
reaction, observed at  high doses, probably involves neutral radicals. 

In conclusion, from the steady-state and pulse radiolysis data, the degradation of both 
selenoamino acids is mainly due to OH attack; meanwhile the eag are partially 
scavenged by Se atoms with less damage to the molecule. 



8. Radiation chemistry 

TABLE 9. Radical yields by X-ray irradiation of 
thio- and seleno-amino acids at 295 K and 100 K" 

299 

Compound 295K IOOK 

Cysteine 0.3 1 . 1  
Cystine 2.5 2. I 
Methionine 1 .o 1.7 
Ethionine 1.4 0.8 
Se-cystine 0.02 0.1 
Se-methionine 0.3 0.2 
Se-ethionine 0.4 0. I 

'Reproduced with permission from Ref. 58. 

The relative radiation stability of both selenoamino acids may be ascribed to a repair 
mechanism and to back-reactions during the irradiation process. Likewise in the case of 
selenourea steady-state radiolysis the dose dependence is initially linear with a sharp kink 
at  the higher doses, attributed to a self-repair mechanismz9. 

Of particular interest in this context are the comparative ESR studies by Colombetti and 
coworkers on the radiation resistance of thio- and seleno-amino acids in the solid 
state5'*'*. The formation and the stabilization of free radicals in X-ray irradiated thio- and 
seleno-amino acids have been investigated by ESR in an attempt to identify the main 
radical species present. A low free-radical yield was found in irradiated Se compounds, 
indicating the presence of repair mechanisms (Table 9) The radicals formed in these 
compounds probably react readily with H atoms or electrons, returning to the original 
molecule or  forming non-radical species. Another possibility is that the absorbed energy is 
utilized to  break bonds to Se, which are readily reformed. 

In support of this hypothesis are some polarographic resultssg which demonstrate that 
the dissociation-formation rate of bonds to  Se is higher than for the S bonds. 

Comparison of some spectroscopic properties of selenoamino acids6' with those of their 
thio analogues show important structural modifications which could be related to the 
different reactivity and radiation response of the compounds. 

The substitution of S by Se results in a bathochromic shift of the UV absorption band 
and this is due to  the higher excitability of the unbound electron pairs of the Se atom with 
respect to S. This should favour a greater chemical reactivity for selenoamino acids, as was 
indeed observed in pulse radiolysis for the process concerning the reactivity with water free 
radicals. 

From IR spectra, the substitution of Se for S in methionine/selenomethionine results in 
a weakening of the C-C bonds of the side-chain and of the bond between the heteroatom 
and the Me group. The different radiation response of the two amino may be 
explained in the light of these results. 

The role of some Se-containing compounds in the transfer of excitation energy 
produced by ionizing radiation has also been investigated in order to give a more complete 
picture of radiation effects on such compounds. 

In particular, the technique of pulse radiolysis has been applied to the study of 
luminescence phenomena of the radioprotective compound selenoxanthene in the 
crystalline form6'. The spectral distributions of the radiation-induced luminescence have 
been studied as a function of time and temperature giving information about the 
disposition and the fate of excitation energy produced by ionizing radiation. 
Selenoxanthene is an extremely efficient luminescent material as may be expected from its 
aromatic structure. No fluorescent emission was found following pulse irradiation. Only a 
single sharp phosphorescence peak at  500 nm was observed. An oscillogram of the decay of 
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FIGURE 3. Decay of the phosphorescence from irradiated selenoxanthene at 490nm. 
Sample temperature, 95 K, time-scale 50 p cm-'. Reproduced with permission from 
Ref. 61 

8 

3.8 . I I , I I 

660 720 780 840 900 960 

losir (K-') 

FIGURE 4. Arrhenius plot for the temperature-sensitive phosphorescence de- 
cay of selenoxanthene emission. Reproduced with permission from Ref. 61 
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this phosphorescence is shown in Figure 3. Below 150 K this decay is exponential but the 
half-life is strongly dependent on the temperature of the sample. The emission decay rate as 
a function of temperature can be plotted in the form of an Arrhenius plot as shown in 
Figure 4. 

It is obvious from these data that there must be at least two temperature-sensitive 
quenching reactions in competition with the phosphorescence decay. The activation 
energies for these two quenching reactions were calculated to be 0.77 and 0. I2 kcal mol- I .  

The fluorescent efficiencies of compounds excited by ionizing radiation are in the order 
xanthene > thioxanthene > selenoxanthene, with marked differences between them, 
whereas the phosphorescent eficiences are in the reverse order, The luminescence yields, 
defined as the proportion of the absorbed energy which is reemitted, are shown in 
Table 10. 

The enhanced intersystem crossing within the molecule, promoted by the high atomic 
number of Se, could explain why at low temperature the total luminescence yields of 
selenoxanthene and xanthene are within an order of magnitude but the emission from 
xanthene is 99% fluorescence. At room temperature, the total luminescence yields of 
xanthene and thioxanthene are reduced slightly, while the phosphorescence yield of 
selenoxanthene is dramatically decreased. As intersystem crossing is very fast compared 
with the lifetime of the triplet state the transfer of energy to the triplet state probably still 
occurs but it is followed by dissipation of the energy before light emission. At room 
temperature the triplet energy level of selenoxanthene is also lower than that of 
thioxantheneand many other organic molecules ofbiologicdl interest(i.e. nucleic acids). It is 
possible that the action of Se in radioprotection is to promote the transfer of electronic 
excitation energy away from the initial site of energy absorption to the n,z* triplet states 
associated with the Se atom. On the basis of this hypothesis, the molecule containing the Se 
could act as an innocuous 'energy sink' in some vital part of the cell. 

The ESR technique has contributed to the study of radiation damage in Se-containing 
compounds, giving information on the structure of radicals trapped in irradiated 
molecules. 

Geoffroy studied the irradiation and ESR analysis of single crystals of Ph,SeC16' and of 
diphenylselenone (Ph,Se02)63. The identification of the radicals was made by comparison 
with the homologous thio radicals, and the radiation mechanism aspects were discussed. 

Some radiation-induced Se-containing free radicals have found applications in 
biochemical problems. Radiation-induced oxidizing free radicals have been introduced by 
Adams and ~ o w o r k e r s ~ ~ * ~ ~  and are now used extensively as selective probes in identifying 
sites of radical attack at essential amino acid residues in pro te id6 .  

The primary radicals formed in water radiolysis, e,, OH and H, damage biomolecules, 
and enzymes in particular, in a non-specific way, because these species can attack many 
sites of the molecule. In contrast, secondary radicals, derived from the introduction of 

TABLE 10. Luminescence yields at 95 and 295 K" 

Compound Fluorescence Phosphorescence 

95 K 295 K 95 K 295 K 

Xanthene 6 x 2 x  1 0 - 3  3.5 x 10-5 - 
(2 x 10-5) 

(2.8 x 10-4) 
Thioxanthene 2.5 x 10-3 1.8 x 10-3 4.4 x 1 0 - 3  4.1 x 10-5 

Selenoxanthene - - 3.0 x 10-2 1.0 x 1 0 - 5  
(1.5 x 10-4) 

~ ~~ 

'Reproduced with permission kom Rd. 61. 
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TABLE I I .  Absorption maxima and bimolecular rate constants, k,  with amino acids for Se- 
containing secondary radicals 

k ( M - ' S -  ') 

Radical anion R,,,(nrn) Cysteine Methionine Tyrosine Tryptophan Histidine Ref. 

(CNSe),' 440 6.8 x lo7 < I  x lo7 1 x lo7 I x lo7 < 1 x lo7 35 
SeO, -. 430 - 1.2 x 108 1 . 1  x 109 3.3 x 109 4.3 x 107 36.37 

another solute into the solution which competes as a radical scavenger, can attack specific 
functional groups and could be, therefore, useful reagents for the identification of residues 
related to the biological activity. 

The secondary radicals of different redox properties derived from halide or pseudo- 
halide ions, or from carbonate and selenate ions, have been shown to be of potential interest 
as selective reagents. These ions react with OH quantitatively and rapidly according to the 
reactions: 

X- + OH' + X '  + OH- X- = CI- , Br- , I -  , CNS- , CNSe- 

X'  + x- x2- 

2- 2- 
Y2- + OH' + Y -  + OH- y2- = C O ~  , SeO, 

The secondary radicals derived from the pulse radiolysis of ~elenocyanate~' and 
selenium dioxide36 answer the need for a good selective secondary radical. Table I 1 shows 
the absorption maximum for each radical and the bimolecular rate constants with some 
amino acids. Both radicals present strong transient absorption spectra, so their reactions 
can be observed directly. They react rapidly with amino acids containing residues involved 
in the composition of the active site of enzymes. 

Some of the rateconstants are pH-dependent due to the ionic equilibria in the particular 
amino acids and the solute system36. Furthermore, the absorption spectra of the reaction 
products between the secondary radicals and the amino acids studied by means of pulse 
.radiolysis are typical and characteristic of the precise amino acid involved in the reaction. 

The combination of pulse radiolysis data, i.e. the rate constants and the spectral 
characteristics, and the data derived from the assay of biological activity measured under 
comparable conditions, can give useful information on the composition of the active site of 
simple and complex enzymes. 

The effects of SeCN 3 5  and SeO, 3 7  on the inactivation of some enzymes (ribonuclease, 
lysozime, a-chymotrypsin, alcohol dehydrogenases, etc.) are consistent with the present 
knowledge of the structure of the catalytic site and of the crucial role played by the amino 
acid residues. 

111. TELLURIUM COMPOUNDS 

The radiation chemistry of inorganic Te compounds has mainly been studied by 
Haissinsky and coworkers6' - 6 9 .  They have described some results on the y-radiolysis of 
acid solutions of Te(~v)  and Te(w). The apparent existence of a 'quasiequilibrium' between 
these two valency states is pointed out and a mechanism of radiolytic oxidation of Te(w) 
and reduction of T~(vI) is proposed. 

The rate constants of the reactions: (1) Te(1v) + OH and (2) Te(v1) + H have been 
determined by competition with the H,O, + OH and H,O, + H reactions: k, = 4.7 x 
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106MM-'s-' and k, = 1.05 x 1O8M-'s - ' ,  respectively. In deaerated solutions neither the 
oxidation nor the reduction is complete, but after a sufficient irradiation a 'quasiequilib- 
rium'state is apparently established. It is shown that this is due tocompetition between the 
Te compounds and the stable radiolytic products (H,O,, O,,H,) for the free OH radicals 
and the H atoms. 

Other detailed studies on the radiation-induced reactions of Te compounds have been 
performed by a Japanese g r o ~ p ' ~ * ~ ~ .  y-ray-induced reactions of Te(1v) and Te(vr) in 
sulphuric acid solutions have been investigated by using double tracers for the element7l. 
The results are interpreted on the basis of reactions of solutes with H, OH, H, and H,O, 
which are the primary species in acid solutions. The direct absorption of y-rays in H,SO, is 
neglected as the concentration of H,SO, is much lower than that of water. The 
experimental data support a sequence in which the unstable valence states Te(ri1) and 
Te(v) play an important role in the reaction mechanisms. 

The radiation damage of solid TeCI, irradiated by fast protons (600MeV) was 
investigated by the use of the combined methods of microfiltration and neutron activation 
analysis7,. The results indicate that the radiolytic decomposition is negligible compared to 
other types of decomposition (i.e. thermal effects). The final products of any decomposition 
of solid TeCl, may be TeCl,, elementary C1 and elementary Te. As the dichloride probably 
does not exist in the solid the amount of elementary Te in the tetrachloride is a 
measure of the degree of decomposition of this compound. An estimation of the pure 
radiolytic decomposition shows good agreement with the experimental data. 

The organotellurium compounds are of potential importance in the chemistry of hot 
atoms. Te has several radioisotopes, which can be prepared artificially and can be utilized 
to study the chemical effects associated with nuclear transformations such as (n,y) 
reactions on lz6Te, "*Te and '"Te, isomeric transitions (lz9Te m + 129Te) and 8- 
disintegration of 13'Tem, 13'Te and I3'Te. 

It is well known that nuclear processes are associated with radiolysis of the target during 
irradiation inside the reactor or with the effect of rays emitted during the nuclear 
disintegration or the nuclear deexcitation. 

These facts imply the necessity of a good knowledge of the radiation resistance of the 
organotellurium compounds. 

Studies of this type have been carried out by Llabador 74*75.  

The role of the energy and charge-transfer processes which occur during the reactions of 
I 3 l I  formed by 8-y  decay of I3,Te in mixtures of '32Te-labelled and unlabelled 
diphenyltellurium (Ph,Te) and dibutyltellurium (Bu,Te) has been determined74. The 
results show that the radiolysis of the organotellurium molecules in the autoradiation 
zone is mainly due to energy-transfer processes involving highly excited states. 

The products formed during the y-radiolysis of Ph,Te, in the pure state and in benzene 
solution, have been analysed by gas chr~matography~~.  In the pure compound, the main 
products are benzene, biphenyl and diphenylditelluride. The yield of the latter decreases 
markedly in the presence of oxygen. In no case is elementary Te found. The proposed 
primary process involves the rupture of a C-Te bond. 

IV. CONCLUDING REMARKS 

The radiation chemistry of Se-containing compounds has been much more investigated 
than that of Te-containing compounds. This fact is explained by the possible role played 
by Se compounds in chemical radioprotection, and by the interest in development of drugs 
that, when given before exposure to lethal ionizing radiation, can prolong the life of the 
irradiated organism. Se-containing compounds are certainly not the best and most 
versatile radioprotective agents. Their toxicity and chemical instability do not permit their 
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practical application. The best and most effective antiradiation drugs are probably those 
containing S in their molecules. 

However, Se compounds d o  show a type of radioprotection which could contribute to 
an understanding of phenomena of radiobiological interest. These compounds exhibit 
radioprotective ability in many chemical and biological systems, but it is not known 
whether they act by the same mechanism at all levels of organization. 

Since free-radical mechanisms involving transient species from Se compounds acting on 
chemical or biological structures are important in the radiobiological phenomena, the 
radiochemical investigations have contributed to the elucidation of these mechanisms. In 
particular the studies on the pulse radiolysis of some Se-containing organic molecules 
have shown thechemical nature and reactivity offree radicals which could be active in the 
radioprotective events. However, our knowledge of the radiobiology and radiochemistry 
of Se compounds is quite incomplete and most of the different aspects of the field are 
still wide open to investigation. 
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1. INTRODUCTION 

Since the discovery of selenium by Berzelius some 150 years ago its organic chemistry has 
developed considerably, especially in the years 1920-1950 and during the last decade'**. 
It has been recognized only recently that divalent Se is able to stabilize positively charg- 
ed, negatively charged and radical centres located at the a-position. Therefore, selenium 
closely resembles in this respect its congener sulphur. While a-selenocarbanions have 
already proved to be extremely useful synthetic intermediates, the use of their cationic 
and radical counterparts is currently under investigation. The aim of this chapter is to give 
an overview of what is presently known about Se-stabilized carbenium ions and radicals. 

301 
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II. SELENIUM-STABILIZED CARBENIUM IONS 

A. Cyclic Selenocarbenium Ions 

Besides being cyclic all these cations have the common feature of containing additional 
structural features which contribute to their stabilization. Some of them are aromatic in 
the sense that they formally possess a delocalized a sextet; others bear substituents such as 
-NH, or -NMe2. 

1.  7,2- Diselenolylium ions 

The 3,5-diamino-1,2-diselenolylium ion (1) was described first’ in this series. It can be 
prepared in 76% yield by iodine or iron (m) chloride oxidation of diselen~malonamide~ in 
ethanol solution (equation I )  and isolated as a ~ $ 1 0 ~  crystalline solid. Both the chloride 
and iodide salts are so stable that they decompose (without melting) only when heated to 
200 “C. 3,5-Dimethyl-1,2-diselenolylium salts (2) have also been prepared by a 
completely different m e t h ~ d ~ . ~  (equation 2). 

I, or FeCI3 
_____* 

Se- Se H2N wNH2 EtOH / 4 0  OC 

Se Se 
(1 )  

M e p ( M e  1- (2) 
1. NiCq/HCl /MeOH/Et I 

2. H,Se / 0 OC .... 
Se - Se 

(2)  
MewMe 0 0  

The close similarity of the spectral properties of cations 1 and 2 to those of the 
corresponding 1,2-dithiolylium systems3-’ led the authors to the conclusion that the two 
types of cations must also have similar structures. Table 1 illustrates UV and a few of the 
IR absorptions of 2 as compared to those of the 3,5-dimethyl-l,2-dithiolylium ion (3). 

Me +Me ..... 

s-s 

The crystal structures of several differently substituted 1,2-dithiolylium cations have 
been determined l .  These ions all appear to be planar with all the ring-forming bonds 
being intermediate between single and double bond lengths’ ‘*I2. The close structural 
similarity between 2 and 3 suggests therefore that 1,2-diselenolylium ions also have 
delocalized 6 a electron structure. Presumably, the relatively high thermal stability of 1 
and 2 as well as their inertness towards halide and alcohol nucleophiles are also due to this 
aromatic character. It is worth noting in this connection that non-empirical calculations 
using linear combinations of gaussian orbitals on the parent 1,2-dithiolylium cation’’ 
have shown that almost all the positive charge is shared by the S and H atoms and quite 
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TABLE 1. [R and UV absorptions of 2 and 3 

1 ~ 5 . 7  UV"6 

3 2 3 2 

i(cm-') Assignment t(cm-') Assignment A n a x  logs Amax log& 

1476 v(C-C) 
1318 v(C-C) 
1232 &C-H) 
1204 v(C-CH3) 
1092 v(C-CH3) 

-t v(c-S) 
697 v(C-S) 

1465 v(C-C) 

1240 6(C-H) 

1000 v(C-CH3) 

1340 v(C-C) 265 3.89 300 3.15 

1170 v(C-CH3) 288 4.00 320 3.81 

+ v(C-Se) 
600 v(C-Se) 

"In l~ HCI solution 

surprisingly, all the ring C atoms bear net negative charges. Again, if a similar situation 
holds for 1,2-diselenolylium systems, i t  explains their lack of reactivity towards common 
nucleophiles. 

2. 1,3-Diselenol-2-yiium ions 

Two methods are now available for the preparation of I,3diselenolylium salts (4). 
Meier and M e n ~ e l ' ~  obtained a precursor of 4 by photolysis of 4-carboethoxy-1,2,3- 

HCIO, i 

SCHEME 1 
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TABLE 2. Selected 'H-NMR data for 1,3-dichalcogenolylium ions 

(7) 

!% 3.10' 

9.4sf ..: 
Se 

8.0 

(21) 

8.1- 8.2 

(22) 

7.95-8.90 

(23) 

In SO2 solution, external (capillary) SiMe,.I8 
CDCI, internal SiMe4I6, 

H,CF-SbF,-SO, at -40°CLB. 
'In FS0,H-SbF,-SO, at -60°C'a. 

'Stable iodide salt in SO, solution at -40°C18. 
'In DMSO-d,I6 

*In FS0,H-SO, at - 70°C18. 
'In CD,CN at room temperature". 

In FS0,H-SbF,-S0,CIF at - 80°C1s. 
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selenadiazole; the sequence is outlined in Scheme 1. However, perchlorate 4 
decomposed during NMR measurements. Changing the protonation medium (CDCIJ 
CF,COOH instead of HCIOJ, as well as the ring substituents, has the effect of slow- 
ing down the decomposition rate sufficiently to permit NMR measurements. Thus the 
trifluoroacetate salts of 2-cyclopentyl-4,5-tetramethyIene-l,3-diselenolylium (5) and 
2-benzyl-4-phenyl-l,3-diselenolylium (6) ions could be observed" in solution. 

The method of Engler and is more versatile with regard to the nature of the 
heteroatoms (S, Se or Se, Se) present in the five-membered ring. However, it is less flexible 
with regard to the substituents on C(4) or C(5)  (Scheme 2). Starting from 1,3-diselenole-2- 
selone (7) or from 1,3-thiaselenole-2-selone (or from 2-thione)' ', I ,  3-diselenolylium (9) or 
1,3-thiaselenolylium salts can be obtained. These compounds appear to be more stable 
thermally than compounds 4, 5 and 6. 

SeMe I -  
Me I 

MeNO, _ _ -  Se A 

Se 

1. Se, CSe, 

2. Ht 
HC=CNo 

>80% (9) 

SCHEME 2 

Although UV and IR absorptions have been providedI6 for some of thecompounds, the 
most relevant information about their electronic structure has been obtained from 'H- 
and I3C-NMR Proton chemical shifts are available for a fair number of 1,3- 
dichalcogenolylium systems (Table 2). Direct comparisons are however difficult, not only 
because data for 1,3-dioxol-2-ylium ions are missing, but also because the solvent effects 
are in many cases too large to be ignored. The most striking examples of this are the 
0.33 ppm difference for the vinyl protons of 13 in SO, or CDCI, solution and the 0.72 pprn 
difference for the vinyl protons of 15 in SO, at -40°C or in DMSO-d, at room 
temperature. Nevertheless, 16 and 9 have been measured in the same solvent and the vinyl 
and methine protons are shifted downfield by 0.77 ppm and 2 ppm, respectively on going 
from 16 to 9. It has been concluded'6 that the greater displacement to low field of the 
methine proton is a consequence of more positive charge being on C(2) in 9 than in 16, and 
that resonance structures B and C are less important than A in the case of 9 compared 
with 16. The picture is less clear however, if one compares other pairs of data in Table 2. 



312 Laszlo Hevesi 

A B C 

Conversion of vinylene carbonate (10) to the cation 12 brings about a downfield shift of 
1.0 ppm for the vinyl protons. The same transformation results in a downfield shift of ca. 
1.6 ppm for the change from 13 to 15 and of ca. 1.35 ppm for the change from 7 to 8. Even 
taking into account the important solvent effects, it seems difficult to rationalize the same 
sort of downfield shift for 8 in terms of dominant resonance structure A. Also, comparing 
the methine proton chemical shifts of 22 and 23 and those of 16, 19 and 9 it is intriguing to 
see that replacement of two 0 atoms by two S atoms brings about the same difference of 
ca. 1 ppm in the chemical shift as does the replacement of one S atom by Se. 

It is not our purpose to deny the better positivecharge-stablizing ability of S compared 
with Se, but we feel that the existing data do not exclude the simultaneous operation of 
rather significant ring current effects through the 0, S and Se analogues. 

On the other hand, Table 3 presents some pertinentI3 C-NMR data for 1,3-dioxol-2- 
ylium and 1,3-diselenol-2-ylium ions. With the exception of 11, 12, 14 and 15 there is a 
general trend of increasing chemical shifts for the C(2) carbon atoms on going from 0 to S 
to Se derivatives. Thus one finds a A6 of 14.5 ppm between 22 and 23,26.3 ppm between 25 
and 5 and 24.2 ppm between 28 and 6. Increasing C(2) chemical shifts point to more and 
more localized and increasing positive charge on that carbon and one could therefore 
conclude not only that the aromatic character decreases in the order 0 > S > Se, but also 
that it is eventually negligible for the thio and seleno cations”. The same sort of 
conclusion is arrived at when one considers A6 values of C(4) carbon atoms in couples like 
10 and 11 or 13 and 14. There is only a small change in C(4) chemical shift on protonation 
of vinylene carbonate (10) and vinylene trithiocarbonate (13). Actually, the largest part of 
the change may be due to a solvent which indicates that in the case of 
trisubstituted ions like 11 and 14 charge delocalization onto C(4) and q5) is indeed 
negligibly small. 

The situation appears even more complicated in the case of disubstituted ions 25,245 
and 6, where A6 - 30 ppm (free of solvent effect) for C(4) of the ion and its corresponding 
precursor. Taking into account the small differences in C(4) chemical shifts between the 
thio and seleno precursors (24,26,27 and 29) it  is difficult to explain the above relatively 
large values solely in terms of localized positive charge on C(2), especially for the Se 
derivatives 5 and 6. 

In summary, the question of charge delocalization and aromatic character of 1,3- 
diselenol-2-ylium ions remains open to dispute until X-ray structure data are available for 
these species. 

3. 7.3-Diselenolan-2-ylium and 7,3-thiase/eno/an-2-y/ium ions 

A number of saturated cyclic Se-stabilized carbenium ions bearing N,N’-dialkylamino 
or N,N’-arylalkylamino substituents on the positively charged C atom have also been 
prepared as their dimethyltin (rv) tribromide salts (Scheme 3). These compounds can also 
be regarded as imminium salts. In agreement with this view compounds 30-34 exhibit the 
v(C-N) absorptions in the IR at relatively high frequencies ( 1  520-1 588 cm- ’), suggesting 
thereby high percentages of double-bond character of the C-N bondsIg. Also, the N-Me 
protons of 2-(dimethylamino)- 1,3-thiaselenolan-2-ylium (30) and 2-(dimethylamino)- 1,3- 
thiaselenan-2-ylium (31) ions appear as two singlets in the ‘H-NMR spectrum at room 
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TABLE 3. Selected I3C chemical shift of 1,3-dichalcogenolylium ions 

133.7 ()/.""" 
S 

(13) 

185.1 

124. 5 

(24) 

128.0 

I 105.9 

134.3 

(27) 
111.7 

135.8 

Se 125.2 phx >(HPh 

f Se 
114.2 

- 

181.8 

138.4 C Y O M e  ._. , 76.8 

0 

s 145.2 

140.0 C Y S H  ._. 

s 149.5 

137.7 c t / S M e  ... 

S 

170.4 184. 9 

151.9 
206.5 

(25) 

158.2 

as.e& 1 
._. 
S8 

163.1 

Ph 

133 "' (28) 

189.8 

231.2 
Ph 1 Se '(. -. -' t/,H2Ph 

7 Se 
141.3 

(29) 
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(30) n = 2 ;  X = S , Y = S e ;  R ' = R * = M e  
(31) n = 3 ;  X = S , Y = S e ;  R ' = R 2 = M e  
(32) n = 2 ;  X = Y = S e ;  R ' = R 2 = M e  
(33) n = 3 ;  X = Y = S e ;  R 1 = R Z = M e  
(34) n = 2; X = Y = Se; R1 = Ph, RZ = Me 
(35) n = 2 ;  X = Y = S ;  R' = R2 = Me 

SCHEME 3 

temperature. This has been attributed to hindered rotation around the C-N bond. 
Interestingly, in compounds 32,33 and 34 and their dithio analogue 35 the N-Me protons 
appear as singlets. It is unclear at present whether the apparent lower barrier to rotation 
about the C-N bond is due to a more efficient delocalization of the positive charge in 32- 
35. In any case this peculiar behaviour of the mixed cations 30 and 31 deserves more 
detailed investigation 

4. Miscellaneous cationic systems 

Bis (isopropylamino)methylselenocyclopropenylium perchlorate (36) has been pre- 
paredZo according to equation (3) and tris(alkylse1eno) and -(arylseleno)- 
cyclopropenylium salts (37) have been obtained according to equations (4)-(6)*'- 23 

SeMe 
I 

Se 
II // ;+: c10,- 

I .  MeI/CH2CI2/r . t .  - 
2. NaCIO, 

NHPr-i 1-PrHN NHPr-i 

53% (36) 
i-PrHN 

(3) 

Se R CI 

BF4- (4) 

SeR 

1. Excess (RSe), 

2. Et20  / HEF, 

CI RSe CI 

CF3 SO,- 

CI pqCl SbC13/(RSe)2 

CH,CI,/ r.1. 
- 

40% (37) 
(a) R = Me 

(b) R = Ph 

SeR 
I 

SbClg ( 5 )  

RSe SeR 

92% (37a) 
89% (37b)  
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sr,- (6) 
(Me Se ),/CH,CI, 

r .  t. - 
MeSe SeMe Dr 

92% (370) 

Tris(methylte1luro)cyclopropenylium salts can also be prepared by a method 
analogous to that of equation (4). While the thio and seleno derivatives very closely 
resemble each other in stability and in their spectroscopic properties, the telluro analogues 
appear to be much more labile. Although no attempt has been made to evaluate the 
contribution of the alkylthio or alkylseleno groups in these systems to the total 
stabilization, it should not be very high since trihalogenocyclopropenylium ions are 
equally stable. 

A large number of aromatic heterocyclic cationic systems have been described, such as 
selenocyanine (38), selenazinium (39) and selenoxanthylium (40) dyes2" or selenopyrylium 
(41) and selenochromylium (42) salts2' - 2 7 .  

Et Et 

(38) 
CI - 
(39) 

n = 0,1,2,3 

Me2N m N M e 2  t Se + 

ZnCI; 

(40) (41) (42) 

In all these cases the UV-visible spectra alone provide convincing evidence for a 
efficient delocalization of the positive charge through the Se atom. 

B. Aliphatic Selenocarbenium Ions 

1.  Monoselenocarbenium ions 

Although these species have not yet been isolated and characterized structurally, there 
are good reasons to believe in their existence. The first line of evidence arises from the 
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observation of a number of reactions which appear to be the seleno analogues of the well- 
documented Pummerer rearrangement for thio corn pound^^**^^. 

In an attempt to polymerize phenyl vinyl selenide (43) in the presence of benzoyl 
peroxide Okamoto and coworkers30 isolated crystalline 44 in 56% yield (equation 7). 
Treatment of alkyl phenyl selenides (45) under the same reaction conditions yielded (50- 
92%) a-benzoyloxyalkyl phenyl selenides (46)3 ’. 

CCI, 
PhSeCH=CH2 + (Phcoo)2 A PhSeCH(OCOPh)CH20COPh 

reflux 

(43) (44) 

Both reactions have been rationalized31 by postulating the initial formation of a 
dibenzoyloxyselenurane which decomposes on heating to the corresponding ion pair and 
then leads to products via a Se-stabilized carbenium ion (47) as shown in Scheme4. 
Starting from methyl phenyl selenide the corresponding selenurane was isolated in 92% 
yield3 ’. Similarly alkyl phenyl selenides have on treatment with peracids been transformed 
to a-acyloxyphenyl selenides via Pummerer rearrangement3’. Other interesting examples 
of this type of reaction are included in Table 4. It should be noted that in Scheme 4 and 
Table 4 we have represented the key intermediates as free a-selenocarbenium ions. 
However, another mechanistic possibility is that at least some of the seleno-Pummerer 
rearrangements mentioned above proceed in a concerted manner without involving 
carbenium ions. 

Ph OCOPh T O P h  
\Se’ Ph-Se-CHR 4 

(PhCO,), 
(a) RCH2SePh - 

RCH,/ \OCOPh .+ <I 
(45) - rH  

PhC02 

R 
+ PhC0,- I [ PhSe=CHR +-+ PhSe-EHR] - PhSe-CH-OCOPh 

(470 1 ( 46) 

FOPh 
I 

OCOPh 0 - t ‘ s e e  ‘Se’ - 
P h / +  1 (PhCO,), Ph 

(b) H2C=CHSePh ___) 

J ‘OCOPh 
(43 1 

[PhGe=/\OCOPh PhSo+OCOPh] - Ph C0,- 44 

SCHEME 4 
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The second line of evidence for substantial stabilization of a positive charge by an 
adjacent selenyl moiety stems from investigations of the mechanism of acidic hydrolysis of 
vinyl selenides 4tI4l and 4943*43. It has been established that all the aryl vinyl selenides 48 
undergo hydrolysis according to the conventional mechanism characteristic for vinyl 
ethers and vinyl sulphides. A slow protonation of the olefinic B-carbon atom is followed by 
hydration of the intermediate arylselenocarbenium ion 50. By using the correlation 
equation for the protonation of a l k e n e ~ ~ ~ , ~ ~  McClelland and Leung were able to 
estimate41 the following a,’ constants: a,’(PhO) = - 0.62, c,’(PhS) = - 0.54 and 
a,’(PhSe) = - 0.47. The value for the phenylseleno group is comparable to that of the 
cyclopropyl 

H,C= CHSeC6H4X 

(48) (49) 
X = 4-Me0, 4-Me, H, 4-F, 4-Br, (a) R’ = n-Dec; Rz = Me 

4-C1, 3-C1, 4-CF3, 4-NOl (b) R’ = H;  R2 = 4-XC6H4; 
X = MeO, Me, H, C1, NOz 

In the case of vinyl selenides 49b the hydrolysis rate constants do not correlate with the 
a+ parameters, but they obey a Yukawa-Tsuno-type equation43. This can be 
interpreted as the result of a cross-conjugative competition between ArX and SeMe for 
delocalization of the positive charge in 51. 

MeCHSeC6H4X R’CH2C (SeMe) C6H4X 
+ + 

( 50) (51 1 

Finally, a few other reactions in which a-selenocarbenium ions are the most likely 
intermediates have also been carried out in our laboratory (Scheme 5)47-49. Reactions (a) 
and (b) proved to be synthetically use f~ l~ ’ .~* .  

R1 R2C(SeR$ 
HgCI2/CH3CN- H20 - 
Ca CO, 

R’C(0) R2 (Ref. 47) 

60-99% 

OSiMe3 

C(SeMe)Me2 

(Ref. 48) 

SnC14/CH2CI2 + Me2C(SeMeI2 - 
- 4 O O C  . 1.1 84 ‘10 

( b )  

CH (SeMe), 

other products 
CUO / CUCI, - 
oq. a c e t o n e  / r. t. 

(Ref. 49) 

SCHEME 5 29 */e 

(C)  
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2. Bis(seleno)carbeniurn ions 

Acidic hydrolysis of ketene selenoacetals (52) (Scheme 6) provided'' the first examples 
of bis(se1eno)carbenium ions (53). From the mechanistic point of view it is of interest to 
note that there is a progressive changeover from a rate-limiting protonation to a rapid 
preequilibrium protonation of the double bond on going from 48 to 49 to 52. Pre- 
equilibrium protonation was likewise observed during hydrolysis of ketene thioacetal~~'. 
Subsequently a few cations of the type 53 were also prepared and isolatedSZ as their 
hexahaloantimonate salts (Scheme 7). 

H+ H,O/H+ 
R'CH =C(SeR2I2 4 s  R'CH2t(SeR2)2 - R1CH2C(0)SeR2 

fast slow 

(52) (53) 
R',R2 = Me, Ph (a) R'  = Rz = Me 

(b) R' = Ph, R2 = Me 

SCHEME 6 

+ CH,CI + 
- 20 OC RCH2C(SeMe)3 + Ph3C SbCI,- - RCH2C(SeMe)2 SbCIg 

R = M e  85% 
R = P h  80% 

SCHEME 7 

Bis(methy1seleno)benzylcarbenium hexachloroantimonate (53b) has been structurally 
investigated by 'H- and 13C-NMR as well as by X-ray diffraction and compared to its bis 
(methylthio) analogue5'. 'H-NMR spectra (room temperature, CD,CN solution) of these 
two compounds appeared to be identical within a few hundredths of a ppm. No significant 
conclusion can therefore be drawn from'H chemical shifts. However, the shapes of both 
the SMe and the SeMe signals were temperature-dependent and this was attributed to 
hindered rotation about the C +  -S and C+-Se bonds. The corresponding Arrhenius 
activation energies are 14.3 5 2 and 12.7 f 2 kcal mol- ' respectively. The available values 
for the 0x0 derivatives range from 8 to 15 kcal mol - '. Thus, the rotational barriers appear 
to be roughly identical for all three types of carbenium ions, suggesting thereby a very 
large contribution from resonance structures 54, even in the case of X = Se. 

- + - *x-R +;I: 2-R 

(54) 
X = 0, S,Se 

Although ''C resonances for C +  occur at a rather low field (263.4 ppm for 53b and 
244.5 ppm for its thio analogue), the above idea gains considerable support from X-ray 
structural data, especially from the bond distances (Scheme 8). The bond angles around the 
positive carbon atom show that both cations are essentially planar with virtually no 
distortion of the regular triangular structure. More striking is the finding that the C +  -S 
and Cf-Se bond distances are considerably reduced with respect to the corresponding 
single bond lengths of 1.81 A (C-S) and 1.98 A(C-Se). (Note that the C=S and C=Se 
bond lengths are 1.54-1.61 A and 1.67 A, respectively.) This undoubtedly shows that Se- 
containing substituents are able to stabilize a neighbouring positive charge and that the 
mechanism of this stabilization involves non-negligible conjugative interaction. 
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1.81 A 

Me\ O 

S 
1.67 A 

S- Me 
1.79 

118.6' 

PhCH2 

1.96 61 

321 

x 

SCHEME 8 

The latter results shed some light also on the 1,2-diselenolylium and 1,3diselenolylium 
ions as well as on other 'aromatic' Se-containing cationic systems discussed in the 
preceding sections. 

3. 7-Seleno- and 2-seleno-allyl cations 

The presence of the allylic delocalization should in principle make these monoselenated 
species more stable than their saturated analogues. However, the preliminary work so far 
carried out suggests that both 1-seleno- and 2-seleno-ally1 cations 55 and 56 must possess 
some structural peculiarities which are responsible for the observed r e a c t i v i t i e ~ ~ ~ * ~ ~  
illustrated in Scheme 9. The fact that E- and Z-l,3-bis(phenylseleno)propenes react with 
furan with a remarkable retention of the initial double-bond configuration, as well as the 
notable difference in the reaction rates, suggest more complex intermediates such as 5521 
and 55b instead of the fully delocalized free allylcarbenium ion. Similarly, the intermediacy 
of alkylideneseleniranium ion 56 could explain that I -bromo-2~phenylseleno)-2-pentene 
gives no cycloaddition at all and that C(1) of the starting material is the exclusive site of 
attachment to the furan ring. However, these structures are proposed only tentatively in 
order to rationalize the observed results; more work is necessary to fully characterize the 
nature of the intermediates. 

111. a-SELENO FREE RADICALS 

The field of Secontaining radicals is much less well documented than that of Se- 
containing anions or cations. A large part of the existing work has been devoted to radical 
anions or radical cations, so that at present time only a very limited number of papers deal 
with neutral or-seleno free radicals. The best method for investigating radicals is by ESR 
and the following discussion will mainly be centred on the results obtained by this 
technique. 

Radical anions 57 and 58 derived from heteroaromatic Se compounds have been 
prepared by one-electron transfer to the parent heterocycle from anions, alkali metals or 
from an electrodess- 59. Neutral and cation radicals derived from p h e n o s e l e n a ~ i n e ~ ~ * ~ ~  
(59 and 62), from phenox~eIen in~~-~ '  (60), from dibenzodiselenin6', (6l), from 9- 
phenylselenoxanthene6', (63) and phenoselenazine n i t r o ~ i d e ~ ~ * ~ '  (64) have also been 
generated in solution and studied by ESR Hyperfinecoupling constants ai and g values for 
these species are presented in Table 5. In terms of resonance theory the extent of 
delocalization of the odd electron of a radical is a measure of its stability. In so far as the 
hypefine splitting constants ai are linearly connected to spin densities, the magnitude of 
the splitting by" Se should in principle give a measure of the contribution of Se atoms to 
the stabilization of radical species. On the other hand, semiempirical theory has been 
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suggested63 and successfully applieds6 to correlate isotropic g shifts with spin densities 
and spin-orbit coupling constants. Therefore, experimentally determined g values can also 
give valuable information on the stabilization of radicals by a heteroatom This is 
especially true for Se whose spin-orbit coupling constant is large compared to that of S 
(1688 and 382cm-I for Se and S, respectively). Inspection of Table 5 then shows that a 
large ”Se coupling constant (as,) is associated with a large g value (species 59,60,62) and 
vice-versa. It is interesting to note that a, and g values are also strongly dependent on the 
charge of the radical. Anion radicals 57 and 58 exhibit the 1owest”Se coupling, neutral 
phenoselenazine radical 62 and nitroxide 64 have intermediate values, while cation 
radicals 59-61 have the highest 77Se coupling constants. The same trend is observed for 
the corresponding g values. Gilbert and coworkers have derived spin densities p“ for 59 as 
well as its 0x0 and thio analogues using HMO and McLachlan calculations56~60, which in 
the case of 59 reproduced correctly all the observed coupling constants including as,. The 
calculations also appeared quite adequate for the other seleno cation radicals. The 
calculated spin densities can therefore be considered correct also in the case of 
phenoxazine and phenothiazine cation radicals, with the result pie > p l >  p: (0.198,0.179 
and 0.086, respectively, using McLachlan calculations). The method also applies for 
neutral radicals and yields the same trend with considerably lower spin densities 
(p; = 0.085; 0.076 and 0.046 for X = Se, S and 0, respectively), but it fails in the case of 
radical anions 57 and 58. The reasons for this failure are not clears6 but it seems quite 
certain that the spin densities on Se in these anionic species are very low, as confirmed by 
the coupling constants and g values of Table 5. 

3 2QT,,1z 4 

(57)  (58)  

(59) X = NH 

(60) X = 0 
(61) X = Se 

(62) 

Ph 

(63 1 
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It therefore appears reasonable to conclude that the unpaired electron of neutral and 
cation radicals derived from heteroaromatic molecules is efficiently delocalized onto Se. 
However, at present, it is not possible to make a statement about the relative stability of the 
0x0, thio and seleno species. 

Selenuranyl-type radicals are relevent to the problem of radical stabilization by Se 
because in a way they make the link between the aromatic species discussed above and the 
carbon radicals bearing a-seleno substituents. 

The dimer radical cation of dimethyl selenide (65) was obtained by y-irradiation of a 
single crystal at - 196 "C and investigated by ESR spe~ t roscopy~~ .  Dialkyl selenides have 
also been found6' to react with various radicals to produce the neutral selenuranyl 
radicals 66. Secontaining heterapentalenes66 react with tri-n-butylstannyl to produce 
radicals such as 67 and 68. In the absence ofconjugation one expects high spin densities on 
the Se atoms of 65 and 66. This is confirmed by both the isotropic g values and the 
hyperfine coupling constants to 77Se (g = 2.0344, as. = 108 G for 64; g = 2.0206, 
us = 162.6 G for 66 where R' = R2 = I-adamantyl, X = t-BuC(0)S). As can be judged 
from the g values a similar spin distribution holds in radical 68 (g = 2.0169), while in the 
persistent radical 67 a very small part, if any, of the odd electron resides on Se(g = 2.0047). 

7+. 

R' 

'se'x 
R2' 

(65) (66) 

(67) (68) 

It is of importance to note that the ESR spectrum of 65 at - 196 "C also contained lines 
at higher field which were attributede4 to carbon-centred radicals, mainly MeSeCH,., but 
it was not possible to analyse this portion of the spectrum in detail. On the other hand 
Scaiano and Ingold have described" the easy generation of hindered a-selenoalkyl 
radicals 69 by the reaction of radicals X. with di-t-butyl selenoketone in'hydrocarbon 
solution. 

Me C X g %,(GI 
2.0021 24.6 (4 Me 

Me,C /C-se-x (b) t-Bu 2.0020 21.3 
2.0005 36.6 (4 CF, 

(d) t-BuO 2.0024 65.0 
(69) (e) Me,Sn 2.0043 10.9 

\ *  
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However, all attempts at the direct observation of unhindered a-selenoradicals formed 
in solution by hydrogen abstraction from dimethyl selenide, diethyl selenide, methyl 
phenyl selenide or dimethyl diselenide and under a variety of experimental conditions were 
unsuccessful6'. Yet, spin trapping experiments using di-t-butyl thioketone provided good 
evidence that methylselenomethyl (MeSeCH,.) and 1-ethyseleno-l-ethyl (EtSecHMe) 
radicals were indeed efficiently formed. The authors suggested that their failure to detect 
unhindered alkylselenoalkyl radicals was due to the operation of both the spin-rotation 
and the spin-orbit line broadening mechanisms. Thus it was estimated6* that the line 
width for MeSeCH,. should be ca. 6.6G arising from spin rotation alone, while 
some of the radicals 69 have line widths as small as 0.1-0.2 G. 

This great difference in line widths between hindered and unhindered a-selenoalkyl 
radicals has been attributed to conformational effects. The preferred conformation of 69 is 
given by 70 and that of MeSeCH; by 71. The unpaired electron in 70'cannot be 
appreciably delocalized onto the Se atom, hence the low g values (see 69) and sharp lines. 
In contrast, delocalization in 71 can be efficient and causes very important line 
broadening, and such radicals cannot be observed in solution. 

X 
I 

The last series of examples illustrating the stabilization of carbon radicals by adjacent 
seleno substituents comes from studies of the addition of radicals to 1,l-&substituted 
olefins (equation 8). It has been found that the formation and stability of the adduct 

H,C=CXY + R. -, RCH,CXY (8) 

radicals are highly dependent on the nature of the geminal substituents of the starting 
olefin, and that olefins bearing one electron-attracting and one electron-donating group 
on the same sp2 carbon react far more easily and yield the most stable adduct radicals. 
Furthermore, the latter radicals do not undergo polymerization or hydrogen abstraction, 
but rather they trap another radical or d i m e r i ~ e ~ ~ .  Scheme 10 features two examples of 
such reactions involving 'captodative'-stabilized a-phenylseleno From 
competition and rate measurements it was also possible to establish the relative rate of 
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SePh 

4:; 2 CN 
NC+CH2-C. I + [Dimer] 

I (from AIEN) 

CN 

NC + CH2 
NC K2+CN ( Refs. 69,7 I 1 

(72)  69% 

, SePh 

SCHEME 10 

formation of adduct radicals. The figures of Table 6 clearly demonstrate the beneficial 
effect of the phenylseleno group on the rate of reaction which, of course, also depends on 
the nature of the electron-attracting group and of the reacting radical species. However, 
recent results suggest that these additions proceed via very early transition states, and the 
observed rate differences arise primarily from polar effects of the substituents X and Yon 
the transition state rather than from their radical stabilizing abilities7’. 

a-Phenylseleno radicals (74) have also been studied73 by ESR. Isotropic g factors 
indicate by themselves that in all cases the Se atom carries a significant amount of spin 
density, and thereby confirm, at least to some extent, the results of kinetic measurements as 
well as the conclusions arrived at in the cases of aromatic neutral and cation radicals. 
There is no doubt, however, that additional experimental evidence such as 77Se hyperfine 
coupling and appropriate theoretical treatment are necessary for a closer and more 
quantitative evaluation of the radical-stabilizing ability of a-selenyl moieties. SCN 2 (seph 

X .4 01 a2 (al +a,) OF 

S(0)Ph 2.0095 8.55 13.16 - - 
19.65 - S0,Et 2.0119 - - 
19.19 - (74) S0,Ph 2.0113 - - 

x CF, 2.0107 10.75 10.75 - 24.5 
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TABLE 6. Relative rates of addition of cyclohexyl and 
isobutyronitrile radicals to gem-disubstituted olefins" 

R X Y Rel. rate 

C,H, ,'O SePh C0,Me 
Ph C0,Et 
SCMe, C0,Me 
Me C0,Me 
OMe C0,Me 

1 ~ ~ 7 2 ~  SePh C0,Me 
SePh S0,Ph 
OMe C0,Me 
SePh S(0)Ph 
SePh CF, 

"Cf. equation (8). 
b A t  20°C in CH,CI,. 
'A t  70°C in benzene; IBN = isobutyronitrile. 

62 
40 
35 
4.7 
1 .  

6.9 
1.5 
1 
0.5 
0.4 
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1 . INTRODUCTION 

Recently. the considerable interest in Se- and Te-containing polymers'** has been greatly 
enhanced by the observation of the highly conductive properties of modified polyarylyene 
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sulphides. The most promising polymer among the latter is the commercially available 
poly(thio- 1,4-phenylene), PPS (1). The polymer becomes highly conducting on exposure 
to strong oxidants3. The strong similarity between S and Se has often been a lead in 
investigating chalcogen analogues of S compounds. 

The C-Se bond is much weaker than the C-S bond and the C-Te bond is even 
weaker than the C-Se bond. Thus, although Se- and Te-containing polymers may be 
prepared by using methods similar to those containing S, the synthetic routes for Se- and 
Te-containing polymers are more limited. 

There are three general synthetic routes for producing Secontaining polymers (please 
note that in this chapter the symbol -R-denotes a divalent alkylene or arylene radical): 

(1) Polycondensation of alkyl or aryl dihalide compounds: 

X-R-X + No,% ___) f R - S e k  

X-R-X + Na,Se, ___) fR-Se,k 

(2) Hydrolysis and oxidation of alkyl- or aryl-diselenocyanates in an alkaline medium: 

NCSe-R-SeCN - HOSe-R-SeOH --fSe-R-Sek 

(3) Ring-opening polymerization of Se-containing cyclic oligomers: Methods (1) and (2 )  
are the most generally utilized for synthesis of Se-containing polymers. However, these 
methods often yield both Se-containing cyclic oligomers as well as linear polymers. The 
third method involves the ring-opening polymerization of the Se-containing cyclic 
oligomers obtained by methods (1) and (2). 

R fSe-R-Sek  

Se 
\ 

II. ORGANOSELENIUM POLYMERS CONTAINING A MONOSELENIDE CHAIN 

A. Poly(selenoalkylene)s, +C,H,,Se j,, 

1.  Poly(selenornethylene), +CH,Se +, 12) 
This is one of the most widely investigated organoselenium polymers with respect to 

both its synthesis and its physical properties. 
In 1915 Vanino and Schinner found that on passing H,Se into an aqueous solution of 

formaldehyde in dilute HCI, a pasty solid was obtained4. The structure of this compound 
was later determined as cyclic trimer5. Various polymers 2 were obtained from the ring- 
opening polymerization of the trimer with cationic initiation6*’ or in the solid state by y- 
irradiations. Prince and Bremer reported that 2 could also be prepared in 76% yield 
without the intermediate cyclic oligomers from the reaction of CH,Br, with Na,Se in 
ethyl acetate’. 
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H2C=0 + H2Se - 
Two crystalline structures of 2, one hexagonal and one orthorhombic, were obtained 

and their occurrence was found to be dependent on the polymerization conditions. In 
particular, the polycondensation method9 and the ring-opening polymerization6 gave the 
hexagonal structure, while solid-state irradiation or solid-state cationic polymerization 
(BF,-etherate catalyst at 180 "C) of triselenane yielded an orthorhombic polymer". 
The two crystalline systems of 2 give rise to a monotropic dimorphic system with an 
orthorhombic to hexagonal transition temperature near the melting range of the 
hexagonal polymer ( 185-190°C). It is very interesting that the same monotropic 
dimorphism, orthorhombic-hexagonal, observed in polymer 2, appears also in 
polyoxymethylene' 

Q-' cm- at 25"C9. However, Sandrolini and coworkers who reinvestigated the 
conductivity of 2 synthesized by various methods found in contrast to Prince and 
Bremer's data, that none of the samples of 2 studied showed conductivity values exceeding 
7.5 x 0-l cm-' lo. 

Prince and Bremer reported that 2 had an electrical conductivity of 6.72 x 

2. Poly(seienoa1kylene)s 

The reaction of vic-dihaloethanes with Na,Se in DMSO of DMF did not produce any 
polymeric compounds, but rather produced ethylene and Se: The elimination reaction was 
stereospecific, thus d,I-2,3-dibromobutane gave 90% cis-butene-213. Longer chain a,w- 
dibromoalkanes react readily with Na,Se to produce the corresponding cyclic seleno 
hydrocarbons. However, Morgan and Burstall found that 1,34ibromopropane and 
Na,Se gave only a small proportion of cycloselenopropane, the main product being a low 
molecular weight polymer, +C,H,Se+,, m.p. 38-40 "C14. They also obtained poly- 
(selenohexylene), fC,H,2Se j,, ( n  - 12), m.p. 36-37 "C, by reacting thecorresponding 
dibromide with Na,Se14. This polymer was thermally stable up to 200 "C, but on further 
heating to 220 "C, it depolymerized without loss of Se giving 2-methylcycloselenopentane. 

XCHZ-CH2X + No2% - CH2=CH2 + 2 N o X  + Se 

Okamoto and coworkers had prepared these polymers according to the literature 
procedures and found that the electric conductivities were in the range of 
N 10-l4Q-lcm-1 15 

B. Oxygen- and Selenium-containing Polymer 

The 0- and %-containing linear cop01ymer,fCH,O(CH,Se),j, (3), m.p. 195-198 "C, 
was formed by the cationic (BF,-etherate) ring-opening polymerization of 1,3,5- 
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oxadiselenane, prepared by the reaction of a,a'-dichlorodimethyl ether with Na,Se in 
methanol". 

C. Poly(seleno-p-xylene), +CH,C,H,CH,Se j-, (4) 

The reaction of a,a'-dichloro-p-xylene with Na,Se in refluxing ethyl acetate yielded the 
pale yellow polymer 4. The polymer was slightly soluble in boiling pyridine, DMSO and 
DMF; it was found to have a narrow melting point, 174-175 "C, but the molecular weight 
was not determined". 

D. Poly(seIeno-l,4phenylene), +C,H,Se j, (PPSe) (5) 

The polymer 5, which is an analogue of poly(thio-1,4-phenylene) (PPS), has recently 
been investigated with respect to synthetic methods and physical properties, particularly 
electric properties. 

Cava and coworkers reported that 5 was synthesized from bis(4bromophenyl) 
diselenide by reaction with electrolytic copper in refluxing n-hexanol-pyridine16. 
Sandman and coworkers found that 5 could also be easily obtained in 80% yield from the 
reaction between p-dibromobenzene with Na,Se in DMF' '. 

The polymer obtained was yellow and melted at 220 "C. Elemental analysis showed that 
the polymer contained bromine and, assuming that both ends of the polymer chain were 
bromine atoms, the molecular weight of the polymer was calculated to be about 
10,000 (n  =60). The polymer was partially crystalline and its density was 2.05- 
2 . 1 5 g ~ m - ~ .  The structure was found to be isomorphous to that for PPS13. 

Tanaka and coworkers also prepared 5 (n- 25), m.p. 250 "C, from the reaction of p- 
dibromobenzene with Na,Se in N-methylpyrrolidone in a sealed tube at 180°C'9. The 
polymer obtained was thennally stable up to 350 "C in a N, atmosphere and yielded a 
residue of 46% upon heating to 500°C. The electric properties of 5 and the modified 
polymers prepared by different investigators are summarized in Table 1. 

The conductivities of the doped 5 varied. However, Sandman and coworkers'* showed 
that doping of 5 with AsF, led to an insulator-conductor transformation and this was 
accompanied by structural cross-linking and apparent dibenzoselenophene formation 
which is analogous to processes occurring for PPS3. 

AsF6- 

E. Poly(seleno-4,4-blphenylene), +C,H,C,H,Se +, (6) 

Tanaka and coworkers have prepared 6 in a sealed tube using 4,4'-diiodobiphenyl with 
Na,Se in N-methylpyrrolid~ne'~. The polymerization degree n was calculated as n - 24 
by the determination of the iodine end-groups. 6 was also synthesized by the polyconden- 
sation reaction of the Grignard reagent of bis(4-bromophenylselenide) with 2,2'- 
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TABLE I. Electric conductivities of PPSe 

Dopant Conductivity (Q- 'cm-I) 

None 8.3 x 1 0 - 3  

AsF, 10-6 

AsF, I 0-2 -  I 0 - 3  

so, - 1.5% 10-7 

BF3 
1, 
SbF, 1.3x 10'0 

lo-' (after 24h) 

(40-45% weight increase) 

3.4x 10-8 
7.1 x 

T(C) Ref. 

50 17 
25 14 
25 14 
25 16 

25 17 
25 17 
25 17 
25 17 

bipyridine nickel dichloride. The molecular weight of the 6 thus prepared was found to be 
much lower than that of 6 prepared by the former methodlg. Okamoto and coworkers 
found that 6 was obtained from the reaction of the Grignard reagent of4,4'-diiodobenzene 
with Se followed by oxidation". 

The electrical conductivities of 6 as well as of the doped polymer were in the range of 
1 0 - 2  Q - l  c m - l  19 

F. Poly(se1eno-2,I-thienylene) (7)  

2,2'-Dithienyl diselenide was treated with SO,Cl, in CH,CI, in a N, atmosphere and 
the resulting 2-thienylselenyl chloride was then polymerized into 7 in 87% yield. The 
polymer obtained was a cream-coloured powder and softened at 220-235°C. A 
preliminary result showed that the conductivity of 7 was not appreciable and changed after 
doping with AsF,'~. 

0. Poly(carbon diselenide) (8) 

7 + HCI 

CSe, was reported to yield a llack solid at a rate of about 1% per rnonL.1 at room 
temperature *O*'* .  The structure of the solid was investigated by IR over the range of4000- 
50cm-' and found to have a linear polymeric structure similar to that of poly(carbon 
disulphide)22. 

Jensen and Nielsen have reported that when the complex of CSe, and a trialkylphos- 
phine was allowed to stand, it was transformed to a brown-red semisolid from which 
a dark crystalline material was isolated. The following structure was suggested23 : 
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Okamoto and Wojciechowski found that when a CSe, solution in CH,CI, or dioxane 
was pressurized to about 5000 atm and heated at 100 "C for 20 h a  black solid was obtained 
in 95% yield. When the solid was further heated under reduced pressure, it was 
transformed into another black solid at around 160°C. The results of IR and electrical 
conductivity measurements suggested that CSe, was first trimerized into a cyclic 
compound, which was then polymerized upon heating at 160 "C to yield a linear polymer 
8. The 8 obtained was found to be amorphous by X-ray diffraction, similar to poly(carbon 
disulphide) and its electrical conductivity was loF3 R- cm- at room t e m p e r a t ~ r e ~ ~ .  

The copolymerization of CSe, with CS, or CSeS was investigated under a higher 
pressure, - 6000 atm. However, only Se-containing solids were isolated2'. 

5000 atm 

100 OC 
cse* - 

111. ORGANOSELENIUM POLYMERS CONTAINING A DlSELENlDE CHAIN 

The Se-Se bond is weaker than the S-S bond. The bond energies are 44 and 50.9 kcal 
mol-', respectively. Therefore, the Se-Se bond can be easily cleaved and various 
reversible reactions can be observed. The polymer containing Se-Se bonds may 
be synthesized by similar reactions to those decribed for the organic monoselenide 
polymer. 

A. Poly(dlselenoalkylene)s, +C,H,Se,+, 

7 .  Po/y(dise/enornethy/ene), $CH,Se,+ , (9) 

The reaction of H,Se with formaldehyde in aqueous solution produced 
poly(se1enomethylene) (2). However, Prince and Bremer found that under anhydrous 
conditions, formaldehyde and Na,Se reacted to give 925. Two crystalline forms were found 
to exist with a transition temperature of about 120°C. The crystalline red-brown low- 
temperature solid 9 could be moulded at 70 "C under pressure and the conductivity was 
found to be lo-' Q-' cm-'. Paetzold and Knaust also obtained 9 in 98% yield by the 
reaction of dibromomethane and Na,Se, in aqueous solutionz6. 

2. Poly(diselenoethy/ene), -(-C,H,Se, j, (10) 

10 was prepared via a three-step process involving reaction of 1,2-dibromoethane with 
KSeCN followed by hydrolysis of the diselenocyanate formed with alkali or acid to 
produce the corresponding diselenol. The diselenol was then oxidized by air in aqueous 
alcohol to give 10". 
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KOH air 

ole. 
BrCH2CH28r 4- 2 KSeCN A NCSeCH2CH2SeCN HSeCH2CH2SeH 4 10 

The 10 obtained was insoluble in all common organic solvents and had a melting point 
of 120°C. Theelectrical conductivity was R-' cm-' and no photoconductivitywas 
detected. The polymer was thermally stable at room temperature, but it decomposed into 
ethylene and Se at around 225 "C. 

3. Poly(1, 3-diselenopropylene),+C3H6Se2j-,, (11) 

When 1,3-propylenediselenol, obtained by the method described above, was oxidized 
with air, a cyclotrimethylene 1,2-diselenide was obtained instead of the polymeric 
materia127~28. The cyclic monomer was polymerized upon heating to 80 "C, but when the 
11 obtained was further heated to 17O"C, it was depolymerized to the original cyclic 
monomer27928. The polymer was insoluble in organic solvent. 

air 80 OC 

170 OC 

HSe (CH2I3SeH - 
4. Poly(1 ,4-diselenotetramethylene),+C4HBSe, j,, (12) 

The polymer 12 was obtained by air oxidation of 1,4-butanediseleno~yanate~~*~~. 
Brown and Gillman reported in detail the properties of 12, which was obtained from this 
precursor". The polymer was purified by dissolving it in warm chloroform and then 
cooling the solution at 0 "C, and it melted at 38-39 "C with decomposition. The molecular 
weight was found to be 516 in a freshly prepared CHBr, solution using a cryoscopic 
method. However, when the solution was heated at 60°C in the dark for 24h, the 
molecular weight was decreased and ultimately reached a steady value of 209.7, which is 
close to the value of 214.0 expected for 1,2diselenotetramethylene. A similar decrease in 
the molecular weight with time was also detected by viscosity measurements. The UV 
spectrum of a freshly prepared solution of 12 in CHCI, gave an absorption maximum at 
308 nm which is characteristic of the Se-Se bond in linear diselenide. On allowing the 
solution to stand at 60 "C in the presence or absence of air, the peak at 308 nm disappeared 
while a new maximum at 364nm appeared. The latter absorption is characteristic of the 
Se-Se bond in the cyclic 1,2-diselenide. These observations suggested that the polymer 
was depolymerized to give the cyclic monomer. The depolymerization was found to obey 
first-order kinetics with k=2.75 x 10-5s-1 at 60°C in CHCI, and 8.96 x 1 0 - 5 s - '  at 

CH2- CH2- Se 

room temperature by irradiation with 366 nm. Since the depolymerization might involve 
the formation of radicals, the polymerization of various vinyl monomers in the presence of 
12 was investigated by Brown and Gillman31. The vinyl monomers studied included 
styrene, methyl methacrylate, vinyl acetate and acrylonitrile. However, the alkylselenium 
radicals produced thermally did not initiate the polymerization of these vinyl monomers 
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(except possibly for methyl methacrylate). However under photodepolymerization 
conditions (360 nm at 25 "C), the polymerizations of these vinyl monomers were 
accelerated in the presence of 12, and the degree of polymerization was decreased. This 
behaviour resembles that of linear disulphides which show little activity as thermal 
initiators of vinyl polymerization but which are excellent photo initiator^^'. Since the Se 
end-radicals were not capable of initiating the polymerization of monomers, the results 
might be explained if the light was absorbed by the Se-Se bond, but the adjacent C-Se 
bond was broken. The resulting methylene radical might initiate the polymerization of the 
monomers and then the growing polymer radical could react with the diselenide, with 
the polymer 12 acting as a chain-transfer agent. Thus, this mechanism (Scheme 1) 
explains the decrease in the degree of the polymerization in the presence of 12. 

A carboxylic-acid-substituted poly(diselenoalky1ene) can be prepared by the ring- 
opening polymerization of the corresponding substituted cyclodiselenide. Fredga re- 
ported the preparation of a cyclodiselenide-dicarboxylic acid which was readily converted 
to a functionalized diselenoalkylene polymer33. 

A Se-S bond in a cyclic compound was also found to be polymerized by ring opening. 
Bergson and Biezais reported that 1 -thia-2-selenolane-4-carboxylic acid was polymerized 
at just above its melting point, to a polymeric material for which two possible alternative 
structures have been proposed, as shown in Scheme 234. 

fCH2CH(COOH)CHzSeSf n 

r>cooH he0brn.p .  ( or 

S 

fCH2CH (COOH )CHzSe SeCHzCH (COOH ) C H , S S k  

SCHEME 2 

B. Poly (a,a'-dlseleno-mxylene) (13) 
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Giinther and Salzman have reported that benzylic polydiselenides can be produced 
fairly readily via a thermal polymerization of a cyclic dimer35. The polymer 13 was 
obtained as a yellow amorphous powder. When a solution of 13 in 1,1,2,2-tetrachloro- 
ethane (TCE) was heated at 80-100 "C for several days it depolymerized into the cyclic 
dimer (Scheme 3) which was insoluble in organic solvents. 

/ CH2SeSeCH2, 

\CH2SeSeCH2' 

SCHEME 3 

C. Poly(l,4diselenophenylene) (14) 

The aromatic Se-C bond is generally more stable than that of the aliphatic Se-C 
bond. Keimatsu and S a t ~ d a ~ ~  first prepared 14 in 1935 and Okamoto and coworkers later 
modified their method15. The synthetic route is shown in Scheme4. The possible 
precursor of the polymer, paraselenocyclophane, could not be isolated. The 14 obtained 
melted at 248 "C and was stable up to 400 "C in a N, atmosphere. 

KSeCN NaOH 
p-02NC6H4NH2 p-0 NC H N=NCI - p-02NC6H4SeCN - 2 6 4  

air - p-NCSeC6H4Se-SeC6H,SeCN-p - I .  NaNO, 

2. KSeCN 

Se - Se 

SCHEME 4 
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GUnther and Saltzman also obtained 14 (m.p. 252-256 "C) and showed that it was a 
crystalline tetramer (mol. wt. 930) of p-phenylene diselenide 35. Okamoto and coworkers 
also concluded by mass spectrometric analysis that 14 was the cyclic tetramer and found 
that the oligomer had an electrical conductivity in the range of 10- '3R-'  cm-l Is. 

IV. POLYSELENIUM-CONTAINING POLYMERS, +RSe, j n  

It has occasionally been found that the reactions of dihaloalkanes with diselenide reagents 
yield unexpectedly products with a high Se content. For example, Gunther and Saltzman 
observed that reaction of a,a'-dibromo-(m- and p-)xylenes with bis(methoxymagnesium) 
diselenide produced a polymer containing six equivalents of Se per xylene moiety35. They 
have shown that the result is reproducible and have accounted for the product by 
suggesting a possible reaction between the initial product, a diselenide, with 
elemental Se. It was suggested that Se can be incorporated into the chain containing 
the Se-Se bond and this alloying process was investigated on the diselenide. 

GUnther and Saltzman showed that when the cyclic dimer shown in Scheme 3 was 
heated with elemental Se at 220-230 "C, 15 additional equivalents of Se per monomer unit 
were readily assimilated into the chain and the polyselenide compound was thermally 
stable to 140"C, but on further heating, it disproportionated with deposition of grey Se. 
However, reheating the mixture to 220 "C reproduced the original alloy35. 

V. ORGANOTELLURIUM POLYMERS 

Organotellurium compounds are generally less well known than organoselenium 
compounds. Only a few organotellurium polymers have been reported in the literature. 
Organic tellurides and ditellurides may be prepared by the reaction of alkyl or aryl halides 
with Na,Te and Na,Te,. However, Russo and Credali noted that it was not possible to 
prepare a cyclic oligomer or a polymer of telluroformaldehyde by a synthetic route 
analogous to that used for the preparation of poly(se1enomethylene)' I .  

Livingston and Krosec reported the first polymer containing Te as part of a chain". 
They reacted diphenyltellurium dichloride with dicarboxylic acid silver salts and obtained 
a polymer (R = C,H,) having a molecular weight of - 3860. 

Ph2TeClp + Ag00C-R-COOAg + fTe(Phz)OOC-R-COOTe(Phz)~ + AgCl 

The Te analogue of PPS and PPSe, polfltelluro- 1 ,Cphenylene), -fC,H,Te+,(lS), was 
synthesized by Sandman and coworkers by the reaction of p-diidobenzene with Na,Te in 
DMF at 110-120 "C in 70% yield38. The infrared spectrum of 15 is superimposable on that 
of PPS between 4000 and 600cm-' while the bands at 550 and 475cm-' in PPS are 
shifted to 489 and 465 cm - in 15. The molecular weight was calculated from the iodine 
content to be about 8000, and the polymer decomposed at 162-170°C. 

The electrical conductivity of 15 at room temperature was lo-" R-'  cm-'. When 15 
was exposed to iodine vapour, the weight was increased by 150% and the conductivity 
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increased to  10-8-10-6Q-’ cm-’. The large increase in weight was accounted for by the 
formation of tetracoordinate Te in the polymer, by attachment of two iodines to each Te 
atom. This species was transformed back to 15 by reaction with Na,S. When 15 was 
treated with AsF,, the tan colour initially turned to  black and then returned to tan. The 
conductivity did not increase appreciably. The IR spectrum of this material after NH, 
treatment and salt removal revealed that structural modifcation had occurred in 15. 
Polymer 15 was decomposed by SbCI, in CH,Cl, a t  O°C’8. 
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I. INTRODUCTION 

This chapter is concerned with developments which have taken place in recent years and 
which describe organometallic compounds bearing X -Se or X -Te bonds; specifically, 
X = B, A], Ga, In, Tl from Group IIIa, X = Si, Ge, Sn, Pb from Group IVa and X = P, As, 

343 
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Sb, Bi from Group Va. Compounds containing C-Se or C-Te bonds are not included in 
this chapter. They form the major portion of the other chapters which make up this 
volume. 

Compounds of the type which form the subject of this chapter are relatively few in 
number. The literature is not extensive. Among the reasons for the relative paucity of 
literature references in this field is the fact that many X-Se and X-Te bonds are 
thermodynamically, and often photochemically, unstable. 

The reader should consult the ‘Annual Surveys on Tellurium’ prepared by Irgolic which 
appear regularly in the Journal of Organometallic Chemistry. Unfortunately, ‘Annual 
Surveys on Selenium’ have not appeared as part of this series. A very useful review entitled 
‘The Ligand Chemistry of Tellurium’ by Gysling’ furnishes the reader with a detailed 
coverage of Te-M bonded compounds in which M is a transition metal. 

II. COMPOUNDS CONTAINING AN X-Se OR X-Te BOND 
WHERE X IS A GROUP llla ELEMENT 

A. Compounds Containing a B-Se or B-Te Bond 

Alkaneselenols or benzeneselenol undergo reaction with boron trihalides in carbon 
disulphide to give tris(organose1eno)boranes’. The alkyl derivatives, B(SeR), (R = Et, i-Pr, 
n-Bu), are pale yellow liquids, whereas tris(phenylseleno)borane, B(SePh),, is a white solid. 
The compounds can also be prepared from the selenolates. 

BY3 + 3 NaSeR B(SeR), + 3 NaY 

Y = CI,Br,I 

The B-Se bond is ruptured by nucleophilic protic reagents. 

3 HOR’ 
8 (SeR )3 E(OR’), + 3 RSeH 

Siebert and Ospici3 have described the synthesis of alkylseleno(diiodo)boranes, RSe- 
BI,, (alkylseleno)alkyliodoboranes, RSe-BR’I, and other derivatives of the type 
(MeSe),BR;-, where n = 1,2 and R’ = Me, Ph. 

For the synthesis of the diiodoboranes, the following reactions have been utilized. The 

- 2 H I  

1 2 RSeH 

2 BI, + RSe-SeR 2 RSe--1, 

B(SeR)3 

R = Me,  Ph 
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monoiodoborane derivatives are prepared by the reaction between a diiodo(organy1)- 
borane and a diselenide or a (diorgany1seleno)organylborane. The term 'organyl' is used 
in this chapter to include both alkyl and aryl substituents. The reaction between 

RSe-SeR - I ,  

1 
2 RSeBIR' 

R'B (SeR), 

2 R ' B I ~  

R = Me, 1-Pr R'  = Me, Ph 

triiodoborane and a diselenide or tri(organylse1eno)borane gives the iododi- 

MeSe-SeMe - I ,  

1 

(organylse1eno)borane. The reactions are carried out in carbon disulphide under a 
nitrogen atmosphere. Methylselenoboranes of the composition MeSe-BI, and MeSe- 
B( Me)I form stable trimers. However, (MeSe),BI, MeSe-B(Ph)I and (MeSe),BR; - n  

(R' = Me, Ph) are monomeric. The "B-NMR chemical shift observed for the trimer, 
[MeSe-BMel],, is 11.1 ppm. This is consistent with an sp'-hybridized boron atom. 

The synthesis of 1,2,4,3,5-triselenadiborolanes has been described by Siebert and 
Riegel". This ring system has been synthesized in a variety of ways. The reaction between 
tri(n-buty1)borane and elemental Se yields the ring system shown below. Elemental Se also 

undergoes reactions with various boranes to yield derivatives having the same ring system. 

2 RBI2 -k 3 Se U (RBI,Se, + 2 I2  

R = Me, Ph 

A 
(c-HexBH2I2 + 3 Se - (C-HexBI2Se3 + 2 H, 

A 
2 [(n-PrI,BHI2 + 3 Se - (n-PrB12Se3 + 2 (n-Pr13a + 2 H~ 

The B-Se bonded compound, PhSe-BI,, disproportionates at room temperature to 
yield the diphenyl derivative. The reaction between boron tribomide and dicyclopen- 
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3 PhSe-Bl, (PhB12Se3 + PhBI, + 2 I, 

tadienyltitanium pentaselenide (Cp,TiSe,) gives the Br-substituted derivative. NMR 

,Se-Se 

‘Se- Se 
‘Se + 2 BSr, 4 (BrB),Se, -t 2 Cp2TiBr2 + 7 Se 
/ 

2 Cp,Ti 

chemical shifts for some of the triselenadiborolanes are given in Table I .  
B-Se-B bonds are formed by the reaction between dimethyltin selenide and 

dimethylboron iodide in carbon disulphide,. The product is removed by vacuum 

2 R2B1 + Me2SnMe A R2B-Se-BR2 + Me2Sn12 

distillation from the solvent. Compounds of the same type shown have been isolated for 
R = c-Hex or Ph. When R = Me or n-Bu the product polymerizes to (RBSe),. 

Compounds having B-Se-B bonds are prepared in two ways. The first utilizes 
the reaction between (CpJTiSe, and Me,BI in carbon disulphide at  room temperature. 

/Se-Se 
Cp,Ti ‘Se + 2 Me2BI - [Cp2TiI2 + Me2BSe5BMe2 

‘Se- Se / 

35 oc 
Me2BSe5BMe2 - Me2BSe-SeBMe2 f 318 See 

The second procedure involves the reaction between a borolane and elemental Se. Thus, 3- 
methylborolane reacts with elemental Se at 120-140 “C to give bis(3-methylboranyl) 
diselenide. 

2 B-H + 2 S e  ---b H, i- 

Me 

TABLE 1. NMR chemical shifts for triselenadi- 
borolanes (RB),Se, 

R NMR chemical shift, (ppm) 

Me - 0.93 ( s )  
n-Pr 
n-Bu - 1.2 (rn) 
Ph - 7.8 (rn) 

- 1.16 (m); - 1.75 (m) 

P-ToI - 2.45 (6,s); - 7.22 (4d); 
- 7.83 (4,d), J = 8Hz  
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The heterocyclic system, 1,2,5-selenadiborolene, has also been reported6. Polymeric 
iodoboron selenide, +BISe jn, is first prepared by the reaction between BI, and Se at 
140 "C. This polymer, when heated with 3, 4-Me,C,H,BI2, gives yellow crystals of xyleno- 
1,2,5-selenadiborolene diiodide. 

I 

Bregadze and coworkers have reported' that B-mercurated and B-thalliated car- 
boranes undergo reaction with elemental Se and Te to give carboranyl derivatives having 
B-Se or B-Te bonds. The following example illustrates the reaction. The same 

270-300 OC 
(C2H2SloHg),Hg + X - (C2H,BloHg)2X, 

X = Se, n = 2 ;  X = T e ,  n 1 

investigators report that the monotelluride is formed in the reaction between [m- 
carboranyl(9)l thallium bis(trisfluoroacetate) with Te in dimethylformamide in the 
presence of iodide. The carboranyl derivatives of Se and Te are solids which melt at 
temperatures > 200 "C. 

1- 
(CF,CO, ),TIB,,H,C,H, + Te 7 (C,H2B,oH,l,Te 

Clive and Menchen*-' have utilized tris(phenylseleno)borane, (PhSe),B, for organic 
functional group interconversions. This reagent is a reasonably stable crystalline solid, 
first reported by Schmidt and Blockl1. It readily undergoes reaction with carbonyl 
compounds to yield selenoacetals which are easily reduced by organotin hydrides. The 
reaction sequence utilized by Clive and Menchen is summarized below. Besides the 

Ph,SnH 
R'R2C=0 + (PhSeI3B + R'R2C(SePh), ----b R'R2CH2 

deoxygenation of carbonyl compounds, the reagents (PhSe),B, MeSe,B and (n-BuB),Se, 
deoxygenate sulphoxides efficiently. NMR evidence suggests that the formation of a 
selenosulphoxide, R,SSe, as an intermediate is llot involved. These investigators have 
suggested the initial formation of the following species: 

'I \ 

+ -  
R'R2C=O-t3(SeR), and R'R2C(SeR)OB 
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B. Compounds Containing a AI-Se, AI-Te, Ga-Se or Ga-Te Bond 

Coates” has described the formation of adducts between Me,Ga or pfe,AI and Me,Se 
9‘ Me,Te. The f llowing liquid adducts were prepared: Me,Ga-SeMe,. Me3Ga- 

to be more stable than that formed with Me,S. The greater stability was attributed in part 
to contributions arising from double-bonded structures of the type Me3Ga= SeMe,. 

The Al-Se bond has been the subject of only limited investigations. The air-sensitive 
compound, K[MeSe(A1Me3),].2 C6H6 is prepared’ by the thermal decomposition, in a 
sealed tube, of K(AI,Me,SeCN).n C,H6 at 80 “C. The crystal structure reveals that the Se 
atom is tetrahedrally coordinated. The Al-Se bond lengths average 2.578(5) A and the 
Se-C bond distance is 1.93(2)A 

The reaction between Me,AI and powdered Se in toluene gives dimethylaluminium 
methylselenolate ( l )14.  The compound is prepared in situ and reacts with esters to give 

Me3AI + Se . Me2AISeMe 

SeMe,, Me3Al- x eMe, and Me,AI-*eMe,. Coates found the Me,Ga-SeMe, adduct 

b , toluene 

2 h  

(1 )  

PhCOOMe + 1 ------w PhCOSeMe 

methyl selenol esters in good yield. With &lactones 1 reacts to give the 6-hydroxy selenol 

0 

ester. With epoxides 1 gives rnethylseleno alcohols. 

UI. COMPOUNDS CONTAINING AN X-Se OR X-Te BOND 
WHERE X IS A GROUP IVa ELEMENT 

A. Compounds Containing a Si-Se or Si-Te Bond 

Trisilylamine reacts readily with hydrogen selenide” and analagous reactions take 
place with N-methyldisilyamine. If air is eliminated, the salts are stable at room 

(H,Si),N + 2 H2Se Se(SiH,), + H,SiSG NH4+ 

2 (H,Si)2NMe + 3 H2Se - Se(SiH,), + 2 H,SiSe NH3Me+ 

H,SiNMe2 -I- H2Se H,SiSe NH2Me2 
+ 
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t -  
H,N SeSiH, + Me1 + NH,I + MeSeSiH, 

temperature for about a day. Infrared spectra suggest the presence of H,SiSe- anions in 
the crystal lattice. The salts react slowly with methyl iodide and among the products 
formed is silyl methyl selenide. With .trimethylsilyl chloride, a Si-Se-Si derivative is 
formed in 50% yield. With F,PBr the expected F,PSeSiH, is not formed. Instead, the 

H,N SeSiH, + Me,SiCI + NH,CI + Me,SiSeSiH3 

phosphine selenide, F,P(Se)SiH,, is obtained. The ammonium salts undergo reaction with 
MeCOCl with the formation of a variety of products among which is (H,Si),Se, 
(MeCO),Se and MeCOSeSiH,. 

Anderson and coworkers16 have reported on the synthesis of a number of methylseleno 
derivatives of the elements of Group IVa. Methaneselenol undergoes reaction with 
chloromethylsilanes in the presence of Me,N to give methylselenosilanes in yields up to 

Me,,SiCI, + n MeSeH + n Me3N + Me,-,Si(SeMeI, + n Me,NHCI 

70%. A second method involves an interesting reagent prepared by these investigators, i.e. 
lithium tetra(methylse1eno)aluminate. The latter undergoes reaction with trimethylstan- 
nyl halides to give yields of the desired products. The third synthetic method described by 

f -  

LiAIH, + 4 MeSeH + 4 H, + LiAI(SeMe1, 

LiAl(SeMe), -t 4 Me3MX + 4 Me3MSeMe + LiX + AIX, 

M = Si,Ge,Sn j X = Br ,  CI 

these workers involves the reaction between Si-N, Ge-N or Sn-N bonded 
compounds and methaneselenol. 

Me,MMe, + MeSeH + Me3MSeMe 4- Me2NH 

M = Si ,  Ge , Sn 

Methylseleno(trimethyl)silane can be utilized as a starting material for the synthesis of 
the Ge and Sn derivatives. The driving force for these reactions is attributed by these 

n Me3SiSeMe + Me,-,MX, --w Me, -,M(SeMe), t n Me,SiX 

M = Ge, Sn ; n = 1-4 j X = halogen 

investigators to the ‘hardness’ of Si and the ‘softness’ of Se, Ge and Sn. The ‘harder’ 
halogens form stronger bonds to Si, while the heavier Group IV metals and Se prefer a 
mutual ‘soft-soft’ interaction. The exchange reaction does not occur with Me,PbCI. In 
this latter case only decomposition products are formed. 

NMR studies give evidence of long-range ‘H-”Se NMR couplings. The NMR data 
and the results of the reaction studies by these investigators are summarized in Table 2,3 
and 4. 

Barker and coworkers’ ’ have utilized the exchange reaction which takes place between 
the Si -Se and Ge -C1 bonds for the preparation of Ge -Se bonded molecules. A rapid 
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MeGeH,CI + Me3SiSeMe + MeGeH,SeMe + Me,SiCI 

exchange takes place when an excess of halogenogermane undergoes reaction with 
Me,SiSeMe. Evidence of the formation of H,Ge(SeMe), was obtained, but the compound 
was not characterized due to its extreme instability. MeGeH,SeMe and Me,GeHSeMe 
were prepared by the direct combination of the reactants at - 196 "C. The reaction 
mixture was taken to room temperature for 15 min and the components were separated by 
trap-to-trap fractionation. The componenets were identified by *H-NMR as well as IR 
and Raman spectroscopy. However, the Si-Se and Ge-Se vibrations were not 
reported. 

The preparation of Te-Si and Te-Ge bonded species has been described by Drake 
and Hemmings". Lithium organotellurolates, LiTeR(R = Me, Ph), are prepared by the 
addition of elemental Te to the organolithium reagent in THF. The THF is removed by 
distillation at reduced pressure and the CI-Si reagent is added to the residual solid. 
Trimethyl(methyltelluro)silane and trimethyl(phenyltel1uro)silane are isolated as pure 
compounds. 

R. T. 
Me,SiCI 4- LiTeR - Me,SiTeR + LiCl 

R = M e ,  Ph 

They have been characterized by elemental analysis, mass spectrometry, 'H-NMR and 
vibrational spectroscopy. Both fluorogermanes and chlorostannanes undergo quanti- 
tative exchange reactions with the Si-Te derivatives to give tellurogermanes and 
tellurostannanes. 

Me3SiTeMe + H3GeF 4 H3GeTeMe + Me,SiF 

Me3SiTePh + Me3SnCI + Me3SnTePh + Me3SiCI 

The tellurosilanes are sensitive to protolytic cleavage and make possible the synthesis of 
the otherwise unavailable arenetellurols. On prolonged storage or when subjected to laser 

2 Me,SiTePh + H,O + (Me,Si),O + PhTeH 

excitation, the derivatives display a variety of decomposition routes which are sum- 
marized below. 

2 Me3SnTeMe --+ (Me3SnI2Te + Me2Te 

2 H3GeTeMe + (H3Ge),Te + Me2Te 

2 H3SiTeMe --+ H2Si(TeMeI2 + SiH, 

The following tentative assignments have been made for the M -Te vibrational 
frequencies: v(Si-Te) 327,227cm-'; v(Ge-Te) 257,238 and 258,233; v(Sn-Te) 248, 
177. 

Charov and  coworker^'^ have prepared compounds of the type Et,ESeLi(E = Si, Ge) as 
follows: The reaction is run in hexane and the following crystalline compounds are 

EtLi + [(Et),E],Se + Et,E + Et3ESeLi 

E Si,  Ge 
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obtained: (Et,SiSeLi),, (Et,SiTeLi),, (Et,GeSeLi),,, and [(i-Pr),GeSeLi],. When treated 
with haloalkanes the lithium compounds yield E-Se(or Te)-R bonded derivatives. 

Et3GeSeLi + n-BuCI + LiCl + Et3GeSeBu-n 

The compounds Et,SiSeBu-n, Et,SiTeBu-n, Et,GeSeBu-n and (i-Pr),GeSeBu-n are 
liquids at room temperature. 

Diselenides, following initial treatment with sodium, which presumably converts them 
to the selenolates, react readily with chlorosilanes20*21. 

PhSeSePh + 2 No + PhSeNa 

PhSeNa + CISiMe;, 4 PhSeSiMe3 

The product, PhSeSiMe,, reacts with alkyl acetates (and also with lactones) in the 
presence of Zn1222. 

ROAc + PhSeSiMe3 4 RSePh 

This reaction allows for the introduction of the phenylseleno group into an organic 
molecule. The reaction with a lactone, carried out in acetonitrile or toluene, is described as 
follows: 

0 

A ZnI, MeOH 
(CH,), 0 + PhSeSiMe;, PhSe(CH,),+ ,COOSiMe, - 
W 

PhSe(CH,),, ,CH(OH), 

The same reagent also undergoes reaction with epoxides in the presence of ZnI, or n- 
BuLi2 

+--FMe3 Znl, 
PhSeSiMe3 + - 

SePh 0 

Detty2, has demonstrated that phenylselenotrimethylsilane is a useful reagent for the 
gentle reduction (deoxygenation) of sulphoxides, selenoxides and telluroxides. The 
reaction depicted below is generally applicable. The reaction is successful with a variety of 

R,M-0 + 2 PhSeSiMe3 4 R,M + (PhSe), + (Me,Si),O 

M = S ,  Se, Te 

functional groups. Detty describes a mechanism in which the oxide oxygen attacks the 
SiMe, group to give the onium species together with the phenylselenide anion shown 
below. Attack by the phenylselenide anion on the onium compound results in the 
displacement of Me,SiO- and formation of the onium species, R2M+ -SePh. The 
Me,SiO- could attack a second mole of PhSeSiMe, to give Me,SiOSiMe, and PhSe-. 
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0- SiMe3 
I 

R-M+-R 

L Se--Ph 

The addition of iodine to phenylselenotrimethylsilane produces trimethylsilyl iodide 
and diphenyldi~elenide~~. Because of the utility of Me3SiI in organic synthesis, this has 

PhSeSiMe3 + v2 1, + (PhSe), + Me3SiI 

been described as a useful method for its preparation. The reaction between phenylseleno- 
trimethylsilane and alcohols has been recommended for the synthesis of benzeneseleno126. 

PhSeSiMe3 + MeOH + PhSeH + Me3SiOMe 

Selenoamides undergo reaction with lithium diisopropylamide in tetrahydrofuran to 
give the eneselenolates which, on trimethylsilylation, give the vinylseleno~ilane~~. 

R' = R2 = H , Me, Et , t-Bu 

When decamethylcyclopentasilane dissolved in decalin containing a 10% molar excess 
of Se is heated to 190°C for 10h a quantitative yield of the six-membered ring, c- 
(Me,Si),Se, is obtained2*. The mass spectrum gives a strong parent ion peak and the 'H- 
NMR shows three singlets at 60.496, 0.172 and 0.200ppm in a 2:2:1 ratio, respectively. 
Insertion by Se into the Si-Si bond of (Me2%), does not take place. 

A similar study has been reported by Hengge and S c h ~ s t e r ~ ~  Octamethyl- 
cyclotetrasilane undergoes a reaction with Se in benzene at 80 "C to give the 
five-membered ring system, c-(Me,Si),Se. The v(Si-Se) vibration is observed at 368 
(Raman) and 348cm-' (IR). 

Praefcke and Weichse13' have described the syntheses of 4-methylphenylseleno- and 4- 
methylphenyltelluro-trimethylsilane. The synthesis if fairly straightforward. The appro- 
priate Grignard reagent is treated with Se or Te to give the arylchalcogenomagnesium 

p-Tol-Y-MgBr 4- SiMe3CI + p-Tol-Y-SiMe3 + MgBrCl 

Y = Se,Te 

bromide. The latter, with trimethylsilyl chloride, gives the desired compound. Both the Se 
and Te compounds are colourless oils. 

Bis(trifluorosily1)tellurium has been prepared by the condensation of Te vapours in an 
atmosphere of SiF,. radicals generated from hexafluorodisilane in a low-temperature 
glow discharge3'. The compound is unstable at room temperature. It reacts with water 
and polar organic solvents. It can be vaporized at - 30°C in vacuo without decom- 
position. The "F-NMR spectrum at - 45 "C gives a singlet at 102.0 ppm from CFCI, with 
J(l2'Te-F) = 210 Hz. The Si2F,Te+ ion is present in the mass spectrum. 
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B. Compounds Containing a Ge-Se or Ge-Te Bond 

Elemental Se or Te react with trialkylgermanes at high temperatures3' to form the 
unstable R3GeXH compounds (X = Se, Te). The exchange reaction between (C,F,),GeBr 

R3GeH + X ---b R,GeXH 

X = Se,Te 
and (Et,Ge),Se is carried out at 150 "C for 35 h. Fractionation of the mixture at reduced 
pressure gives (C,F,),GeSeGeEt, in 66% yield. When (C,F,),GeBr and (Et,Ge), are 
heated at 150°C for 32h and the products are separated in uacuo, [(C,F,),Ge], Se is 
obtained,,. In this work, the synthesis of a Ge-Se-Sn bonded compound is also 
described. 

The reaction between (C,F,),GeSeGeEt, and Ph,SnBr in toluene at 100 "C for 2 h gives 
Et,GeBr and a solid residue. The residue, recrystallized from hexane, was identified as 

The four-membered ring systems c-2,2,4,4-tetra-(t-butyl)- I ,  3-diselena-2,4-digermane 
and the analagous 1,3-ditellura compound have been described34. The hydride, [ ( t -  
Bu),GeH], is prepared by the reaction between GeCI, and excess t-BuLi. It reacts with 
elemental Se to give orange cystals of the four-membered Ge-Se heterocycle or pale 
green crystals of the Ge-Te heterocycle. Mass spectral data suggest the formation of c- 
3,3,5,5-tetra-(t-butyl)-1,2,4-triselena-3,5-digermane as a secondary product during the 
reaction with elemental Se. 

The oxidative addition of (R,Ge),Cd to vanadocene gives organobimetallic compounds 
of the type Cp,V(GeR,). Se inserts easily into the V-Ge bond to give Cp,V(SeGeRJ3'. 

Phenyl(triphenylgermyl)telluriurn(~~) has been synthesized by Gardner and cowor- 
k e r ~ ~ ~ .  Diphenyl ditelluride in benzene-ethanol is converted to PhTeNa by reduction 
with sodium borohydride followed by the addition of sodium hydroxide. The addition of 
triphenylgermanium chloride, followed by work-up, gives a yellow solid, analysed as 
PhTeGePh,. In a similar manner p-TolTeGePh, and p-AnTeGePh, can also be prepared. 
In this study, the following M-Te vibrational frequences (cm-') have been identified by 
Raman spectroscopy: M = Ge 173,182; M = Sn 161,164,168; M = Pb 147,154,153,156. 
In derivatives of the type (Ar,M),Te, the u(M-Te) vibrations have been reported as 
follows: M =Ge  167; M = Sn 153; M = Pb 113. For (Me,M),Te, the following 
assignments were made for u(M-Te): M = Ge 236; M = Sn 191; M = Pb 161. 

A 

(C6F5)3GeSeSn(C6F5)3' 

C. Compounds Containing a Sn-Se or Sn-Te Bond 

Dialkyltin oxides undergo a neutralization reaction with benzeneselenol, and dialkyltin 
dihalides in the presence of triethylamine react with benzeneselenol to give organotin 
ben~eneselenolates~', Some reported physical properties of these compounds are the 

R,SnO + 2 PhSeH R,Sn(SePh), + H,O 

R2SnC12 + 2 PhSeH + 2 Et,N + R,Sn(SePh), + 2 Et,NHCI 

following: n-Bu,Sn(SePh),, orange oil, v(Sn-Se) 305 and 275 cm- ; n-Bu,SnSePh, red- 
orange oil, v(Sn-Se) 295; Et,Sn(SePh),, red-orange oil, v(Sn-Se) 328 and 309; 
Ph,Sn(SePh).4 Me,CO, white solid, v(Sn-Se) 339; Me,Sn(SePh),, yellow oil, v(Sn-Se) 
305 and 285. 

Japanese workers38 have described N ,  N-dialkylselenocarbamate complexes of tin(1v) 
The reaction of a dialkyltin dihalide with the dimethylammonium salt of R,NCSeO in dry 
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benzene gives derivatives of the type RiSn(OSeCNR,),. The stereochemical con- 
figurations of these compounds is uncertain. The fundamental stretching frequencies, 
v(Sn-Se), were reported to occur in the range 322-343cm-'. 

A number of heterocyclic systems which have Sn-Se bonds have been de~cr ibed~ ' - )"~ .  
2,4,5-Hexamethyl-l,3-diselena-2,4,5-tristannolane (2 a)  and its Te analogue (2 b )  were 

prepared3' by the reaction of dimethyltin dihydride in ether:dimethylformamide 
(30:l/v/v) with elemental Se or Te under N,. 

(2) 

(a) X = Se 

(b) X = Te 

The compound (MeSn),Se, has an adamantane-type of structure41. It is prepared by 
the reaction of MeSnBr, with NaSeH in aqueous media. The crystal structure of the 
molecule has been determined and its structure is shown below. 

C ( 2 )  

Tetramethyl- 1,2-dichlorodistannane and sodium selenide react in aqueous solution, to 
form 2,2,3,3,5,5,6,6-octamethyl-l-4-diselena-2,3,5,6-tetrastannane (3))"'. The Sn-Se 
stretching vibration is located in the 2 17-255 cm- ' region. Vibrational analysis excludes a 
chain conformation for this six-membered ring. 
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r e p ~ r t e d " ~ . ~ ~ .  The reaction is described by the following equation: 
Four-membered cyclic ring systems having two Sn-Se or Sn-Te bonds have been 

2 (t-Bu),SnC12 + 2 Na,X 4 4 NaCl + [ ( ~ - B U ) ~ S ~ X ] ~  

x = Se,Te 

The four-membered ring: 

is planar and the Sn-Se distance is 2.55 A. 
The six-membered ring compound, (Me,SnSe),, has been prepared and its structure 

determined44. The measured Sn-Se bond distances are reported as 2.51,2.54 and 2.54 8, 
The molecules have a twist-boat conformation. 

Sn-Se and Sn-Te five-membered ring compounds (4) have been reported4'. These are 
prepared by the reaction between (t-Bu,Sn),I, and H,Se or H,Te. The crystal structures 
have been determined and the rings are almost planar. An unusual feature of these 
heterocyclic compounds is their long Sn -Sn bond distances. 

R2Sn- SnR2 

R Sn SnR2 
I 

* \x/ 

X = Se,Te 

R = t-Bu 

Diphenyl ditelluride and triphenyltin hydride react at 60-70 "C to give Ph,SnTePh. In a 
similar way Ph,SnTe(C,H,OR-p) (R = Me, Et, Ph) can be prepared46. The reaction of (t- 
Bu),SnH with (ArTe), gives a red oil which, from mass spectral observation, shows the 
presence of [(t-Bu),SnTePh] +. Mossbauer measurements show that the sign of the 'I9Sn 
quadrupole splitting is negative. 

The six-membered heterocycle, 2,2,4,4,6,6-hexamethylcyclotristannatellurane, a 
Sn,Te3 ring system, has been prepared by Blecher and Drager4', as follows: 

"20 
3 MeZSnC12 + 3 NaHTe + [Me,SnTe], t 3 NaCl f 3 HCI 

Its structure is shown below. Analagous molecules had been synthesized earlier by Blecher 
and Mathiasch4' by the reaction between dimethyltin hydride and elemental S, Se or Te. 
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c2 

D. Compounds Containing the Pb-Se Bond 

Several Pb-X (X = Se, Te) bonded compounds have been described in the preceding 
sections of this chapter. Only a limited amount of additional work has been carried out. 

The hexacarbonyls of Cr, Mo and W undergo a photochemical displacement of CO by 

M(C0l6 + C,H,O 4 (CO),MOC,H, + CO 

M = Cr, Mo,W 

.tetrahydrofuran, C4H80. The C4H,0 can be displaced by (Me,M'),Se, where M' is Ge, 
Sn or Pb: 

(CO),MOC,H, + (Me3M'),Se + (CO),MSe( M'Me,), + C,H,O 

The compound (Me,Pb),Se is prepared by the reaction of MePbCl with Na,Se in dry 
benzene49. 

IV. COMPOUNDS CONTAINING AN X-Se OR X-Te BOND 
WHERE X IS A GROUP Va ELEMENT 

A. Compounds Containing a P-Se or P-Te Bond 

A number of reviews have appeared which cover developments in this area up until 
about 1971. Selenothiophosphates and diselenophosphates and their transition-metal 
complexes are described in a review by Wasson and coauthors5'. 
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Kuchen and Knop5’ have described the reaction between tetraethyldiphosphine 
disulphide, sodium selenide and Se which gives sodium diethylphosphoselenothioate (5). 

Et,P(S)-P(S)Et, + Na2Se -t Se 4 2 Et,PSSe Not 
(5) , ,  

Compound 5 can also be prepared by the reaction between diethylchlorophosphine 
sulphide or selenide with NaHSe or  NaHs, respectively. Diethylchlorophosphine 

Et2P(S)CI + NaHSe 5 

Et2P(Se)CI + NaHS 5 

Et,P(Se)CI + 2 NaHSe 4 5 + NaCl + H2Se 

undergoes nucleophilic addition by Se to give the selenide. Triakylphosphines add Se to 

Et2PCI + Se Et2P(Se)CI 

form phosphine s e l e n i d e ~ ~ ~ - ~ ~ .  In acetonitrile, the reaction between triarylphosphines and 
KSeCN gives triarylphosphine ~ e l e n i d e s ~ ~ .  

R,P + Se + R3PSe 

A review entiled ‘The Chemistry of Selenium-bearing Organometallic Derivatives of 
Group Va Elements’ was published in 197255. This review covers the reactions of P,Se, 
with alcohols and amines, compounds of the type R,MX (X = Se, Te; M = P, As, Sb), 
R,AsSeR‘ derivatives and the addition of H,Se and selenols to Vaska’s compounds. This 
report now proceeds to more recent developments. 

Austad and coworkers56 were able to prepare a triphenylphosphine telluride- 
triphenylphosphine adduct which was found to be quite stable. Previously, tri- 
alklphosphine tellurides had been found to be quite unstable5’. These workers found that 
triphenylphosphine and tetraphenylarsonium tellurocyanate in pure acetonitrile, in the 
presence of lithium perchlorate, react to  give a yellow precipitate identified as  Ph,PTePh. 
Te-P ‘short distances’ in this adduct (the crystals are disordered) range from 2.270 to 
2.424 & Each formula unit is found to contain a linear P-Te-P configuration. Other 
Scandinavian  investigator^^^ have prepared tris(morpho1ino)phosphine telluride by the 
reaction between tris(morpho1ino)phosphine and TeCN-. In this compound the P-Te 
bond distance is 2.356& 

Du MontS9 has found that phosphine tellurides behave as kinetically labile Te 
complexes in the presence of an excess of the phosphine. On the ‘H- and 3 1  P-NMR time- 
scale, even at  room temperature, all PR,Te/PR; systems which have been investigated 
display fast Te transfer reactions which have been termed ‘fluxional redox systems’. Such 
an equilibrium is illustrated by the following equation : 

R,P=Te + R;P R;P=Te + R,P 

R,R‘ = alkyl , dialkylamino , sanetimes aryl 

However, as found by du Mont, if Te is transferred from tri-n-butylphosphine telluride to  
di-t-butyl(trimethylsilyl)phosphine, the transfer of Te to  silylphosphine is followed by a 
rapid insertion of Te into the P-Si bond. 
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(n-BuI3P=Te + t-EU2(Me3Si)P - [ P B u  , P ,siMe3] HTe d t-Bu,P-Te-SiMe, 

In an analogous manner, elemental Te reacts with P-Si, P-Ge and P-Sn bonded 
compounds. 

t-Bu2P-XMe3 + Te 4 t-Bu2P-Te-XMe3 

X = S i ,  Ge, Sn 

The compounds, t-Bu,P-Te-XMe, are detected in solution by 
NMR spectroscopy. In a few hours, the following redistribution equilibria occur: 

P-NMR and '"Sn- 

A 2 t-Bu,P-Te-XMe, - (Me3X&Te + (t-Bu)2P-Te-F(Bu-t)2 

The R,P-Te-PR, type compounds are identified by 'H- and "P-NMR spectroscopy. 
They are pale yellow in colour and have been termed 'tellurophosphinous anhydrides'. 

','Te-NMR chemical shifts and coupling constants 'J( 12'Te-31 P) have been reported 
by du Mont and Kroth60. In R,PTe/PR; mixtures only "'Te singlets are observed This is 
taken as evidence &fa rapid Temigration. In tellurophosphines such as R-Te-PR; well- 
resolved doublets arising from 1J(125Te-31 P) coupling is noted, If R = PR;, such 
doublets give rise to triplets The "'Te-NMR data reported by these investigators are as 
follows: compound, 6('25Te)(ppm), 'J(Te-P)(Hz); all chemical shifts are relative to (p- 
MeC6H4Te), as a standard - (t-Bu),PTe, - 480(s), 1600;(t-Bu),PTe/(t-Bu),P, - 481 (s); 
(n-Bu), PTe/( n-Bu), P, - 5 12(s); Te[ P( Bu-t),] ,, - 574(t), 45 1 ; Te[ P( Bu-t),] ,. Cr( CO),, 
+ 142, 324; Te[P(Pr-i),],, - 704(t), 324, Me,Si-Te-P(Bu-t),, - 772(d), 384; p -  
TolTe-P(Bu-t),, - 542(d), 532; p-TolTe-P(Bu-t),.Ni(CO),, - 396(d), 651 ; p-TolTe- 
P(Pr-i)2, - 588(d), 556; (Me,Si),Te, - 46qs). 

Tellurium bis(di-t-buty1)phosphine displaces norbornadiene from C,H,CI~CO)~ to 
give a red crystalline solid, 6, with a four-membered CrP,Te cyclic group6'. A nickel 

compound p-TolTeP(Bu-t),Ni(CO), can also be prepared. In the chromium compound, 
the lzSTe chemical shift is + 142ppm(t) and 'J('ZsTe-31P) is 324Hz. 

Bergesen and coworkers6' have prepared a series of compounds of the type (R,N),P, 
(R,N),PX(X = 0, S, Se, Te) and (R,N),As In these compounds, R,N is 
morpholine(Mor), piperidine, pyrrole, Me,N, Et,N and (n-Pr),N. In the vast majority of 
cases, the 13C-NMR chemical shiftsare found to be insensitive to whether thecentral atom 
is P or As and relatively insensitive to the nature of X in the pentacovalent series. For 
example, in the series Mor,P, Mor,PO, Mor,PS, Mor,PSe and Mor,PTe, the "C-NMR 
shifts of the carbons attached to the nitrogen atom are, respectively, 47.4,45.4,46.5 and 
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47.5ppm. These values are within 2ppm of those of the parent amines. In Mor,P and 
Mor,As, the corresponding shifts are 47.1 and 47.4 ppm, respectively. 

Among the pentacovalent phosphorus species, a slight, but distinct downfield trend is 
noted with increasing size of the chalogen atom. To quote the investigators: 'A 
compensation between sterically induced upfield shifts and varying downfield shifts due to 
differences in the electron withdrawing power of the chalcogen atom may well be the cause 
of the small effects observed in the present study'. 

Among the tervalent compounds which have been studied, a small, but generally 
observed downfield shift is noted (1-2ppm) in going from the phosphines to the arsines. 
This modest effect is attributed to  the fact that the As atom, being less electronegative, 
deshields the amino carbon atoms more effectively relative to  the P atom. 

A cyclic three-membered selenadiphosphorane ring system has been synthesized by 
Baudler and coworkers63. The reagents are 1,2-di-t-butyl-1,2-dichlorodiphosphine and 
bis(trimethylstanny1) selenide. The reaction is carried out in boiling THF. Based on NMR 
spectral evidence, the alkyl groups assume a trans configuration. 

t-Bu 

P- 
\ 
\ /p\ 

CI(t-Bu)P-P(Bu-f )CI + (Me3Sn),Se ---b 

Se Bu-t 

B. Compounds Containing As-Se, As-Te and Other P-Se or P-Te Bonds 

A detailed NMR('H, "F) spectroscopic investigation of the cleavage of element- 
element bonds by Me,SnH in ligands coordinated to Cr(CO), and Mo(CO), has been 
published by Grobe and Le Van64. The coordinated ligands are of the type R,XXR; and 
R,XGR', where X is P or As and G is S, Se or Te. The rate of reaction of the coordinated 
ligands is much slower than that of the free ligands. In Table 5 are listed the results by these 
workers for compounds containing an XGR' bond. 

Emeleus and coworkers65 introduced trifluoromethylselenobis(trifluoromethy1)- 
phosphines and -arsines. The reactions used for the syntheses of these compounds are 
given below. 

2 (CF3),PI + (CF3Se),Hg + HgI, + 2 (CF3),PSeCF3 

2 (CF,),AsI + (CF3Se),Hg + HgI, + 2 (CF3),AsSeCF3 

The reaction was carried out in sealed glass ampoules for 72 h. The precipitated red mercu- 
ric oxide was separated by filtration and the colourless liquid products were separated 
by vacuum distillation. Heptafluoropropylselenobis(trifluoromethy1)arsine was also 
prepared from bis(heptafluoropropylse1eno)mercury and iodobis(trifluromethy1)arsine. 

The conformations of tris(phenylthi0)-, tris(pheny1seleno)- and tris(phenyltel1uro)- 
arsines as well as of the Me,As(XPh) derivatives (X = S, Se, Te) have been studied by 'H- 
NMR and UPS (ultiaviolet photoelectron spectroscopy)66. It was concluded that (in 
benezene solution) (a) in all the compounds studied the As is pyramidal; (b) the As(XPh), 
molecules are symmetric; (c) the twisting angle about the As-X bond is close to  zero; (6) 
the Ph-X bond is directed toward the external of the pyramid; (e) the P h  rings are 
symmetrically twisted at an angle of about 40" with respect to the As-X-C plane in the 
tris(phenylcha1cogeno)arsines and cf) the bond moments, As(L)-X, where L is the 
electron lone pair, have been determined to be 0.35 D, 0.30 D and 0.28 D for X = S, Se and 
Te, respectively. It is concluded from these measurements that there is a virtual absence of 
resonance contributions. 
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TABLE 5. Cleavage reactions of complexes of the type Cr(CO),R,XGR' and MO(CO),R,XGR' by 

Reactant 
Reaction temp. 

("C) Products 

Cr(CO),Me, PSeMe 
Cr(CO),Me, AsSeMe 
Cr(CO),(CF,),PSeMe 

Cr(CO),Me,AsSeCF, 20 
Mo(CO),Me,PSeMe 20 
Mo(CO),Me,AsSeMe 20 
Mo(CO),(CF,),PSeMe - 10-0 

Mo(CO),(CF,),PTeMe - 40-0 

Mo(CO), Me,AsSeCF, 0-20 

> O  

> O  

Cr(CO),(CF&PH 
Cr(CO),Me,AsH. CF,SeSnMe, 
MO(C@,Me,PH' Me,-SnSeMe 
Mo(CO),Me,AsSnMe, 
Mo(CO),(CF,),PH, Me,SnSeMe 
Mo(CO),(CF,),PSnMe,, Me,SnF 
Mo(CO),(CF,),PH, Me,SnTeMe 
Mo(CO),(CF,),PSnMe,, Me,SnF 
Mo(CO),Me,AsH, CF,SeSnMe, 

The 'H-NMR chemical shifts of the ortho, meta and para protons move slightly downfield 
with decreasing electronegativity of the X atom. This is in agreement with the decreasing 
ability of the chalcogen atoms to transfer charge from the lone-pair electrons into the 
aromatic ring as the atomic number increases. 

Herrmann6' has described the synthesis of the five-membered and six-membered 
heterocyclic systems, 1,4diarsa-2,3,5-triselenacyclopentane (7) and 1,3,5-triarsa-2,4,6- 
triselenacyclohexane (8). The preparation involves the reaction between elemental Se and 
either hexaphenylcyclohexylarsine or pentamethylcyclopentaarsine. Compound 7 is 
prepared by heating the reactants at 220 "C and crystallization from benzene in the form of 
orange-yellow crystals. Compound 8 is obtained as yellowish crystals by heating the 
reactants at 180°C. Details about the geometries have not been obtained. 

Se -Se 
I I  

(PhAsI6 f 9 Se + 3 Ph-As As-Ph 
\ /  

Se 

I I 
315 (MeAs& f 3 Se Me-As' 'As-Me 

Se, ,Se 
As 

I 
Me 

(8 )  
Ellerman and L i e d 8  have described the preparation of the reagent, l , l , l -  

tris(diiodoarsinomethy1)ethane (I,AsCH,),CMe. When it reacts with NaSeH, the cage 
compound Me(qCH,As),Se, (9)is obtained. Of the three structures(A, B, C) proposed for 
9 structure A is considered to be the most likely. 
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A B C 

(9) 

All four members of the 5,lO-epichalcogenodihydroarsanthrene series have been 
prepared69. The epithio, episeleno and epitelluro compounds are prepared by saturating a 
solution of S,IO-dichloro-S, 10-dihydroarsanthrene (10) in ethanol with H,S, H,Se or 
H,Te. 

X = S, Se,Te 

The structure of the epithio compound has been determined crystallographically and is 
shown below. The 5,IO-episeleno and 5,IO-epitelluro analogues have closely related cell 
constants, but they are not isomorphous. The investigators are of the opinion that the Se 
and Te analogues have structures very similar to that shown for the thio compound. 

Chi and Kober’O have prepared, by the oxidation of the parent arsines with Se, di- and 
tri-tertiary arsine selenides. Typical examples of the types of compounds prepared are 
shown below. 

Se 
N [CH2CH,AsMe2]3 - N [CH2CH2As(Se)Me2] 3 

Se 
CICH,C(Me) [CH2AsMe,12 - CICH2C(Me) [CH,As(Se) Mep] 

(CICH2),C [CH2AsMe2] - (CI CH,),C [CH, As (Se) Me2] 

2 
Se 

2 2 
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The coordination compounds shown below were also prepared. 

365 

2 t  
Me CH2-AsMe2= Se 

co  

CIH,C / ‘CHz--AsMez=Se ‘As ‘Se= AsMez 

\C’ 

The As-0--C bond is hydrolytically unstable, but the As-S-C and As-Se-C 
bonds are hydrolytically quite stable. This has led Zingaro to the conclusion that although 
monosaccharide esters of arsenic acid have never been successfully prepared it should be 
possible to prepare thio- or seleno-sugar esters of arsinous acids. The synthesis of 1- and 6- 
S- and -Se-arsinous acid esters have been reviewed7’. A typical reaction procedure is that 
described for the synthesis of 2,3,4,6-tetra-O-acetyl-l -SE-dimethylarsino-b-~- 
galactopyranose”. 

Acetobromogalactose is treated with selenourea which displaces bromine at C(1) to give 
the selenoureide. Reduction of the selenoureide by bisulphite or borohydride followed by 
air oxidation gives the galactosyl-1-1’-diselenide. The diselenide is cleaved by 
Me,AsAsMe, under nitrogen to give the acetylated 1-Se-dimethylarsinogalactose 
compound. 

Another example of such a reaction, for the synthesis of derivatives of 2-amino-2-deoxy- 
D-glucopyranose, is given in Scheme 1 73. 

Se $H20Ac 
I I  

NH 
H2NCNMe, . 
Me,CO, heot 

A c0 AcO 

NHAc 

H2Q NoHSQ, I 
NHAc 

SCHEME 1 
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1. INTRODUCTION 

Selenium and tellurium have many stable and radioactive isotopes. For example, the 
stable isotopes of selenium, with their natural abundances, are 74Se (0.87%), 76Se (9.02%), 
77Se (7.58%), 78Se (23.52%), "Se (49.82%) and *'Se (9.19%), while 72Se, 73Se, 7sSe and 
77"Se are the main radioactive isotopes. Tellurium has 8 different stable isotopes and 
more than 10 radioisotopes'. Among the most often used are 75Se (half-life: 118.5 days), 
lZ3"'Te (half-life: 117 days), '27mTe (half-life: 109 days) and '32Te (half-life: 78 h)'. 
Positron-emitting 73Se may be useful for imaging human body organs by what is called 
PETT (positron emission transaxial tomography), but it has not yet been put into use. 

Most of the radioactively labelled selenium and tellurium compounds discussed in this 
chapter have been used for biochemical studies and radiomedical research, whereas the 
deuteriated compounds have been used for infrared, Raman, microwave and nuclear 
magnetic resonance spectroscopic studies. Very rarely, these isotopes have also been used 
for studying organic reaction mechanisms. Accordingly, our attention will be focused on 
the preparation of these isotopically labelled compounds and their biochemical and 
medicinal uses. 

11. PREPARATION OF ISOTOPICALLY LABELLED SELENIUM 
AND TELLURIUM COMPOUNDS 

A. Inorganic Selenium and Tellurium Compounds Labelled with Radioactive Isotopes 

Commercially available radioactive elemental selenium and tellurium, selenium 
dioxide, alkali selenite and tellurite can be reduced to radioactive Na,Se,, Na,Se, 
NaSeH, Na,Te and NaTeH, which are versatile reagents for the synthesis of a variety 
of radioactive organic selenium and tellurium compounds, since these reagents are 
extremely strong nucleophiles which by S,2 processes can readily displace halides and 
tosyloxy groups attached to carbon. This is mainly due to the softness of these reagents 
which have donor orbitals (HOMOS) of quite high energy levels' and even behave as 
potential reducing agents3. 

Radioactive selenium can readily be reduced with sodium borohydride to sodium 
selenide and sodium diselenide (equation l)4*5. 

(1) 
NaBH4 '"Se 

75Se - Na75SeH (Na75Se), 
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Radioactive elemental selenium is also often reduced by metallic sodium in liquid 
ammonia to generate sodium diselenide which in turn reacts with various alkylating 
agents in situ to afford dialkyl diselenide labelled with 75Se (equation 2)6-9. 

liq. NH3 

(2) 
75 

2 Se + 2 No - Na2Se2 

Kronkd and coworkers reduced 75Se0, with stannous chloride and phosphoric acid to 
gaseous hydrogen selenide, HZ7%e, which can be driven into the reactor containing a 
suitable electrophilic reagents by a stream of nitrogen (equation 3)". 

75Se02 + 3 Sn2+ + 6 H+ H T S e  + 3 Sn4+ + 2 H20 (3) 

Sadek, Basmadjian and Ice reduced radioactive selenious acid with sodium borohydride 
in an aqueous buffer solution by adjusting the final pH at 6.5-7.0 to obtain Na75SeH 
quantitatively. Under these reaction conditions evolution of highly toxic hydrogen 
selenide and the formation of NaZ7%e can be avoided". 

Radioactive elemental selenium obtained by treatment of Na, '%e0, with sulphur 
dioxide was shown to be reduced to potassium diselenide, which can be converted to 75Se- 
labelled dialkyl diselenides upon treatment with alkyl halides or tosylates in situ 
(equation 4)". 

'Z7mTe-labelled elemental tellurium was prepared by treating radioactive sodium 
tellurite with hydrogen bromide and subsequent addition of stannous chloride and natural 
tellurium as an entraining agent The radioactive tellurium so obtained was purified by 
sublimation and can be converted to '27mTe-labelled tellurium tetrachloride by direct 
contact with chlorine gas (equation 5)13. 

HBr SnCl CI 
Na, TeO, 2 127m TeCI, 127m Te 2 127m 

8. Selenols, Diselenides, Selenides and Tellurides 

1 .  Acyclic compounds 

Methaneselenol-d, was prepared by the following sequence of reactions: treatment of 
dimethyl sulphate-d, with sodium diselenide gave dimethyl diselenide-d, which was 
reduced with metallic sodium in liquid ammonia to obtain the desired compound 
(equation 6)6*'4*' '. Methaneselenol and methaneselenol-d, can be readily converted to 
CH,SeD and CD,SeD simply by treating with deuterium oxideI5. 

(CD,),SO, 1 .  Na DzO/gos phase 
NaeSeZ - (CD3Se), 7 CD,SeH - CD,SeD (6) 

Alkyllithium and Grignard reagents react readily with elemental selenium to afford the 
selenols (equation 7). Isotopically labelled selenols can be obtained if suitably labelled 
starting materials are used",.". 
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H,O/H+ 
RMgX + Se + RSeMgX - RSeH (7) 

Basmadjian, Hetzel and Ice synthesized 75Se-labelled a-tolueneselenol and dibenzyl 
diselenide by treating benzyl chloride with 75Se-labelled sodium hydrogen selenide or 
sodium diselenide, respectively (equation 8 and 9)4. The first method may be used to afford 
any non-symmetrical selenide. The same authors claim that 75Se-labelled selenourea 

RX R'XIB: 

Na7'SeH d 13~~SeI- i  - R75SeR' (8) 

(9) 
75 2 R X  75 

Na, Se, + R, Se, 

derivatives, which can be readily obtained upon heating 75Se-labelled sodium hydrogen 
selenide with substituted carbodiimides, are versatile reagents for preparation of 75Se- 
labelled selenols (equation 

-% R'75SeH Na75SeH - RNHC(="Se)NHR 4 RNH6 f5 SeR? NHR X- 
RN=C= NR R' X 

(10) 
Monks and coworkers prepared 6~-(alkylseleno-75Se-methyl)norcholestane7 (1) and 

75Se-labelled 8-methylselenoadenosine 3',5'-cyclic phosphate'* (2) by the reaction se- 
quence shown in equations (11) and (12). 

68- iodomsthyl- 19-norcholsal 
-5(10)-ene- 38- 01 

75 Me1 
Na, Se * Me75SeNa in wF b 

HO 

( 1 )  
8-bromwdenosins 3' , 5'- 
cyclic phoaphate 8-Selenomercaptoadenasine * 

cyclic Nd5SeH 

I .  Me1 

2. dithiothreitol /Na,CO, 
- Me75Se 

O=P-0 OH 
I 
0- 

(2) 
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Chambers and coworkers prepared 75Se-labelled 2-methylselenoprednisolone (3) by 
treating cortisol with 75Se-labelled selenium dioxide as shown in equation (13)19. 

?5 
I. ” s ~ o ,  or H, S ~ O ,  

&OH 2. 3. Me1 dithiothreltol Me7%e *o#;; 

0 

Monks and coworkers studied two routes for the preparation of 7’Se-labelled steroids. 
One route involves conversion of a hydroxyl group in the steroids at the 3,6,17,19 or 2 1 
position to the corresponding methaneselenyl group as shown in equation (14)”. The 

Steroid-OH 
TsCl - Steroid-OTs 

KT5SeCN - 
(14) 1. dilhiothreitol 2. Me1 or MeZSO, 

b Ste r~ id -~~SeMe (4) 

second route involves conversion of steroids bearing a carbonyl group at the 3,6,17 or 20 
position into oximes having a radioactive selenium-containing group as shown in 
equation (15)”. 

H,NOCH,COOH CICOOBu-i /Et,N 
Steroid=O - Steroid= NOCH,COOH P 

75 
Steroid=NOCH2CONHCH (COOH)CH,CH, SeMe 

Me’5%CH2CH,CH(NH,) COOH ( 5 )  
b or ( 1  5 )  75 

or Me7’SeCH,CH,NH, Steroid=NOCH2CONHCH2CH2 SeMe 

( 5 0 )  

Otto prepared 75Se-labelled glycerine triethers(6a and 6b) by the method shown for 6a in 
equation (16)”. They also showed that when 123mTe was used instead of 75Se in the above 
synthetic procedure, 123mTe-labelled glycerine triethers, e.g. 7, could be obtained“. 

CHZO(CH,),,CH, 
I 

CHO (CH,),,CH, CH20(CH2 l1FH3 I I BuLi CH,Br 
75Se - B t ~ ~ ~ s e L i  - CHO(CH2)17CH3 

1 75 
CH, Se(CH,),CH, 

(6a) 

CH20(CH 2)1 ,CH 

CH 7%e(CH2)3CH3 

CH20(CH,),7CH3 

I 
I 

( 6 b l  

CH20(CH2),,CH3 

CHO (CH2),,CH3 

I 123m 

I 

CH, Te(CH2),CH3 

( 7 )  
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Kung and Blau synthesized 75Se-labelled tertiary amines (8) by reducing 75Se-labelled 
selenious acid with sodium borohydride and subsequent treatment of the intermediate 
formed with N,N-substituted aminoethyl chloride (equation 17)". 

N o B H q  2 R X  
H275Se03 ---w [Na7%eH] R75SeR 

R = -CH2CH2NMe2 

-CH2CH2N [CH(Me)I2 

-CH2CH2N 3 
n 

- CH 2CH2NWo 
+ 

-CH2CH2NMe3 

Carrillo and Nassiff succeeded in the separation of 'z7"Te/'z7gTe obtained by [n, y ]  
reaction of a sample enriched with '26Te. The elemental tellurium containing a mixture of 
radioactive isotopes obtained by the neutron irradiation was converted to dimethyltel- 
lurium iodide, which was then dissolved in an organic solvent and kept until radioactive 
equilibrium was attained. At this stage, '*'gTe (half-life: 9.4 h), formed from "'"'Te (half- 
life: 109days) during the radioactive equilibration, was shown to have changed through 
recoil reaction to inorganic tellurium which could be separated by coprecipitation with 
ferric hydroxide from other isotopes of organic form contained in the organic layer 
(equation 18)23. 

126 t n ,  Y I  127m ~ 8 1  l27m radioactive equilibration 
Te d Te Me2 TeI, b 

in CHCI, /H20 

127m 1279 
[Mep TeJ2(in CHCI, layer) + inorganic Te(in H20 layer)] 

FdOH), 

coprecipitation with Fe(OH)3 (18) 

Adloff and Adloff prepared radioactive 32Te-labelled diphenyltellurium dichloride by 
displacement of mercury from diphenylmercury by ' 32Te under nitrogen and subsequent 
treatment with chlorinez4. 

The '23"Te-labelled norchorane derivative 10 was prepared by the reaction of 
bromonorcholane (9) with 123"Te-labelled isopropyl telluride in an alkaline solution 
(equation 19)25. 
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123mTe-( 

- 
RO 

(9) (10) 

Knapp and coworkers prepared 123mTe-labelled isosters of palmitoleic acid and oleic 
acid, i.e. 9-tell~ra-~~~"Te-pentadecanoic acid (l la) and 9-tell~ra-'~~"Te-heptadecanoic 
acid (llb), respectively, by the synthetic route shown in equation (20)26. 17- 

n-CnHPn + I 123m Te(CH,),COOH 

[123mTe]tellura-9-octadecenoic acid (13a) was prepared by Basmadjian and coworkers 
through the two routes shown in equation (21)". The four 1Z3mTe-labelled hexadecenoic 
acid analogues 13b-e were synthesized in the same manner". 

BrCH2(CH2),CH=CH(CH2)~CH2COO- No' 

NA23mTeH [No+ -OOCCH2(CH2)6CH=CH(CH2)5CH2Te]2 

(12) 

N0123m TeCH2(CH2 ),CH=CH (CH2)&H $00- Na' 

IMe' 
Me123m 

TeCH2(CH2)5CH=CH(CH2)6CH2COO- Na' 

(130) 
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Et 123m 

pr123m 

M e 2  Te(CH2)JCH=CH(CH2)6CH2COOH CI- (13d)  

Me(CH2),5 TeCH2COOH (13e) 

TeCH2(CH2)5CH=CH (CH2)6CH2COOH (13b) 

%CH~(CH~)SCH=CH(CH~)~CH~COOH ( 1 3 ~ )  

123m + 

123m 

2. Cyclic compounds 

Lambert and coworkers synthesized several deuteriated selenanes ( ~ & - c ) ’ ~ - ~ O  by 
treating suitable deuteriated 1,5-dibromopentanes with sodium selenide or a mixture of 
sodium formaldehydesulphoxylate and elemental selenium according to the procedure 
developed by McCullough and Lefohn (equations 22-24)3’. In the latter process elemental 
selenium is believed to be reduced to form sodium selenide in the initial step of the 
reaction31. 

I .  PBr, 

2.  No,Se or Se + NOO,SCH,OH/OH- 

(140) 

1. PBr, 

HO AOH - 2.  No,Se 

Meanwhile, Russian chemists prepared 2,2,5,5-tetradeuterioselenolane (17) as 
shown in equation (25)32. 

n LiAlD, moH HBr/H2S0, 
Et02C C02Et - HO - Br 
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Lambert and coworkers also synthesized 4,4dideuteriotellurane (18a) and 3,3,5,5- 
tetradeuteriotellurane (18b) by the reaction between the corresponding deuteriated 1,5- 
dibromopentane and sodium telluride (equations 26 and 27)28. 

D D  

Na2Te - 
Br Br 

6 
(180) 

Several deuteriated selenophenes (19a-f ) were prepared by Magdesieva and coworkers 
by treating the corresponding iodoselenophenes with zinc and AcOD (equation 28)33. 

(190) 
m = 0,l  

n = 1-4 

Martin and coworkers obtained deuteriated selenophenes (19a,g-i) by quenching the 
corresponding Grignard reagents with D20 (equation 29)34. 

n = 1,2 (190) (199) 

Br D 

4-Phenyl-5-deuterio-l,2,3-selenodiazole (20) was prepared by the reaction of the 
semicarbazone of acetophenone-d, with selenium dioxide (equation 30),'. Hanson and 
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(20) 

Davis reported that the synthesis of 75Se-labelled 4-substituted 1,2,3-selenadiazoles, 21 
and 22, could be achieved by cyclization of appropriate semicarbazones by the method 
shown in equation (30)36. 

(21) (22) 

Paliani and coworkers synthesized tellurophene (23) and various deuteriated de- 
rivatives (23a-c) by the processes shown in equation (31)37. Barton and coworkers 

( 2 3 ~ )  

I - ,"  I -  

(23b) 

(31) 
prepared 2-phenyltellurophene-5-d, (24a) by initial lithiation of 2-phenyltellurophene 
and subsequent quenching of the lithiated compound by deuterium oxide, while 
2-phenyltellurophene-3,4,5-d3 (24b) was prepared as shown in equation (32)38. 

MeONa/MeOD No Te / MeOD 
P h C E C C E C H  - PhC=CCECD 2 

Ph 

3. Amino acids 

Barak and Swanberg established a quantitative analytical method for estimating the 
amount of selenomethionine in biological samples such as serum, liver and muscle by 
coupling the techniques of paper chromatography and neutron activation analysis; this 
involves the irradiation of the sample with neutron flux to convert 76Se to radioactive 
77mse39,  
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McConnell and coworkers irradiated selenomethionine, 6-selenoguanine and 6- 
selenopurine in a water-cooled compartment of a graphite reactor with a neutron flux of 
7.5 x 10" neutron ax-' s-l for 62h to obtain directly the corresponding "-Se-labelled 
compounds. They claimed that no notable degradation of the starting substances was 
observed40. Later, however, Spencer and coworkers found that the neutron irradiation of 
selenocystine gave 7SSe-labelled selenocystine together with some degradation products 
via recombination of symmetrical halves of the molecule or by exchange with non- 
radioactive molecules found as cleavage products in the [n, y] reaction as observed in the 
neutron irradiation of diphenyl selenide which had been known to give a mixture of 
radioactive diphenyl selenide and labelled diphenyl diselenide. These observations 
suggest that the [n,y] process involves Se-Se bond rupture-rec~mbination~~. 

Dilworth reported a convenient enzymatic synthesis of isotopically labelled selenocys- 
teine and its derivatives. At first serine was converted to 0-acetylserine which was then 
incubated with 0-acetylserine sulphydrylase at pH 7.2 in the presence of sodium hydrogen 
selenide to obtain selenocysteine which was converted to 75Se-labelled selenocysteine via 
75Se-labelled selenocystine as shown in equation (33)'. When 14C- or 3H-labelled serine or 
75Se-labelled sodium hydrogen selenide was used as the starting material, the correspond- 
ing radioactive selenoamino acid was obtained5. 

ACOH/HCI NaSeH 
HOCH2CH(NH2)COOH AcOCH2CH(NH2)COOH P 

0-acetylserine 
wlphydrylaw 

r4C,  75Se] 

"Se-labelled selenomethionine was prepared according to equation (34)". 

No ErCH2CH2CH (NH,)COOMe 
(Me 75Se)2 W Me 75SeNo b 

H*/Hp 
Me75SeCH2CH2CH(NH2)COOMe - Me75SeCHzCH2CH(NHz)COOH (34) 

Otto obtained 75Se-labelled selenomethionine by treating 75Se-labelled lithium 
methaneselenolate with bis(chloroethy1)dioxopiperazine and subsequent hydrolysis 
(equation 35)42. 

H 

OYNY cH2cH2cl 

MeLi CICk$CH2hNA0 H 
75Se - Me7'SeLi b 

0 x:x;2CHz75SeMe 

H2O b 2 Me75SeCH(NH2)COOH 
Me75SeCH2CH, 

(35) 
H 

Racemic methyl-14C-labelled selenomethionine and ethyl-14C-labelled selenoethionine 
were readily prepared by treating racemic selenocysteine with 14C-labelled alkyl iodides 
(equation 36)43. 
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''CH31 -t HSeCH2CH2CH (NH2)COOH __* ''CH3SeCH2CH2CH(NH2)COOH (36) 

Bremer and Natori tritiated selenomethionine randomly by simple exposure of the 
compound to  tritium gas 44according to  the procedure reported by W i l ~ b a c h ~ ~ .  
3H-labelled selenomethionine was then converted to 3H-labelled Se- 
adenosylselenomethionine (25) through the procedure developed by Cantoni and Durell 
(equation 37)46. 

st% 
CH3SeCH2CH2CH (NH2)COOH 4 CH3SeCH2CH2CH (NH2)COOH [3H] 

ATP, GSH , Mgz* 

liver micrmOmol 
methionine- activating 
enzyme 

b w OH OH 

(37) 

Blau reported a successful small-scale biosynthesis of radioactive selenocysteine and 
selen~methionine~'. At first baker's yeast (Saccharomyces cereoisa) was grown in the 
presence of 75Se-labelled selenous acid. Subsequent hydrolysis and ion exchange 
fractionation provided the desired 75Se-labelled amino acids. 

Wong and coworkers prepared 75Se-labelled selenaproline (4-selenazolidine-1 -75Se- 
carboxylic acid) (26) by condensation of 75Se-labelled L-selenocystine with formaldehyde 
after reduction with sodium borohydride as shown in equation (38)48. 

NH 

[HOOCCH(NH2)CH275Se]2 --+ CH20 [HOOCCH(N=CH2)CHpSe ] 
2 

HOOC' 

(26) 

(38) 
Monks prepared 75Se-labelled derivatives of folates 28 and 29 as shown in equations 

(39) and (40)8.9. 

CICH,CHVUH,)COONO N d l i q .  NH, 
h275se2 [75SeCH2CH(NH2)COONo]2 

1. N"-trnluoroocetylpteroyl 
isobutyl corbonote 127) 

N o ~ ~ S ~ C H ~ C H  (NH 2)COONo b 
2. H,O/NOOH 

3. H* 
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1. Na/liq. NH, 
[75SeCH2CH(Nk$)C03No] Me75SeCH2CH(NH2)COONa 

2 2.  Me1 

,"'Te-labelled racemic a-amino-y-(pheny1telluro)butyric acid (30) was synthesized by 
Knapp and coworkers by alkaline hydrolysis of racemic 5-w- 
(phenyltelluro)ethyl]hydantoin-1z3mTe obtained as shown in equation (41)49. 

(Ph'23mTe)2 A Ph TeNo 
5-(pbromoethyl) hydantoin Na0H4 123m 

Celander and Celander isolated 7sSe-labelled urokinase from the urine of dogs after 
injecting Naz7sSe0,50, while 7sSe-labelled fibrinogen was obtained from the plasma of 
dogs which were administered with Na27sSe0,51 or 7sSe-selenomethionine52. 

Insulin containing radioactive selenocystine was prepared by Tavaarwerk according to 
the following in oioo reactions3: Selenocystine labelled with 75Se was injected into the tail 
vein of a rat. After one day, radioactive insulin was extracted from the rats pancreas and 
purified. 

Leon and coworkers successfully prepared '%e-labelled plague murine toxins pro- 
duced by Pasteurella pestis. The toxic proteins A and B were isolated from the soluble 
protein obtained from the cells grown in the presence of 7sSe-labelled selenomethionineS4. 

Snake venom labelled with 75Se was obtained from Mpera ammodytes one week after 
7sSe-labelled selenomethionine was injected into the snake's stomach. The labelled snake 
venom exhibited the same electrophoretic behaviour as non-labelled venom". 

The technique of labelling proteins with "Se has also been applied to immunological 
r e ~ e a r c h ' ~ - ~ ~ .  For example, Engler and coworkers obtained highly radioactive "Se- 
labelled glycoproteins, ie. hepatoglobin and a,-macroglobulin, formed by acute-phase 
reaction of the inflammatory process caused by turpentines7. Rats were injected with 7sSe- 
selenomethionine one day after treating with turpentine. Five and a half hours later the 
blood of the animals was collected and the radioactive glycoproteins were isolated from 
the plasmas7. 

In uioo labelling of living lymphocytes with 7sSe was performed through incubation of 
mice or rat lymphocytes with 75Se-selenomethionine61*62. 
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Meanwhile, highly specific labelling of viral proteins was achieved by Enzmann, who 
revealed that viruses incorporated 75Se-selenomethionine in culture, during their protein 
syn t hesis6 3. 

Kishore and coworkers labelled the living cells of Pseudomonas aeruginosa and 
Staphylococcus aureus with 75Se by growing the bacteria in trypticase soy in the presence 
of 75Se-labelled ~elenornethionine~~. 

4. Miscellaneous 

SSe-labelled selenourea by treating 75Se-labelled 
hydrogen selenide, obtained from the reaction shown in equation (3), with cyanamide 
(equation 42)lob. 

Kronrhd and Hladik prepared 

75 
NCNH2 + H2 Se --+ 75Se=C(NH2)2 

Martinsen and Songstad obtained bis(tripheny1phosphine)imminium selenocyanate- 
13C by the reaction of '3C-labelled cyanide with elemental selenium (equation 43)65. 

KI3CN Se 
Ph3PhPPh3 CI- Ph3PhPPh3 Ph3PkPPh3 -SeI3CN (43) 

13CN- 

Sulphur atoms in acid-labile sulphur-iron clusters of bacterial origin were found to be 
replaced by selenium in an ESR study of these enzymes. Putidaredoxin isolated from 
Pseudomonas putida is a protein of mol. wt. 12,000 containing two atoms each of acid-labile 
sulphur and iron. Selenium-containing homologues of this iron protein labelled with 80Se 
(97 atom%) and 77Se (87 atom%) containing a small amount of radioactive 75Se were 
prepared by treating putidaredoxin apoprotein with ammonium selenide enriched with 
the desired isotope and ferrous iron in the presence of 2-mercaptoethanol under argon. 
Both the selenium and iron contents of the modified protein were two atoms per mole of 
the enzyme66. Fee and Palmer prepared ,?SS7Fe, 80Se56Fe, 77Se56Fe and "SeS7Fe 
homologues of parsley ferredoxin (native enzyme: ,'SS6Fe). They treated the apoenzyme 
with a mixture of "Se (80 atom%)- or 77Se (88 atom%)-labelled Na,SeO, containing a 
small amount of Na,75Se0, and excess dithiothreitol in a buffer solution under helium, 
and subsequently with 56Fe or s7Fe (90 atom%) citrate. The apoprotein was prepared by 
precipitation with trichloroacetic acid, while the isotopically labelled Na,SeO, was 
prepared by the reaction of enriched isotopic elemental selenium with nitric acid67. 
Similarly, Mukai and coworkers prepared 'OSe- or 7Se-containing selenium homo- 
logues of adrenodoxin isolated from beef adrenal gland". Displacement of labile sulphur 
atoms in these native non-haemeiron proteins with selenium changed little the nature 
of the original enzymes, e.g. the enzymes modified with selenium were found to retain 
about 80% of the native enzyme activity in all three cases above. 

111. USES OF ISOTOPICALLY LABELLED SELENIUM 
AND TELLURIUM COMPOUNDS 

A. Physicochemical Uses 

1.  Infrared and Raman spectroscopy 

Harvey and coworkers recorded IR spectra of light and heavy methaneselenols15 and 
dimethyl diselenides6. They assigned absorption bands at 3027 cm- (CH,SeH, CH,SeD) 
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and 2270 cm- (CD,SeH, CD,SeD) for antisymmetrical stretching vibrations, while 
absorption bands at 2955 cm-' (CH,SeH, CH,SeD), 2194cm-I (CD,SeH) and 
2148cm-' (CD,SeD) were taken to be due to symmetrical C-H stretching vibrations. 
The following bands were assigned for Se-H or Se-D stretching vibrations: 2330cm- 
(CH,SeH), 2323 cm-' (CD,SeH) and 1680cm-' (CH,SeD, CD,SeD). The absorption 
bands due to the antisymmetrical stretching vibrations of the C-H or C-D bond for 
dimethyl diselenide were found to be located at 3027cm- for (CH,Se),, and at 2273 and 
2258cm-' for (CD,Se),. The symmetrical stretching vibration of the C-H bond was at 
2940cm-' for (CH,Se),, while that of the C-D bond was at 2137cm-' for (CD,Se),. 
These authors claimed the complete assignment of both the IR and Raman spectra of 
these compounds. 

Magdesieva and coworkers recorded the IR and Raman spectra of selenophene and its 
deuteriated derivatives (19a-f) in the region of 400-3 100cm-169~70. The observed data 
were compared with the values of frequencies, force constants and intensities theoretically 
calculated. Magdesieva summarized C-H(D) stretching and deformation and 9 ring 
strecthing and deformation vibrations for light and heavy selenophenes together with 
those for thiophenes". 

The infrared and Raman spectra of tellurophene (23) and the deuteriated tellurophenes 
(23a-c) have been studied by Italian investigators, who reported that the vibrational 
spectra of thiophene, selenophene and tellurophene are very similar, although somewhat 
different from that of f ~ r a n ' ~ .  They proposed that the spectral behaviour of five- 
membered aromatics containing one heteroatom can be attributed to the mass and the 
electronegativity of the heteroatom, the delocalization of n electrons, the geometry of 
the molecule and to the differences in vibrational coupling on the normal mode in these 
molecules. The increase in frequency of the v 5  mode due to the symmetric stretching of the 
double bond in the order of thiophene, selenophene, tellurophene was explained in terms 
of the same decreasing order of aromaticity which increases the localization of the double 
bonds in the heterocycles. 

2. Microwave spectroscopy 

Earlier, planarity of selenophene had been a matter o fcon t r~ve r sy~~ .  In order to clarify 
this problem, Pozdeev and coworkers recorded microwave spectra of selenophene and 
deuteriated selenophenes at - 40 "C. I7 Selenophenes containing different isotopes such 
as "C, I3C, 'H, 'H, '%e, "Se, *'Se and "Se, were studied. The experimental results 
verified the planarity of the selenophene molecule73. 

3. Nuclear magnetic resonance spectroscopy 

Lambert and coworkers achieved conformational characterization of protonated 
thiane, selenane and tellurane in FS0,H-SO, by measuring NMR spectra of the 
deuteriated compounds. Vicinal coupling constants between H, and the axial proton ( J m x )  

Ha, 

X = S, Se,  Te 
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of 3,3,5,5-tetradeuterio heterocycles were found to be 14.1, 13.0 and 11.2 Hzfor X = S, Se 
and Te, respectively. These values are similar to those found in piperidine (10.5 Hz), N- 
methylpiperidine (10.0 Hz) and N-methylpiperidine (11.3 Hz) in which the N-bound 
protons are axial, indicating that the protons attached to the Group IV heteroatoms are 
also at the axial position Similarly,the values of Jcq, the coupling constant between H, 
and H, for the Group I V  heterocycles (2.3, 2.1 and 2.4 Hz for X = S, Se and Te, 
respectively) were found to be similar to those of the nitrogen heterocycles in accordance 
with the above results". 

The same authors also studied the ring deformation of these heterocycles on the basis of 
the NMR data of 4,4-dideuterio heterocycles, and showed that the following three cases, 
i.e. 31, 32 and 33, can be diagnosed based on an R value which is equal to J I I o n J J c i s  

and is independent of the electronegativity of X. 

0 H21@H :&: H 2 : a  

H 
H H H 

(31) (32) (33) 

R values were found to be 2.61, 2.74 and 2.76 for thiane-Cd,, selenane-4-d, (14)  and 
tellurane-4-d, (18a), respectively. These values appear to indicate that the pseudo- 
equatorial protons are pushed more closely together as in 32 in these heterocyclesz8. 

Lambert and coworkers30 determined the free energy barrier for the conformational 
reversal for six-membered heterocycyclic rings containing a Group IV heteroatom by 
analyzing the temperature-dependent proton NMR spectra of these heterocycles tetra- 
deuteriated at the 3- and 5-positions. The free energy for the ring reversal decreases with 
the increase of the size of the Group IV atoms, i.e. 10.3 kcal mol-' at -64°C for 
tetrahydropyrane, 9.4 kcal mol-' at - 81 "C for thiane, 8.2 kcal mol-' at - 105 "C for 
selenane (14b) and 7.3 kcal mol-' at - 119 "C for tellurane (18b). The barriers are well 
correlated with the torsional properties of the C-X bond. The same trend was observed 
for the corresponding oxides, i.e. 10.1 kcal mol-' at - 70°C for thiane-I-oxide, 8.3 kcal 
mol-' at - 102°C for selenane-I-oxide (15), 10.3 kcal mol-' at - 63"Cfor thiane-l,l- 
dioxide and 6.7 kcal mol- ' at - 133 "C for selenane- 1, I-dioxide (16). They also found that 
in 15 the proportion of axial isomer (84%) is more than that in thiane-I-oxide (62%), since 
the increase of carbon-heteroatom bond length increases the 1,3- and 1,5-attractive 
interactions. For the same reason, in the Se-methylselenanium iodide, the Me group was 
found to be nearly exclusively axial, while in the S-methylthianium iodide the Me group 
was nearly completely equatorialjO. 

Lambert and coworkers determined the structure of complexes between Group I V  
heterocycles and halogens by an NMR study using 4,4-dideuterio derivatives and 2,2,5,5- 
tetradeuterio heterocycles, and also by conductance measurements. In solution, selenane 
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dibromide exists as a trigonal bipyramid (34), whereas selenane diiodide, thiane dibromide 
and thiane diiodide are in the form of a molecular complex like 35". 

Gronowitz and coworkers determined the 'H- and ' T - N M R  parameters for a series of 
selenophenes substituted at the 2- and 3-positions. The chemical shifts were linearly 
correlated with the reactivity parameters of Swain-Lupton's two-parameter equation. 
Deuteriated selenophenes were used for the chemical shift a~signment '~ .  

Fringuelli and coworkers also used deuteriotellurophenes in an NMR They 
discussed physicochemical properties involving NMR and chemical reactivities of 
tellurophene in comparison with those of other five-membered heteroaromatics contain- 
ing a Group IV element". 

B. Mechanistic Studies of the Reactions 01 Organic Selenium and Tellurium 
Compounds 

7.  lsotopic exchange 

Magdesieva and coworkers investigated both acid- and base-catalysed D-H exchange 
reactions of 2- and 3-deuterioselenophene (19a and b), 2-deuterio-5-methylselenophene 
(19c) and 2-deuterio-3-methylselenophene (19d)33b. Electrophilic D-H exchange re- 
actions were conducted in 4: 1 mixture of acetic and trifluoroacetic acids at 25 "C. Relative 
rates were reported to be 19a: 19c: 19d = 1 : 107: 236, while the D-H exchange in 19b was 
too slow to compete with the acid-catalysed degradation. The results clearly reveal that the 
rate of D-H exchange reaction is correlated with the stability of the protonated 
intermediate 36 (equation 44). 

(19a) ( 36) (19) 

Schwetlick and Unverferth determined relative reactivities of different aromatics in the 
acid-catalysed D-H exchange76. Obviously, the rate appears to increase as the 
aromaticity of the heteroaromatics decreases as shown below. Magdesieva also discussed 
the relative reactivities of selenophene, thiophene and furan in both acid- and base- 
catalysed D-H exchange reactions at  the a- and b-positions, on the basis of the abilities of 
electron pair donating effects of the he te roa tom~~' .  

k"' I lo4 2x10' 3 x  10' 2 x lo8 1015 

Magdesieva and coworkers also carried out alkaline D-H exchanges of deuteriosel- 
enophenes in t-BuOLilDMSO or t-BuOKlin 70% t-BuOH and 30% diglyme at 25 "C. In 
the former system, the relative exchange rates were observed to be 19a: 19c: 19d: 19b = 1 :  
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0.12: 0.05: 2.5 x These rates vary with the stability of the intermediary anion (37) as 
shown in equation (45)33b*71. 

Ghandehari and coworkers35 investigated the mechanism of the base-catalysed 
decomposition of 4-aryl-substituted 1,2,3-selenodiazoles (20a) to give para-substituted 
phenylethynylselenolate (equation 46a)38b which eventually affords substituted I ,  3- 
diselenafulvenes (38) by the reaction shown in equation (46b)35. They observed that an 
electronegative para substituent in the Ph group accelerates the reaction (46a) and the 
kinetic data were nicely correlated with the Hammett u constants giving p = + 2.37. 
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(step 2) 

(200) 

- ti* 
A r C Z C S e -  - 

However, when 5-deuterio-4-phenyl- 1,2,3-selenadiazole (20) was subjected to the re- 
action, the D-H exchange took place readily before the evolution of nitrogen gas was 
noticed. The value of k,/k, = 2 was observed for step 1, while no significant D-H kinetic 
isotope effect was observed in the overall reaction. Thus the authors concluded that step 1 
is a fast equilibrium and the positive p value is due to the shift of the equilibrium by the 
electronegative substituents to the right, hence step 2 seems to be facilitated3'. 

2. Photochemical reaction 

Upon irradiation of 2-phenylselenophene, Barton and coworkers obtained a mixture of 
3-phenylselenophene and 1 -phenyl-2-vinylacetylene, while the latter product was the sole 
product in the irradiation of 2-phenyltellurophene (24). They studied the mechanism of the 
formation of phenylvinylacetylene using deuterium as the tracer? Photolysis of 2-phenyl- 
5-deuteriotellurophene (24a) in ether with a 300nm lamp gave a 1 : 1 syn anti mixture of 
(2-deuterioviny1)phenylacetylenes (equation 47). Similarly, a 1 : 1 mixture of syn- and anti- 

(240)  1 1 
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1,2-dideuteriovinylphenylacetylenes, was afforded in the photolysis of 2-phenyl-3,4,5- 
trideuteriotellurophene(24b). This clearly demonstrates that the reaction involves in- 
termolecular hydrogen transfer. These deuterium tracer results were rationalized by the 
mechanism shown in equation (48). Actually this is an extension of van Tamelen’s 
general mechanism for the photochemistry of aromatic heterocyclopentadienes. The 
mechanism involves homolytic cleavage of the weakest C-Te linkage of the excited 
tellurophene followed by hydrogen abstraction by either a solvent radical or the 
photoexcited substrate. The subsequent second C-Te hornolysis forms a phenylpropar- 
gylvinyl radical which then abstracts hydrogen from solvent giving the final products38. 

C. Biochemical Uses 

Earlier, selenium compounds were regarded as only toxic to most living organisms. 
Later, especially by the use of isotopically labelled selenium compounds in biochemical 
studies, selenium was found to be an essential element. 

7 .  Metabolism of selenium and tellurium 
a. Selenium. Absorption, retention, distribution and excretion of selenium in living 

bodies have been tested very extensively with h ~ m a n s ’ ~ - ~ ’  a n i r n a l ~ ~ ~ - ~ ~ ,   chicken^'^-^^, 
bacteriag9-lo0, etc. Usually 75Se, a y-emitter, is used because of its convenience in 
monitoring. This radioactive nuclide can be used from macro- to molecular level 
investigations. For example, by whole-body counting of ’%e it is possible to determine its 
retention after administration of 7sSe-labelled substances”. On the other hand, molecular 
level investigation of a trace amount of 7sSe-containing metabolite is also possible as 
mentioned in the following sections. 

When Na,’’SeO, is administered to selenium-deficient animals or chickens, selenium is 
effectively absorbed in the body and retained for a long time. Generally, ’%e is detected 
more in the liver, kidney and pancreas than in the muscles, heart, lungs and spleen. When 
Na275Se03 was administered to cocks, the highest 75Se concentration was found in the 
protein fraction of sperm after 16 days. The 75Se was found to remain in a non-dialysable 
protein probably as selen~cysteine~~. The same trend was found in ratsE4. Janghorbani 
and coworkers found that chicken tissue which was fed with Na,”SeO, contained a 
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sufficient amount of 74Se to allow the use of these chicken for human feeding experiments 
by faecal monitoring of 74Se with neutron activation analysis9*. 

Some tracer experiments have revealed that the metabolisms of selenoamino acids are 
quite similar to those of the sulphur analogues. According to some evidence the 
metabolisms of both sulphur and selenium amino acids share the same enzyme 
~ y ~ t e m ~ ~ * ~ ~ , ~ ~ * ~ ~ - ~  03. Mudd and Cantoni found that selenomethionine is utilized 
better than methionine in the partially purified yeast methionine adenosyltransferase 
(MAT)-catalysed reaction with ATP, affording Se-adenosylselenomethionine and S- 
adenosylmethionine, respectively (equations 49 and 50)'OZa. Pan and Tamer found that 
methionine works 1.7 times more effectively than selenomethionine in the reaction with 
ATP which is catalysed by purified rat-liver methionine adenosyltransferase (equations 49 
and 50), while the K ,  value for the reaction with selenomethionine (equation 50) was 
found to be less than that for with methionine (equation 49).'OZb. Bremer and Natori 
showed that the methylating ability of 3H-labelled Se-adenosylselenomethionine (25) is 1.4 
times greater than S-adenosylmethionine in the phosphatidylcholine (39) synthesis 
(equation 51)44. This was further evidenced in the choline biosynthesis in uiuo by Pan and 
coworkers, who revealed that ' 4C-labelled selenomethionine (25a) is twice as efficient as 
methionine in the methylation of phosphatidylethanolamine to afford phosphatidyl- 
choline (39a) in intact rat liver (equation 51)43. They demonstrated further that Se- 
adenosylselenomethionine (25b) can donate a Me group to RNA similarly to S-  
adenosylmethionine 43. 

MAT 
MeSCH2CH2CH(NH2)COOH + ATP + H,O 4 Pi + P; P; + S-adenosylmethionine 

(49) 

(50) 

MAT 
MeSeCH,CH,CH(NH,)COOH + ATP + H20 + P; + P;Pj + Se-adenosylselenornethionine 

COOH 

TH2 f0& + CHOCOR~ I 0 3 CH2 t 
N 

I 
I 

H2N-CH 
?- 

CH20-t-0CH2CH2NH2 phosphatidylsthonolamine 
methyl tranrferase 

I 
R-Se-CH2 I i C H ~ O C O R ~  

+ I  w OH OH 

(25) R = C3H3 

(250) R = 14w3 

?- + 
CH20-t-CH2CH2NR3 

I 0  

I 
CH,OCOR~ 

3 Se-Adenosylhomocysteine + CHOCOR' 

(39) R = C3H3 

(390) R = 14CH3 
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Wilson and Bandurski suggested that the sulphate-activating enzyme system to form 
adenosine monophosphate-sulphate from adenosine triphosphate (ATP) and sulphate 
can also promote the selenate activation in the same manner (equation 52)lo3. 

0 
sulphate-activating enzyme system II 

W AMP-0-S-0- + P ip i  
II 

ATP + S042- 

(s~o,~-) 
0 

0 
I1 

II 
0 

(AMP- 0- Se -0- 1 

Spencer and Blau revealed that 75Se-selenomethionine seems to come out from the 
hamster's intestine through the same route as for methioninel". 

Awwad and coworkers reported that when 75Se-selenomethionine and 35S-cystine are 
injected into rats, the formation of radioselenate is much less than that of radiosulphate, 
suggesting that the selenoamino acid is utilized for peptide synthesis better than thioamino 
acidg1. 

b. Tellurium. When 13'TeC1, is injected into a rat, the liver contains 20.1 7% ofthe 132Te 
after 6 h, whereas a lesser amount of I3'Te is found in the bones (8.21%), kidneys (7.30%), 
lungs (2.23%), spleen (0.7%) and brain (O.37%)lo4. Russian investigators administered 
lZ7TeC1, to rats in order to see the fate of the tellurium and several experimental results 
have been reported'05-' 12. 

2. Selenoproteins 

u. Glutathione peroxidase. Glutathione peroxidase (EC 1.1 I .1.9) is the only known 
mammalian enzyme which requires selenium. Glutathione peroxidase reduces poisonous 
hydrogen peroxide and a variety of lipid hydroperoxides formed by autooxidation to 
prevent the damage of components in living bodies, while vitamin E prevents the 
hydroperoxide formation. Rotruck and coworkers revealed by the use of 75Se as tracer 
that selenium is an essential element of the glutathione peroxidase in erythrocytes. 
Erythrocytes were obtained from rats after they were injected with Na,75Se03 for 2 or 4 
weeks113. On the chromatograph of the supernatant prepared by haemolysis of the 
erythrocytes both the peaks of the enzyme activity and the selenium content appeared in 
the same position'l3. 

H20 ) + GSSG H:ro2] + 2 GSH or 

ROOH ROH 

glutathione peroridass 

(53) 

Hohe and Giinzler found that only the reduced form of glutathione peroxidase is 
inhibited by iodoacetic acid114. Thus Tappel and coworkers treated the reduced form of 
75Se-labelled glutathione peroxidase (obtained from rat liver pretreated with Na,75Se0,) 
with 14C-labelled iodoacetic acid. Acid hydrolysis of the modified enzyme gave 
carboxymethylselenocysteine labelled with "Se and I4C (equation 54). Since about 
60-90% of the original selenium in the enzyme was recovered in the form of carboxy- 
methylselenocysteine by this treatment, it was concluded that all of the selenium in the 
enzyme is in the form of selenocysteine. This was further confirmed by a similar procedure 
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using ethyleneimine as an alkylating agent of the reduced form of glutathione peroxidase 
instead of iodoacetic acid115. 

-NHCH(CH2 SeH)COO- 
75 - I"CH~COOH -NHCH(CH2 75 Se 14 CH2COOH)COO- 

I 

H,O/H' 

c 
75 14 

H2NCH(CH2 Se CH2COOH)COOH 

(54) 

Recently, in order to test which selenium compound would serve as the best precursor to 
stimulate glutathione peroxidase, human erthrocytes were cultured in the presence of 
NaZ7%e0,, Na,75Se0,, 75Se-selenocystine, 75Se-selenomethionine and 7'Se-labelled 
foetal calf serum protein in vitro. Among these, selenocystine was found to give the highest 
increase in the glutathione peroxidase activity (79%). The foetal calf serum protein labelled 
with 75Se also increased markedly the enzyme activity (4779, while selenite showed a very 
low stimulation (7%). Hence selenocystine is the compound most effectively utilized for the 
protein synthesis'16. 

b. Glycine reductase. Glycine reductase which catalyses the reductive deamination of 
glycine (equation 55)  has been found in bacteria, e.g Clostridium sticklandii. The presence 

H2NCH2COOH + + pi + ADP ---+ CH3COOH + NH3 + @f + ATP 
S 

of selenite in the culture of the bacteria increases the glycine reductase activity of bacteria, 
but their growth is only increased ~lightly"~. In this enzymic reaction, at least three 
proteins, called A, B, and C, seem to cooperate117. Stadtman and coworkers confirmed 
that in the purification of protein A obtained from bacteria grown in the presence of 
sodium ~elenite-~'Se, the 75Se content and the activity of the enzyme increased in parallel, 
showing that protein A is a selenoprotein"*. Later they treated the purified enzyme 
labelled with 7'Se, obtained above, with various alkylating agents, such as iodoacetamide, 
and hydrolysed it to amino acids by heating with HCl. Thus, they isolated both '%e- 
carboxymethylselenocysteine and S-carboxymethylcysteine from the hydrolysis mixture, 
indicating that both selenocysteine and cysteine are essential components. The enzyme 
(mol. wt. = 12,000-16,200) was found to contain 1 gram atom of Se per mole. The fully 
reduced enzyme possesses two sulphydryl groups in addition to the selenol group titrable 
with 5,5'-dithiobis(2-nitrobenzoic acid), Ellman's reagent" '. 

c. Formic acid dehydrogenase. The presence of selenium-dependent formic acid dehy- 
drogenase has been identified in E .  coli and several anaerobic bacteria. These enzymes are 
known to contain acid-labile iron, molybdenum and cytochrome b besides selenium'' 7. 

Shum and Murphy suggest the presence of selenium in E.  coli formic acid dehy- 
drogenase based on parallel increases of the 7'Se content and the activity during the 
purification of the enzyme"'. Similarly, Andressen and Ljungdahl found that there is a 
correlation between the bound 75Seand the enzyme activity in the formatedehydrogenase 
obtained from Clostridiurn thermouceticurn grown in the presence of Na275Se031Z1. 

Jones, Dilworth and Stadtman grew Methanococcus uannielii in the presence of 
NaZ7%eO3 and isolated the formate dehydrogenase labelled with 75Se from the bacteria, 
reduced and alkylated with iodoacetamide (equation 56). The alkylated enzyme was 
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hydrolysed in two different ways The acid hydrolysis gave 75Se-labelled carboxymethyl 
selenocysteine, while the enzymic hydrolysis with chymotripsin followed by carboxypep- 
tidase B and carboxypeptidase A-DEP afforded 75Se-labelled carboximidomethylseleno- 
eysteine. Thus, the formate dehydrogenase was firmly shown to contain selenocysteine'22. 

FOOH 

I 75  
CH(NH, )CH SeCH2COOH 

c=o 
icn,cotw, 1 1 

I I 

c=o 

CHCH2 75SeH - CHCH2 75SeCH2CONH2 
chymotripsin 

COOH 

CH(NH2)CH 7sSeCH2CONH2 
I i" i" 

d. Other proteins. Pedersen and coworkers successfully isolated a selenoprotein (mol. 
wt. = 10,000) from the muscle of Se-supplemented lambs. They injected lambs with 
Na275Se0, and isolated a selenoprotein labelled with 75Se from the muscle of the lambs. 
This protein could not be detected in the muscle of white muscle diseased lambs but was 
present in normal oneslZ3. 

Imhoff and Andressen found that the activity of bacterial nicotinic acid hydroxylase 
(which catalyses the addition of water to the double bond of nicotinic acid, the initial step 
in the anaerobic fermentation of nictinic acid to propionate, acetate, NH3 and COz) is 
increased by the addition of M sodium selenite to the growth medium of Clostridium 
bnrkeri, suggesting that the enzyme is se len~prote in '~~ .  This was evidenced by a parallel 
increase of both the "Se radioactivity and the enzyme activity during the purification of 
the enzyme obtained from the bacteria grown in the presence of Naz75Se03117. 

Burk and Gregory isolated 75Se-containing proteins from plasma (mol. wt. = 79,000) 
and liver (mol. wt. = 90,000) of pigs injected with Na 75Se0,; however the biochemical 
function of these selenoproteins is not yet 

3. Selenium-containing t-RNA 

Recently, various naturally occurring t-RNAs containing selenium have been isolated 
from bacteria; for example, Hoffman and coworkers isolated a 75Se-containing t-RNA 
from E .  coli cultured in the presence of NaZ7%e0,. 75Se-t-RNA was subjected to RNase 
digestion followed by chromatography. A selenium-containing component remained on 
the column, suggesting that selenium is not incorporated as a selenoaminoacyl-t-RNA but 
in the base of the t-RNA. This prediction has been proved by the isolation of 75Se-labelled 
4-selenouridine from the 75Se-t-RNA after digestion of the latter with a mixture of bovine 
pancreatic RNase, snake venom phosphodiesterase and alkaline phosphatase' 26. 

Chen and Stadtman were able to isolate three varieties of 75Secontaining t-RNA from 
Clostridium sticklandii grown in cultures supplemented with Na275Se0, or "Se- 
selenocysteine. The selenium was shown to be located in the polynucleotide portion of the 
t-RNA but not as the alkali-labile selen~cysteine'~'. 

4. Non-haerneiron proteins containing acid-labile sulphur 

Non-haemeiron proteins containing two irons and two acid labile sulphurs are known 
to be widely present in a variety of living bodies, ESR has been shown to be a powerful tool 
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to investigate how the odd electron is shared in the enzyme's active site which consists of 
cysteine sulphur and two acid-labile sulphur and iron atoms according to research groups 
who utilized selenium isotopes. The odd electron densities can be estimated from the ESR 
hyperfine structure. However, naturally occurring non-haemeiron proteins possess "S 
and 56Fe which have unfortunately both the nuclear spin 0 and do not give any hyperfine 
splitting Although the nuclear spin of 33S is 3/2, "S gives seven hyperfine lines if two 
nuclei are involved Therefore the analysis becomes very complicated66, especially since 
only 50% enriched 33S is available. Thus, one or two of the labile sulphur atoms have been 
substituted by 77Se (nuclear spin = 1/2) and 'OSe (nuclear spin = 0) up to 80 atom% prior 
to ESR spectroscopic studies as mentioned in Section II.B.4. 57Fe(nuclear spin = 1/2) is 
also a suitable isotope for this purpose. 

Gunsalus and coworkers recorded ESR spectra of the reduced form of native (32S), 'OSe 
and 77Se containing reduced forms of putidaredoxin obtained from Pseudomonas putida 
and adrenodoxin obtained from pig and beef. A single ESR signal appeared at a low field 
for the 32S32S and 80Se80Se combinations whereas both enzymes with the 77Se77Se 
combination exhibited hyperfine splitting in the same region. This suggests that the 
unpaired electron is shared among the two iron and the two selenium atoms66. 

Fee and Palmer examined by ESR isotopic derivatives of parsley ferredoxin containing 
32S56Fe, 32S57Fe, 'OSeS6Fe, 77Se56Fe and "SeS7Fe. They concluded that two labile 
sulphur and two iron atoms are present at the active centre of the enzyme and share the 
unpaired electron in the reduced form67. 

Mukai and coworkers also studied isotopic derivatives of adrenodoxin prepared from 
beef adrenal gland containing. 80Se80Se, 77Se77Se,80Se32S and 77Se32S combinations. 
They concluded that the paramagnetic centre of the enzyme with one sulphur and one 
selenium atom is more rhombohedra1 than those of the native adrenodoxin and its Se-Se 
derivative6'. 

C. Medicinal Uses 

1.  Scintiscanning 

Much attention has been paid to 75Se-selenomethionine as a pancreas-imaging 
agent12~49,'28-t36 and the method is now used clinically. Seven to eight times more 
~elenomethionine-~~Se appeared in the pancreas of mice than in their liver 25-30 min after 
in uiuo administration13 '. Cottrall and Taylor tested the influence of the pretreatments 
with a variety of agents on the uptake of 75Se-selenomethionine by rat pancreas. Only 
propylthiouracil increased the pancreatic uptake of 75Se-selenomethionine1 34. 

Selenomethionine-"Se photoscan of the pancrease is useful for the detection of cancer 
which is difficult to diagnose by ordinary means133. Several papers have appeared on the 
effect on internal irradiation with 75Se-selenomethionine on the endocrine sys- 

. Knapp and coworkers found that 23"Te-labelled DL-a-amino-y- 
(phenyltel1uro)butyric acid (30) is a potential pancreatic imaging agent4'. 

Kozak and coworkers reported that 'Se-labelled 2-aminoisoselenouronium bromide 
is accumulated in myocardium and may be useful for scanning of rny~ca rd ium '~~ .  Since 
the normal myocardial tissues utilize fatty acids as the energy source, 123"Te-labelled fatty 
acid analogues (11) are useful as myocardial imaging agents26. The 23"Te-labelled 
unsaturated fatty acid analogues (13)27 and 75Se- or 23"Te-labelled glycerine triethers 
(6,7)" are also useful in the determination of the fat a b ~ o r p t i o n ~ ~ * ~ ~ .  

Di(P-dialkylaminoethyl) selenides (8) labelled with 75Se22 and 4-selenazolidine-l- 
75Se-carboxylic acid (26) were examined as brain-imaging agents4'. 

"Se-labelled 4-substituted 1,2,3-selenadiazoles (21,22) were tested for the possibility of 
adrenal gland imaging36. 6-Benzylseleno- 19-norcholesterol and alkylselenanilide labelled 

terns 13 7-1 43 
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with 7sSe are known to be specific for adrenal cortex and adrenal modula, respectively4. 
Parizek and Benes reported that trimethylselenium iodide labelled with 75Se may be 

useful for nephr~graphy '~~ .  Blottner and coworkers suggested the possibility of using 8- 
75Se-substituted purine nucleosides for tumour-specific diagnosis146. A scientigraphic 
measurement of the relative concentration of 75Se-labelled selenomethionine and 
radioactive colloidal '"Au has been shown to detect primary and secondary liver cancers 
in  patient^'^'. 

2. Miscellaneous 

75Se-labelled selenomethionine can be used in immunological investigations 57-60,148. 

For example, Gutman and coworkers labelled immunoglobins secreted by plasma- 
cytomas with 75Se-selenomethionine which binds to foetal calf serum protein so that it is 
releaseable by mercaptoethanol treatments8. Dosseto and coworkers labelled plasma 
membrane antigens of human and mouse lymphocytes with ' 5Se-selenomethionine5g. 

75Se-selenomethionine was found to be a good isotopic marker for cell localization 
studies of and erythrocytes'49~1s0. 75Se-selenomethionine has also been 
used for labelling of insulins3, of platelets to determine their of urokinase5' 
and of f i b r i n ~ g e n ~ ~ ~ ~ ~ * ' ~ ~ .  Some muscle tumours were found to accumulate 75Se- 
selenomethionine more than liver and muscle's4. The Metabolism of 75Se- 
selenomethionine has been shown to be useful in the diagnosis of some diseases' s5- '59 .  

Celander and coworkers achieved in uiuo labelling of erythrocytes with 75Se by injecting 
Na275Se03 to a dog. 7sSe appeared to be bound to the haemoglobin'60. 

Monks synthesized "Se-containing folate derivatives (28, 29) for the saturation 
analysis of trace f o l a t e ~ ~ ~ ~ .  Steroid derivatives labelled with "Se (1,3-5,lO) were applied 
for radioimmunological determination of steroid  hormone^^^^^, for the investigation of 
steroid metabolism and for imaging to detect 7sSe-labelled cyclic nucleotide 
(2) was used for the saturation analysis of nucleotides'". 

IV. CONCLUSION 

As mentioned in the introduction, the major portion of the research activities with 
isotopically labelled selenium and tellurium compounds is in the fields of biology and 
medical sciences, tracing the locations and the fates of these labelled compounds in living 
bodies. Only a few simple synthetic methods have been developed to prepare these labelled 
compounds. However, these compounds have contributed enormously to clarifying many 
of the biological functions of selenium compounds which are by now considered quite 
essential in living bodies. Thus, it is our hope that this review will be of some use for the 
overview of the various applications of the isotopically labelled selenium and tellurium 
compounds in biomedical studies. 
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1 . INTRODUCTION 

The present chapter is devoted to the chemistry of organic Sene  heterocycles . Generally. 
it will not take into account heterocycles derived from Se (IV) or Te(1v). to avoid overlap 
with another chapter of this book . For the same reason. it will discuss neither the 
physicochemical properties nor the photochemistry of S e p e  heterocycles . 

The literature on the theory. preparation and applications of Se/Te heterocycles is too 
voluminous to enable an extensive coverage of the subject . This chapter will attempt to 
cover the most important advances in this field. mainly during the last few years. and 
through 1983 . Earlier reviews include small chapters on Se heterocycles I.’. and a 
complete coverage of the subject has been given in Klayman and Giinther’s book3 . The 
chemistry of Te heterocycles has been described in detail in Cooper’s book4 as well as in 
Irgolic’s book’ and his annual reviews6 . Information about Sepe  heterocycles can also be 
found in the Specialist Periodical Reports of the Royal Society of Chemistry . 
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We must also note a review covering the years 1975-1979”. Special reviews devoted to 
particular Se or Te ring systems will be mentioned in the relevant chapters. 

When information is available, comparison will be made with the corresponding S 
heterocycles. Differences between S and heavier chalcogen heterocycles are related to the 
greater size of S e r e  atoms, their greater polarizability, their lower electronegativity and 
their lower bond energies with other elements. These differences will sometimes lead to 
lower stability of S e r e  heterocycles, and to specific ring-opening or ring-transformation 
reactions. 

This chapter will be divided according to  the size of the ring systems. For a given size, it 
will successively follow the number of heteroatoms. 

II. SelTe THREE-MEMBERED RINGS 

A. One Heteroatom in the Ring 

7 .  Seleniranes and telluriranes 

No seleniranes la, (episelenides) have been isolated, but they were tentatively assumed 
to be formed during flash photolysis of CSe,-olefin mixtures”, and their structure was 
confirmed by mass spectral assignments”. Seleniranes were also suggested as in- 
termediates in the following reactions: 

(a)  In the stereospecific conversion of oxiranes to olefins with triphenylphosphine 
selenide14 (equation l), tri-n-butylphosphine selenide’ ’, phosphole and phospholene 
selenide16 or potassium selenocyanate”. 

- Se R’ / R3 
___) 

‘R4 

( h )  In the cyclization of para-substituted phenylallyl selenides in boiling quinoline’’. 
(c) In the conversion of bromohydrins to alkenes by potassium selenocyanatel’. 
( d )  In the conversion of 1,2-dibromoethane to ethylene with selenodithiocarbonate 

anion”. 
(e )  In the desulphurization of thiiranes by 3-methyl-2-selenoxobenzothiazolezl. These 

intermediates are thought to  lose Se immediately. 
Telluriranes lb, also never isolated, were postulated as intermediates in the conversion 

of epoxides to alkenes by sodium 0,O-diethylphosphorotellurate (equation 2)”’, in the 

( lb)  (2) 
,Te\ 

H2C-CHR H2C=CHR 
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L ,c=c + le 
\D 

.“C-C’. 
\O R 

(3) 

dehalogenation of a-haloketones by the same reagentzzb, and in the Na,S reduction with 
olefin inversion of chloroalkyltellurium trichlorides, the addition products of TeCI, with 
alkenes (equation 3)z3.24. The transient tellurirane l b  (R = H) and its Me derivative were 
detected in the flash photolysisofdimethyl telluride inethyleneand propene,respectivelyz’. 

2. Seleniranium salts 

Thiiranium (episulphonium) ions are known to be very unstable26. The first long-lived 
thiiranium salt, stable for weeks below - lo%, was synthezised in 1975”. Seleniranium 
salts were not isolated. Seleniranium intermediates 2 or their selenurane equivalent 3 are, 
however, invoked in the addition of selenium monochloride2*, p-tolueneselenenyl chlo- 
ridez9, areneselenenyl hexafluoroph~sphate~~, methaneselenium trichloride3’, benzene 
and methaneselenenyl b r ~ m i d e ~ ’ - ~ ~  to alkenes. In one casez9, the isolation of a stable 
episelenurane was claimed, but this cyclic structure has been shown to be incorrect and is 
apparently the acyclic compound, 436 (equation 4). 

p-MeC6H4SeC! + H,C=CH, -+ p-MeC6H,SeCl2CH,CHzCI (4) 
(4) 

Seleniranium ions are also proposed as intermediates in the reaction of bis(2- 
bromoethyl) selenide with various nu~leophiles~’. 

3. Seleniren and selenirenium salts 
Similarly to thiirens, seleniren intermediates are considered to be formed from the 

reaction of 1,2,3-selenadiazole with diiron e n n e a c a r b ~ n y l ~ ~ . ~ ~  which forms complexes 
with the heterocycles and catalyses the elimination of N,, and by p h o t o l y s i ~ ~ ~ ~ ~ ~ .  Further 
irradiation results in a cleavage of this small ring to acetylene and ~elenoketene~’. 

Selenirenium ions are believed to be intermediates in the electrophilic addition of 
areneselenenyl halides to a l k y n e ~ ~ ~ * ~ ’ * ~ ~ ” ,  according to spectroscopic, kinetic and 
stereochemical Not surprisingly, no selenirenium salt has been isolated up to 
now, since the first stable thiirenium compounds were isolated only recently. These are 
1,2,3-trimethylthiirenium tetrafluoroborate, stable below - 10 0C4z, and the l-methyl- 
2,3-di-t-butyl analogue43, stable for weeks at room temperature, and whose structure was 
confirmed by X-ray analysis4,. 

Benzoseleniren has been detected by ESCA46b, by IR spectros~opy~~‘, and matrix- 
isolated as a short-lived intermediate in the pyrolysis and the photolysis of 1,2,3- 
benzoselenadiazole. It is rapidly rearranged to fulvene-6-selone. 
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B. Two Heteroatoms in the Ring 

Parallel to sulphur chemistry, unsuccessful attempts were made to obtain selenazi- 
ridines as intermediates in the treatment of oxaziridine with potassium ~elenoxanthate~'. 
Selenaziridine and oxaselenirane were suggested as intermediates in the decomposition of 
1,2-benzodithiole-3-selenoxoimide48 and in the oxidation of 3-selenoxo-1,2-benzo- 
d i t h i ~ l e ~ ~ ,  respectively. This must be regarded with caution, since the structure of the last 
compound was demonstrated later to be an isomeric structure5' '. 

111. SelTe FOUR-MEMBERED RINGS 

A. One Heteroatom in the Ring 

Selenetane (5) itself is obtained in a low yield from 1,3-dibromopropane and alkali 
selenideSo (equation 5). It is stable only in the dark when cooled and it polymerizes easily. 
The more stable 3,3-dimethyl derivative 6, prepared under similar conditions5' or with 

Se + 2 MBr ( 5 )  C Br(CH2)3Br + M2Se - 
(5) 

KSeCN as the nucleophilic salt", is stable up to 140°C. Its Sedibromo derivative 7 is 
stable at temperatures below - 20 "C. At more elevated temperatures there is a ring- 
opening to the 1-bromo-3-bromoseleno compound 8 which subsequently gives l-bromo- 
3-tribromoseleno-2,2-dimethylpropane 951*53a (equation 6).  Methyl iodide gives also 
ring-opening to l-dimethyliodoseleno-2,2-dimethyl-3-iodopr0pane~~. 

Compound 6 is oxidized by HzOz to a five-membered lactone of corresponding 
seleninic acid, rather than to a selenoneS3". Selenetan-3-01 has also been prepared53b. 

B. Two Heteroatoms in the Ring 

1. One oxygen and one selenium 

SeOz/H,0z54. 
An oxaselenetane is suggested as intermediate in the oxidation of exocyclic alkenes with 

2. One sulphur and one selenium 

A sulphone of thiaselenetane (10) was claimed to be obtained by the reaction of divinyl 
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sulphone with SeBr,, instead of the corresponding six-membered ring55 (equation 7). 

3. Two selenium atoms 

a. In the 1,2-position. 3,4-Bis(trifluoromethyl)-1,2-diselenetene (11) has been prepared 
in 25% yield by pyrolysis of bis(trifluoromethy1)acetylene with Se vapour at 750 0C56 
(equation 8). 

(1 1) 

b. In the 1,3-position. Derivatives 13 and 15 of 2,4-bis(methylene)-l,3-diselenetane have 
been obtained by two different methods: 
(i) Pyrolysis of 1,2,3-selenadiazoles a t  500-600 O C 5 ’ ,  via a selenoketene 12 (equation 9a). 

(12) (13) 

(ii) Reaction of CSe, with dimethyl malonate5*, giving initially the intermediate 14 by a 
route parallel to that used in sulphur chemistry (equation 9b). 

2,2,4,4-Tetraacetyl-l, 3-diselenetane (16) for which another structure was previously 
assigned59 has been prepared from SeCI, and acetylacetone“’ (equation 10). 

se 
2 MeCOCH2COMe + SeCI, d (MeCO) C ’ ‘c(coMe), (10) 

‘se’ 
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Hydrogen cyanide gives ring-opening to 3-cyanoseleno-2,4-pentanedione. 1,3-Disele- 
netane-2,4-diselenol diacetate is formed by treating acetyl chloride with H,Se and 
AIC1360b. Perfluoro-l,3-diselenetane structures have been tentatively assigned to the 
pyrolysis product at 150°C of the polymer (CF,Se),61, or to the reaction product of 
perfluoropropene with selenium and antimony pentafluoride6’9 2,2,4,4-Tetrakis(tri- 
fluoromethyl)-l,3-diselenetane is obtained from triphenylphosphine selenoxide and 
hexafluoroacetone6 ’. 

4. Two tellurium atoms 

The first 1,3-ditelluretane system 17 was recently obtained by reaction of phenylace- 
tylene and Te in DMS063-6s*69. The ditelluretane structure, which was previously 
believed to be a 1,4-ditellurafulvene ring66, by analogy with known S and Se com- 
p o u n d ~ ~ ~ * ~ ’ ,  has been determined by ‘H-NMR, mass spectrometry and X-ray 
measurements. 

Compound 17 and its cis isomer64 may be considered as the cyclodimerization products 
of a transient telluroketene (equation 11). 

re/DMso 
P h C z C H  - [PhCH=C=Te] d ,c=c 

Ph 

C. Three Heteroatoms in the Ring 

A four-membered ring with three Se atoms 18, regarded as a bis(dise1eno- 
carbamato)selenium(u) compound, and whose structure was proven by X-ray diffraction, 
is obtained from CSe, and tetrasubstituted methylene diamine7’ (equation 12). 

Se 
R2NCH2NR2 + CSe2 R2NCSe2- 

se 

IV. SelTe FIVE-MEMBERED RINGS 

A. One Heteroatom: Selenophenes and Tellurophenes 

1 .  Monocyclic selenophenes and tellurophenes 

The chemistry of selenophene has been reviewed through 1950 by Hartough7’, for the 
period up to 1970 by Magdesieva” and by Magdesieva and Zef i r~v’~ ,  and for the last 
decade by Hbrt~feldt’~. The chemistry of tellurophene has been completely covered up to 
1975 by Fringuelli and coworkers7s. A more condensed review was presented by 
mar in^^^. The current literature on selenophene and tellurophene has been continuously 
reviewed by Gronowitz in his biennial reviews on thiophene and S e r e  analoguesg and for 
tellurophene in the annual surveys of Irgolic6. 

Selenophene and tellurophene complete with furan and thiophene a series of four stable 
aromatic systems. These systems differ mainly in their degree of reactivity, but generally 
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display similar reactions. However the larger heteroatoms can be a centre of reactivity 
towards some reagents, and sometimes a centre of ring destruction. 

In this chapter, we shall use the terms 'selenienyl' and 'tellurienyl' for the heterocyclic 
radicals, and for the corresponding condensed derivatives the prefixes 'selenolo' and 
'tellurolo' will be added. 

a. Synthesis. ( i )  Selenophenes. Selenophene or its homologues can be obtained by two 
main methods: from acycliccompounds, o r  from other ring systems. The first true synthesis 
of selenophene, a liquid (b.p. 100 "C, m.p. - 38 "C) of a disagreeable odour, in contrast to 
thiophene, was realized in 1927 by Mazza and Solazzo from acetylene and Se at high 
t e m p e r a t ~ r e ~ ~ .  The same methodology was later applied by Briscoe and  coworker^^^^^^ 
and by UmezawasO,s'. Recently, Gronowitz and coworkerss2" modified this reaction to a 
larger scale synthesis (1 50-200 g per day), in a 58% yield, by mixing Se with alumina under 
well-determined conditions. In this reaction, about 30 compounds were identified 
including 2- and 3-alkylselenophenes, biselenienyls and condensed ring systems. The yield 
of this reaction is now improved to 70%s2b. Perveev and coworkers83 used acetylenic 
epoxides to  obtain alkyl-, vinyl- and hydroxyalkyl-selenophenes. Selenophene derivatives, 
e.g., alkyl-substituted selenophenes, were also obtained from  paraffin^^^^^^, olefins or 
conjugated dienes with Se02s4-86 or metallic Ses7.". 

More elaborated syntheses start from a four-carbon chain. Substituted 1,3-diyne 
systems including the bis(trimethylsily1) derivative, reacted with NaSeH or H,Se in a 
general synthesis of 2,s-disubstituted selenophenes 19s9990 (equation 13). For example, 
2,s-diphenyl- and 2,5-dihydroxymethyl-selenophenes were synthesized by this method. 

H,Se 
R ' - c ~ c - c = c - R ~  - 

R' 

(19) 

Using the bis(trimethylsily1) analogue (R' = R2 = SiMe,) leads, after hydrolysis, to  the 
unsubstituted ~elenophene~' .  The monosilylated diyne 20 was used for the synthesis of 
75Se-labelled 2-selenienylalanine Z192 (equation 14). Vinylacetylene and Se also give 
selenophene as the main product (24%)93. 

NHCOMe 

Me3Si-CGC-CEC-CH2CHCOOR I - Q Y2 (14) 
CH2CHCOOH 

(20) (21) 

2,s-Disubstituted selenophenes can also be obtained in a general way by the Paal- 
Knorr five-membered heterocycle synthesis from y-diketones and phosphorus pentase- 

The first known derivative of a selenophene (2,5-dimethylselenophene, also 
named selenoxene, 19, R' = R2 = Me) was prepared by this methodg6 (equation 15). The 

synthetic equivalents of y-diketones, 1,4-dihalogeno-1.3-dienes, can also be used in 
reaction with Li2Se. The reagents of the corresponding opposite polarities, i.e.: 1,4- 
dilithiodienes and Se2Br2 were also used.97a (equation 16). 
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Starting from a molecule bearing a carbonyl and an alkyne group, low yields of 3- 
ethoxycarbonyl-2,5-dimethyl- or 5-methyl-2-phenyl-selenophenes are ~btained"~. 

Another general ring-closure synthesis of selenophenes developed by Cagniant and 
coworkers consists of the Fiesselmann reaction involving B-chlorovinylaldehyde (22), 
Na,Se and ethyl b r o m o a ~ e t a t e ~ ~ - ' ~ ~  (equation 17). Using the appropriate aldehyde 22 
and a-bromopropionate gives 2,5-dimethylselenophene in a 40% yield' O0. '')(I: Na,Y "n 1. HsO+C "lY, 

2. - co, I I (17) 
R2 COOEt R2 

BCH,COOEt 

R2 

(22) 

Liebscher and Hartmann developed a methodology, starting from 2-aminovinyl 
selenoketones (23) for the formation of 2-acylselenophenes 24l O1 (equation 18). 

0 
I I  CH-CH=NR~ X- 

mi? H o  + 
XCH,-C--R3 

II 
R'-C-CH=CH-NR~ - R'-c 

Se I1  'SeCH2CR3 R' Se C-R3 

(23) (24) 

(18) 
Selenophene derivatives 26 can be obtained from a-diketones by the Hinsberg ring- 
closure reaction"', in mixture with mono- and di-decarboxylated heterocycles (equation 
19). 

Meo- Ph 

(19) 
Se(CH2COOEt), -I- PhCOCOPh V 

EtOOC 

(25) (26) 

A recent novel method of synthesis of thiophene and selenophene consists of a double 
nucleophilic substitution of the dichloro precursor 27 to give either thienyl- or selenienyl- 
3-malonic ester 28'03 (equation 20). 
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Cycloaromatization of diallenyl chalcogenides 29 through a 6n electrocyclic ring- 
closure with a 1,5-hydride shift gives 3,4-disubstituted furans, thiophenes and 
selenophenes 30104 (equation 21). 

CHMe2 
,CH=C=CMe2 

(21) 

C(Me)=CH2 

Y 'CH=C=CMe2 - y z  

Y = O,S,Se 

(29) (30) 

Selenophene derivatives can also be obtained from furans and H2Se'05.'06, from 
pyrolysis of 4-aryl-1,2,3-selenadiazoles (31)1079' 08,  probably via intermediate monoaryl 
acetylene and Se, and the subsequent 2-arylethynyl selenol (equation 22), and from 
displacement of sulphone groups by Se"'. 

Ar 

11 - A r C e C H  4- Se 4- N2 W A r C E C S e H  d 19 (R'=R2=Ar) 

(22) 

TJ 
(31) 

(ii) T e h o p h e n e s .  Unsuccessful attempts have been made to prepare tellurophene from 
acetylene or sodium succinate and aluminium telluride' lo. The first synthesis of the 
unsubstituted heterocycle was realized only in 1966 by Mack"' using butadiyne and 
Na2Te (equation 23). However, the procedure was first well described by Fringuelli and 
Taticchi in 19721'2.' 13 ,  with yields of 37-50%. Tellurophene (32; R' = R2 = H) is a light- 
yellow bad-smelling liquid (b.p. 151 "C, m.p. - 36 "C). 

No2Te 

MeOH 
R'CSC-CECR~ - 

R' 

The use of the bis-silylated diyne seemed first to give a lower yield'I4, but when Na,Te 
solution was prepared from sodium formaldehyde sulphoxylate (rongalite), the yield 
improved to 59%' ' 5 .  2-Phenyltellurophene was obtained by the same methodology' 1 6 .  

Applying reaction 23 when R' = R2 = PhCH(0H) gives a bis(hydroxbenzy1)tellurophene 
which is the precursor of the synthesis of a tellurathiaporphyrine"', a reaction parallel to 
that in the selenophene series' lea.  Recently, reaction oflithium and Se or Te on 3-methyl-3- 
butene-1-yne gave, after prototropy, a good yield of 3-methylselenophene and 3- 
methyltellurophene' lab .  The Fiesselmann reaction was also extended by Cagniant and 
coworkers to the telluropheneseries,(equation 17; R' = H, RZ = t-Bu, Y = Te)togivesome 
mono and polycyclic tellurophenes in 35% yield' 19. Applied to arylacetic synthons, this 
method leads to 3-aryl-thiophenes,-selenophenes and -tellurophenes 33' (equation 24). 

Tetraphenyltellurophene was also obtained in 1961, by the two alternative procedures 
described for selenophenes in equation (16) (right-hand side, TeBr, as the reagent97). 
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(33) 

S e l e n ~ p h e n e ~ ~ . ' ~ '  and tellurophene derivatives 34'" can also be obtained, among 
other products, by dipolar addition of acetylenic esters to phenylethynyl metal(@- 
selenolate or tellurolate (equation 25). 

COOMe 

(25) 

R 

Y=Sa,Te R C S  CCOOMe 
P h C E C M  + Y - P h C s C Y M  

(R = Ph, COOMe) 

(34) 

2-Benzylidene-3-oxo-2,3-dihydrotellurophenes can sometimes be obtained from dial- 
kynyl ketones and (t-Bu,Si),Te, instead of the six-membered isomer telluropyrone123. 
This reaction will be discussed in the corresponding section. 

b. Ground-state aromaticity: comparison with furan and thiophene. Selenophene and 
tellurophene show typical aromatic behaviour: they are more stable than the correspond- 
ing dienic compounds and tend to react by substitution rather than by addition. Like 
thiophene, selenophene does not give a normal Diels-Alder reaction, and loses Se when 
heated with maleic anhydride' 24. The geometry of these rings, determined by microwave 
spectral m e a s ~ r e r n e n t s ' ~ ~ ~ ' ~ ~ ,  is planar and similar to that of furan and thiophene. The 
more characteristic variations for the four congeners are an increase of the Y -C (2) bond 
fromfuran to tellurophene(0:1.362& S:1.714; Se:1.855;Te:2.005),and adecreaseof the 
C(2)-Y -C(5) bond angle (0: 106.55" ; S : 92.1 7 ; Se : 87.76; Te : 8 2 ~ 3 ) ' ~ .  

The ground-state aromaticity can be estimated by a study of seven different criteria, 
the more direct feature, i.e. the resonance energy, being not available: NMR 
dilution shifts experiments, observation of the effect of a 2-Me substituent on the 
heterocyclic proton NMR shifts, the difference of chemical shifts between a and /3 protons, 
the diamagnetic susceptibility exaltation, the sum of the bond orders, the Julg parameter 
and the mesomeric dipole moments"'. These criteria, within their limit of validity, are in 
good agreement with one another, giving good linear relations from which empirical 
values of resonance energy can be estimated for selenophene (29 kcal mol-') and 
tellurophene (25 kcal mol- I). All these criteria, but one, agree with the following order of 
ground-state aromaticity: 

thiophene > selenophene > tellurophene > furan 

For example, mesomeric dipole moments, which measure the I[ delocalization give the 
following vaIues:0:1.03 D;  S:1.35; Se:1.29; Te:1.17128~'29. This sequence must be 
explained by taking into account an interplay of two opposite factors: the decrease 
of electronegativity from 0 to Te, which should favour the contribution of the lone pair 
of the heteroatom to the aromatic sextet, and the corresponding increase of the covalent 
radius, which is unfavourable to good overlap between the p orbitals of C(2)  and 
of the heteroatom. 

c.  Electrophilic and nucleophilic substitution. ( i )  Kinetic and physicochemical results. 
Selenophene and tellurophene easily give electrophilic substitution and a-metalation. 
Electrophilic substitution in furan, thiophene, selenophene and pyrrole has been reviewed 
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by mar in^'^'. Quantitative studies of electrophilic substitution have been conducted with 
the four heterocycles in three reactions: formylation by phosgene and dimethylfor- 
mamide, acetylation with acetic anhydride and SnCI,, and trifluoroacetylation by 
trifluoroacetic anhydride'3'.'32. In all three reactions, the reactivity sequence is: 
furan > tellurophene =- selenophene > thiophene. The relative reactivities in this 
sequence are 107:36.8:3.64: 1.0 for the formylation, 11.9:7.75:2.28:1.0 for the acetylation 
and 140:46.4:7.33: 1.0 for the trifluoroacety1ationl3'. 

Measurements of activation parameters in a-formylation show that the activation 
entropy AS* can be regarded as constant, so that the relative rates are controlled by the 
activation enthalpies AH*. These activation enthalpies give a good linear correlation with 
the resonance energy of the four congeners, showing that the ground-state energy plays an 
important role in controlling the sequence of reactivity. 

Thus, the more aromatic system should give the lower substitution rate and this is 
corroborated by the experimental data. The ability of a more polarizable heteroatom to 
delocalize the positive charge should also play a role in the stabilization of the transition 
complexes. That selenophene is more reactive than thiophene in electrophilic substitution 
reactions is confirmed by the determination of the ratios of competitive Vilsmeier-Haack 
formylation (S:Se = 20:80), and of Friedel-Crafts acetylation (S:Se = 25:75) in selenienyl- 
thien~l-methane'~~. Solvolysis in side-chain gives results in complete 
agreement with the electrophilic substitution, except for the inversion between furan and 
tellurophene. On the other hand, the solvolysis of 1-(2-ary1)ethyl acetate shows that 
tellurophene is less sensitive to substituents than selenophene, and more sensitive in 
electrophilic substitutions. By these side-chain reactions, a a: parameter has been 
determined for each heteroatom (0: - 0.93; S: - 0.79; Se: - 0.88; Te: - 0.92). The pK,s of 
the 2-carboxylic acids give a linear correlation with the electronegativity 
(0:3.16; S:3.53; Se:3.60; Te:3.97)I3' and with the v , - , ~  in the IR spectra. The reaction 
constant p, determined from the pK, of 2-carboxy-5-substituted heterocycles is equal 
for tellurophene, ~e l enophene '~~  and thiophene, indicating that the electronic 
effects of substituents are transmitted in the same manner in the three heterocycles. 

From the ionization constants, a a-Hammett-like value can be calculated for the 
heteroatoms which are considered as endocyclic substituents of the -CH=CH- group 
in benzene. Their ua values (0: + 1.04; S: + 0.67; Se: + 0.60; Te: + 0.23) also appear to be 
a function of the electronegativity. The validity of the Hammett equation in selenophene 
confirms that 2,4- and 2,5-substituents can be considered as rneta-like and para-like 
substituents, respectively; u and 6 constants were also evaluated for the 2-selenienyl and 
the 2-tellurienyl groupsI3'. 

The increasing polarizability of the heteroatom, which is connected with increased 
stabilization of a negative charged transition state intermediate, should also play a role 
in the faster nucleophilic reactions of selenophene compared to thiophene. The 
nucleophilic substitution of 3-bromo-2-nitroselenophene by thiophenoxide ion is four 
times faster than that of the corresponding thiophene' 38-1 41. Some Meisenheimer 
complexes have been detected in the selenophene series'42-'4s. 

(ii) Synthetic results. Very few organized studies were known in the selenophene series 
before Yur'ev and coworkers started their investigations in the fifties. More recent and 
systematic studies in this field are mainly due to the groups in Lund and in Rouen. Studies 
on tellurophene were started mainly by the group of Marino and Fringuelli in the 
seventies. Selenophene and tellurophene, like their congeners, undergo electrophilic 
substitution in the a- rather than in the /I-position. 

Selenophenes undergo electrophilic nitration, sulphonation, halogenation, mercu- 
ration, acylation, formylation, chloro- and amino-methylation and hydrogen exchange. 

Nitration of selenophene with fuming nitric acid in acetic a n h ~ d r i d e ' ~ ~ , ' ~ '  or with 
nitric acid at - 40 0C148*149 occurs mainly in the a-position, with a total yield of 15-25%, 
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giving a mixture of 85% 2-nitro and 15% 3-nitro isomer, which is very difficult to separate. 
When position 2 is occupied by an electron-withdrawing group (-NO2, -CHO, 
-COMe), the nitration occurs mainly in position 4 and less (10-15%) in position 
5Ls0*' '. For example, nitration of 2-formylselenophene by fuming HN03/H2S04 gives 
45% 2-formyl-4-nitroselenophene, 5% of its 5-nitro isomer and nearly 50% 2,4- 
dinitroselenophene. However, in acetic anhydride with 7% H2S04 ,  the NO, group enters 
only in position 5' The 2- and 3-nitroselenophenes were prepared by decarboxylation 
of 2carboxy-5-nitro- and 2carboxy-4-nitro-selenophenes, the latter being easily obtained 
by oxidation of the corresponding formyl or acetyl-derivative' (equation 26). 3- 
Nitroselenophene (36) can be reduced by Sn/HCI to 3-aminoselenophene hexachlorostan- 
nate (37). Isolation of the 3-amino base is impossible, but 37 can be acylated in 30% 

QCH0 + 
Se CH(OAC)~ 

yield148 to compound 38 (equation 27). The hexachlorostannate of the 2-amino isomer 
can be similarly ~bta ined '~" .  Aminoselenophenes are stabilized by an ortho electron- 
attracting s ~ b s t i t u e n t ' ~ ~ .  They can be obtained from activated bromo selenophenes via 
the azido derivative and its subsequent reduction' lb. 

NHCHO MsCOOCHO 
NH; S n C I i  

(27) 

Sulphonation by sulphuric acid or pyridine S031 5 2  gives a 2-substituted sulphonic 
acid, identical with that obtained independently from 2-lithioselenophene and SO, 
followed by oxidation. 2-Formyl- and 2-carboxy-selenophenes are sulphonated mainly in 
position 5, rather than in the position 4, as in nitration. Sulphonyl derivatives, e.g. 2- 
selenophenesulphonamide, are obtained through this intermediate 152*1  53, 

Chlorination of selenophene gives a mixture of 2-chloro- and 2,5-dichloro-selenophene, 
which, with chlorine in excess, leads to addition and substitution products' 54. 

Tetrachloroselenophene is obtained directly from Se and hexachlorobutadiene at 
250 OC1ss. 2-Chloroselenophene is obtained in 60% yield from selenophene and sulphuryl 
chloridelS4, and a fairly recent patent claims its preparation through dechlorination of 
tetrachloroselenophene by Na,Te' 56. 

Bromination in CS2 at - 20°C gives 2-bromoselenophene (39). Excess of bromine leads 
to 2,5-dibromo- and 2,3,5-tribromo-selenophene (40)800. The latter compound is the key 
intermediate in the preparation of 3-bromoselenophene (41) which cannot be obtained by 
direct monobromination; 41 is obtained from 40 by debromination with zinc in acetic 
acid' 5 7  (equation 28). A recent simplified synthesis of 41 using the same methodology, but 
without isolating intermediates, has been described, with an overall yield of 61%'". A 
similar a&-debromination is realized starting from tetrabrornoselen~phene'~~-'~'. 
The product, 3,4-dibromoselenophene, is a starting material for 3,4-fusion on 
selenophene. 
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2 Erz LJ - 0'2 

Q B r  - Br J-J; - oBr 
(39) (40) (41) (28) 

Iodine can be introduced in the a-position of activated selenophenes with the aid of 
mercuric oxide86,'62, or through exchange with mercuri salts, which can enter directly by 
electrophilic substitution to the a-position of selenophene and substituted 
s e l e n ~ p h e n e s ~ " * ~ ~ * ~ ~ * ' ~ ~ - ' ~ ~ .  The HgX group is readily exchanged, not only by iodine, 
but by various halogens88 and by the cyano groupg4. For example, from tetramercu- 
riacetate 42, tetraiodoselenophene (43) can be obtained, from which by reduction with 
aluminium amalgam 3-iodoselenophene (44) was obtained'63 (equation 29). From 2,5- 
dihaloselenophene the selenophene analogue of the electron acceptor TCNQ is 
prepared ' 66. 

Acylation can take place in the a-position under Friedel-Crafts  condition^^'.'^^. No 
diacylated selenophenes can be obtained, nor products of direct p-acylation on 
unsubstituted selenophenes. Hence, 3-acetylselenophene (46) is synthesized by standard 
malonate synthesis from the corresponding acid chloride 45' 57,  the acid being obtained 
through 3-metalated selenophenes (see following section). 46 could be transformed to 3- 
acetylaminoselenophene (47) by the Schmidt reaction with a 75% yield149 (equation 30). 

(45) (46) (47) 
a-Formylation is generally realized by the Vilsmeier-Haack reaction. The 2-for- 
mylselenophene obtained is the starting material for the 2-carboxy- and 2- 
hydroxymethyl-selenophenes' 68. 2-Methylselenophene gives formylation in position 5'  69 
and 3-methylselenophene, like compound 47149, gives the 2-formyl derivatives6.'70.'7'. 3- 
Formylselenophene is obtained through standard modifications of conveniently available 
3-substituted selenophenes, e.g. by Sommelet reaction on 3-bromomethylselenophene' 63, 
by reaction of DMF on 3-lithio~elenophene'~~ or by reduction of 3-cyanoselenophene' 72. 

Tri- and tetra-formylselenophenes can be obtained by a suitable combination of 
electrophilic formylation, halogen-metal exchange, reduction of nitriles, Kriihnke or 
Sommelet reaction and protection of existing groups' 73-1 76. 

Selenophene carboxaldehydes behave like typical aromatic aldehydes, undergoing the 
Darzens, Perkin, Claisen, Wittig and crotonic type condensations. 2-Vinylselenophene 
can also be obtained by reaction with MeMgBr'77. 

Chloro-'78*'79 and amino-methylation'80 also occur in the 2- and 2,5-positions. Direct 
P-chloromethylation can only be obtained with 2,5-disubstituted selenophenes. For 
example, 2,s-dimethylselenophene (48) which cannot be directly formylated, is chloro- 
rnethylated in the and the product 49 is transformed to the 3-formyl 
analogue 50 (equation 31). By aminomalonate synthesis 2- and 3-chloromethylseleno- 
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phenes lead to the corresponding 2- and 3-selenienyl alanines'n2b. 

Me aMe Me Me - Me acHo Me (31) 

Finally, with powerful 3-substituted + M donating groups (-NHCOCH,,-OCH,) 
the electrophilic Kaufmann reaction (Br, + KSCN or KSeCN) can be realized in position 
2, giving the corresponding 2-thiocyano- and 2-seleno~yano-selenophenes'~~~~~~. The 
introduction of the groups -SCN and -SeCN in the /I-position can, on the other hand, 
be achieved through diazotation of 3-amino-substituted selenophenes"'. The groups 
directly introduced by electrophilic substitution can be transformed by standard methods 
to other appropriate functional groups, which can be used further for the synthesis of 
many selenienyl-substituted heterocycles. For example, 3-(2'-selenienyl)-pyrazoles or 
-isoxazoles can be obtained from 2-selenienylalkynyl ketones186 ; 2-(2'-selenienyl)- 
oxazolines and -thiazolidines' from 2-formylselenophene; 2-(2'-and 3'-selenienyl)- 
oxazoles, -thiazoles and -selenazoles from the corresponding 2- or 3-selenienylchalcoge- 
n o a ~ n i d e s ~ ~ " ' ~ ~ ~  , 3-s elenienyl- 1,2,4-oxadiazoles from selenienylamidoximes' ; 2-se- 
lenienylpyrimidine from selenienylamidines ' 91 and 4-selenienyl-1,2,3, 5-tetrazoles from 
cyanoselenophene or the corresponding imino esters' 

Very recently 2-selenienyl isosters of levamisole, an immuno-potentiating agent, were 
prepared for biological evaluation' 92b.  

It should be noted that Ullmann reaction on 3-bromo-2-selenienyl and 2- or 4-bromo- 
3-selenienyl ketones leads to bis-hetero-condensed cyclopentadienones 51 (equation 
32). 

The chemistry of tellurophene is much less known. Tellurophene is fairly stable to air 
and light at room temperature; at 0 "C and in the dark, it can be stored for long periods' ' ,. 
Since tellurophene is decomposed by strong mineral acids, electrophilic substitution is 
conducted under moderate conditions. Because of the very high a//I ratio, only 2- 
substituted or 2,5-disubstituted tellurophenes could be obtained and no 3-monosubsti- 
tuted tellurophenes are known except the 3-methyl derivative' lab .  

Attempts to prepare 2-nitrotellurophene by nitration have been unsuccessful75*' ' and 
halogens give only 1,l-addition products on the Te a t ~ m ~ ~ * " ' ~ ' ~ ~ .  Direct acylation with 
Ac,0-SnC14"3 and with trifluoroacetic anhydride at - 75 0C75 leads to 2-acetyl- and 2- 
trifluoroacetyl-tellurophene, respectively. 2,5-Dideuteriotellurophene can also be pre- 
pared from D,SO,/MeOD' ', and 2,5 bis(acetoxymercuri)tellurophene from mercuric 
acetate" l .  All other known 2-monosubstituted tellurophenes are obtained from 2- 
lithiotellurophene. 2-Methoxycarbonyltellurophene (52) has been acetylated in position 5 
(equation 33), and 2,5-diphenyltellurophene (54) has been bis(chloromethy1ated) in 
positions 3 and 4, to give 55. The latter compound was transformed to 3,4-diformyl-2,5- 
diphenyltellurophene (56) (equation 34) via the corresponding di01'~'. 



13. Selenium and tellurium heterocycles 41 5 

0 HC 

Ph m P h  Ph Ph Ph 

CH2CI 1 .  OH- - - CH,O/ H C I  

2. SeO, 

(54) (55) (56) 

(34) 

d. Metalated selenophenes and tellurophenes. ( i )  Preparation and standard trunsforma- 
tions. Analogously to  furan and thiophene, selenophene can be directly metalated in the a- 
position by organolithium compounds, through hydrogen-metal exchange' 57.  a- 
Metalation can also be realized through halogen-metal exchange, e.g. from 2-iodo- 
selenophene and phenyl-lithium'62 or -magnesium. 

8-Metalation can only be achieved by reacting 3-halogeno(Br,I)selenophene and 
organolithium compounds at the temperature of dry ice' 57.'9h. 2-Selenienyl- and 3- 
selenienyl-lithium are valuable nucleophilic intermediates for the preparation of various 
2- and 3-substituted selenophenes. In this way were obtained 2-lS7 and 3-carboxyseleno- 
phenes'57.'96 from CO,, selenophene-2-sulphinic acid from S02'41*' 52, 3-formylselen- 
ophene from DMF'63,'75, isomer-free 2- and 3-chloro- and 2- and 3-bromoselenophenes, 
respectively, from hexachloroethane at - 70 "C and ethylene bromideIg7, and 2- and 3- 
selenopheneboronic acids 58 from triethylborate. These boronic acids are converted by 
oxidation to 2-'98-200 and 3-hydro~yselenophenes~~~-~~' . C ompounds 59 are also 
accessible from the lithium compounds by reaction with t-butyl perbenzoate'98~200~201, 
followed by hydrolysis (equation 35). 2,5-Dihydroxyselenophene, regarded as the Se 
analogue of maleic anhydride, is obtained by this method198. 

Reaction of sulphur on 2- and 3-lithioselenophenes gives the corresponding 2- and 3- 
mercaptoselenophenesZo'. The tautomerism of these hydroxy and mercapto compounds 
has been 2-hydroxyselenophene exists mainly as the a,P-unsaturated 
selenolactone form, 3-selenolene-2-one, and undergoes Michael additionzo2 ; 3-hy- 
droxyselenophene and its 2,Sdimethyl analogue are present only in the keto form, 3-0x0- 
4-selen0lene~~'. This is reminiscent of the corresponding furans, whereas the 
corresponding 2,5-dimethyl-3-hydroxythiophene shows 32% of the enol form' y9. The 2- 
and 3-mercaptoselenophenes, whose tautomerism was studied in the more stable methyl 
analogues, exist in the enethiol form, due to difficulties in the formation of thione 
g r o ~ p s ~ ~ ' , ~ ~ ~  . Th e enol form in hydroxy compounds becomes preponderant in the 
stabilized o-acylated  derivative^^^^^^^'. 

Reversed reactivity of selenienyllithium is obtained through iodonium salts 60, by 
reaction with trans-iodosovinyl dichloride. This conversion to an electrophilic reagent is 
of great synthetic values for condensation with various nucleophiles, in order to obtain 
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substituents which are difficult to prepare by other methods (equation 36). For example, 
with sodium nitrite in DMF 2- and 3-nitroselenophenes were obtained in 37 and 18% 
yield, respectivelyzo6. The nucleophile SCN - gives 48% of 3-thio~yanoseIenophene*~~, 
but the reaction has failed in introducing the SeCN group. 

C', C,C/H 

It CI- ___) Nu- O N "  + 0 1  

(36) 

[ap?r H' 'IC12 
57 

(60) 

Direct a-metalation is also preponderant in substituted selenophenes. 3-Mono- 
substituted selenophenes such as 3 - m e t h o ~ y - ~ ~ *  3-cyan0- '~~ 3-dietho~ymethyl-'~~.~~~ 
and 3 - t - b ~ t o x y - ~ ~ ~  are lithiated in position 2. A 2-substituted selenophene, like 2- 
cyanoselenophene, is lithiated in the second a-p~s i t ion~ '~ .  To obtain j-metalation it is 
necessary to start from the corresponding bromo compound. 3-Bromoselenophene itself 
gives, depending on the reagent and temperature, either 3-lithioselenophene (BuLi, 
- SOOC), or 3-brom0-2-lithioselenophene'~ '. 3,4-Dibromoselenophene gives 8-lithiation 
to 3-bromo-4-lithioselenophene' 59.1 7 6 .  However, with a 2,3-dibromoselenophene, 
halogen-lithium exchange takes place preferentially on the 2-bromo atom' 76. Easy 
exchange in the a-position is used to obtain a 2,s-selenienylated polymer from a Grignard 
reagent and 2,5-dibromoselenophene via a poly-Wurtz There is thus 
experimental evidence that selenophene is metalated in the same manner as thiophene. 

2-Lithiotellurophene, easily obtained by a-metalation of the parent heterocycle''3, is 
the starting product for the synthesis of some 2-substituted tellurophenes. In this way were 
obtained 2-carboxytellurophene' ' (leading by diazomethane to 2-methoxycarbonyl 
tellurophene), 2-formyltellurophene (leading to 2-methy1, 2-hydroxymethyl- and 2-a- 
hydroxyethyl-tellurophenes1'3) and 2-dimethylcarboxarnid0-~~~ and 2-methylthio- 
tellurophenesZ1'. 2-Methyltellurophene is lithiated in the remaining a-position' 13,213, 
giving 2,s-disubstituted tellurophenes. It was shown later that by carbonation of 2- 
lithiotellurophene di-tellurienyl ketone was obtained in 6% yield as a by-product2' '. 

2-Lithiotellurophene also gives di-a-tellurienyl telluride by reaction with TeZ1 5, but 
does not lead to the 2-fluoro derivative from FCIO,, nor to the 2-nitro derivative from 
ethyl nitrate. The 2-chloro- and 2-bromo-tellurophenes were obtained by using the 
reversed methodology shown in equation (36), but the 2-nitro derivative was not obtained 
in this way2' '. 2-Copper derivatives and iodoarenes give coupling reactions to 2- 
aryltellurophenesz'6. NO 8-lithiotellurophene has been obtained so far. 

(ii) Ring-opening of lithium derivatives. The first indication of abnormal behaviour in 
some selenophene derivatives towards organolithium compounds was the lack of 
coupling in the reaction of 2,5-dimethyl-3-iodoselenophene with ethyllithium, shown by 
the failure of subsequent treatment with copper chloride to give the corresponding 
biselenienylZ l 7  a reaction working well for the synthesis of bithienyls. 

The isolation of the acyclic vinylacetylene 63 in 49% yield when 2,5-dimethyl-3- 
iodoselenophene (61) was treated with ethyllithium at - 70 "C was the evidence of a ring- 
opening of the selenophene ring (equation 37). The corresponding lithium derivative 62 
was trapped in the same reaction at - 100 "C as the carboxylic acid. Consequently, it is 
very probable that 62 is the key intermediate of this ring-opening218. 

M e C s C  ,SeEt 

(37) 
\ 

' EtLi - flLi--. ,c=c 
Me JLXMe Me Sa Me H 'Me 

(61) (62) (63) 
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The corresponding thiophene derivative is much more stable and it decomposes only at 
room temperature, with complicated rearrangements. These facts have led to a careful 
comparison of the ring-opening of 3-lithiothiophene, -selenophene and -furan derivatives. 
The previous indication that 34ithiothiophene gave some unsaturated aliphatic com- 
pounds219 can be explained in this way. A mechanism which has been proposed to explain 
this ring-opening consists of a retro-Michael reaction from a carbanion situated in a 
position fl  to  a heteroatom (equation 37). A similar bond-rupture is known for fl- 
carbanions or vinyl ethers220. The ring-opening is trans-stereospecific giving the Z -  
compound, where the alkyne and the Se group are in cis positions, a conclusion also 
reached for 3-lithi0-2-methylthiophene~~ '. Although some 3-lithiofurans give this ring- 
opening (but not 3-lithiofuran itself which decomposes at - 5 "C), no pyrrole derivatives 
give this reaction. 

A general review of the base-induced ring-opening of heterocycles222 has led to a 
classification of three types of ring-opening. The preceding reaction belongs to  the first 
group, named 'R.0.I' (Ring Opening Type 1) which is extended to all eliminative ring- 
opening of B-carbanions. That the selenophene ring is less stable than the thiophene ring 
in this reaction is due to the greater size of the Se atom, rendering it more polarizable and 

MeS eLi - (38) 
Me 

(64) (65) 

reducing the bond energy between the heteroatom and carbon. Extension of this reaction 
to  some 3-lithio-5-(methylthio)selenophenes 64 leads to  the formation of a mixed 
thioselenoacetal of acetylenic ketene (65)223, a compound difficult to prepare by other 
methods (equation 38). The R.O.1 is easier with donor groups (for example Me groups) in 
positions 2 or 5. It was found to be easy, even in the sulphur series and was observed at 
- 70 "C for both 2-trimethylsilyl-3-lithio-thiophene and - ~ e I e n o p h e n e ~ ~ ~ .  It could there- 
fore be anticipated that - I groups in the a-position should stabilize the 3-lithio inter- 
mediates. For example, 2,5-dichloro-3-lithioselenophene (66), prepared by abstraction 
of proton of 2,5-dichloroselenophene by lithium diethylamide is highly stable. How- 
ever, when one tries to obtain this lithio compound by the classical method from 2,5-di- 
chloro-34odoselenophene and ethyllithium, only the unstable ring-opening product (67) 
is formed225 (equation 39). Its formation can be explained by reaction of the 3-lithio 

derivative on the unreacted 3-iodo precursor. It brings evidence of a second type of ring- 
opening (R.O.II), consisting of a heterophilic reaction (reaction on the heteroatom) of the 
lithium nucleophile, which can be of two different types. The first one, exemplified in the 
preceding reaction, consists of an eliminative R.O.11, and requires the presence of a good 
leaving group fl  to the heteroatom. To this R.O.11 type belongs also the formation of Ph2Se 
(in 54% yield) from tetrachloroselenophene and phenyllithium226. Due to the greater 
polarizability of Se, the heterophilic R.O.11 reaction is easier in the selenophene than in the 
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thiophene series. But, contrary to the R.O.1, this eliminative R.O.11 proves easier with 
electro-withdrawing groups. Consequently, even in the sulphur series, 3,4-dichloro 2,5- 
dimethoxythiophene shows this ring-opening reactionzz7. Another type of heterophilic 
ring-opening was demonstrated on 2,5-diphenyltellurophene and on fused 
selenophenes independently in Liege and in Moscow (see Sections IV.A.2 and IV.A.3). I t  
consists of substitutive R.O.11 with cleavage of the heteroatom-carbon bond and 
formation of a carbanion on this a-carbon (equation 40). The dilithio compound 69 was 
used to prepare a variety of l,4-disubstituted butadienes. This reaction is normally easier 
with the largest and more polarizable heteroatom. A substitutive R.O.11 was de- 
monstrated laterzz9 in 2,5-dimethoxyselenophene, giving 55% yield of dibutyl selenide. 
This reaction failed in the corresponding thiophene. 2,5-Diphenylselenophene itself (70), 
the Se analogue of 68, gives a ring-opening, which seems to be of the R.O.l eliminative 
type, since the isolation of 5,8-diphenyldodeca-5,7-diene (72) can only be explained by 
addition of butyllithium to intermediate 1,4-diphenylbutadiyne, probably formed by 
preliminary metalation in the &position (equation 41)229. The substitutive R.O.11 
mechanism, which can also be viewed as a chalcogen-metal interconversion reaction, an 

Ph macb L T e  3 Ph TMEDA Ph Li ~i Ph 
(40) 

(68) (69) 

2 BuLi -Li,Se 
JJPh Gz? - [Ph-CSC-CEC-Ph] 

Ph c””s Ph 
Ph 

(70) (71) 

/Ph 

‘Bu 
,CH=C 

\ 
2 BuLi Ph - ,C=CH 

Bu 

(72) 

anaiogue to the halogen-metal interconversion, is thus very rare on heteroatoms which 
are part of an aromatic ring. However the Se-metal replacement has been described in a 
few examples of aromatic and heteroaromatic acyclic selenides. The third type of ring 
opening (R.O.III), starting from a lithium derivative on a side-chain, and where the 
cleavage is also realized in the 8-position, is invoked in some lithiomethylthiophenesz22, 
but is not well documented up to now in the selenophene series. 

e.  Hydrogenated selenophenes and rellurophenes. The chemistry of tetrahydroselen- 
ophene (selenolane) (73a) and tetrahydrotellurophene (73b) is similar to that of acyclic 
selenides and tellurides. The starting materials for their preparation are generally 
tetramethylene halides (equation 42). The most reliable method uses sodium chalcogenide : 

(b) Y =Te (73) 
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Na2Se230, Se + rongalite and NaOHZ3' (Se + rongalite without NaOH forms a low- 
molecular-weight polymer, (Se-(CH,),-Se),, which can lead to tetrahydroselenophene by 
heatingz3' or the corresponding Te compoundsz32. Aluminium telluride gives a very low 
yield233), but Te at 130-140 "C can also be ~ s e d ~ ~ ~ * ~ ~ ~ .  Tetrahydroselenophene has also 
been prepared from tetrahydrofuran, Al,03 and H,Se at 400 O C 1 0 5  and in 97% yield from 
the stabilized selenonium ylid 74 (equation 43). The chalcogenide methodology was used 

(Me,N)ZCS NC\ /COOR - 73Q 4- ,c=c (43) /CN 

G e = C \ C O O R  ROOC \CN 

(74) 

to prepare 2,5-dicarboxytetrahydroselenophene from a,d-dibromoadipic acidz3s, 4,4- 
dirnethyl-3-0xo-tetrahydroselenophene~~~ and 3,3'-bi~-tetrahydrotellurienyl~~~. 2,5- 
Dihalomethyl-1,l-dihalotetrahydrotelluro henes were obtained from 1,s-hexadiene, 
using the ability of TeX, to add to alkene~'~~. The heteroatom of 73aZJ0 and 73bZJ3 can 
undergo addition reactions with halogen or MeI; when 1, l-dihalogenotetrahydrotelluro- 
phene is treated by SO,, it gives back 73b. The halogens on Te can be substituted by 
various nucleophiles ( N i ,  NCS-, NCSe-)239. Compound 73b can be oxidized by air to 
the corresponding tell~roxide'~~. Selenoxide 76 has been obtained by hydrolysis of 
selenium-N-tosylimide 75240 (equation 44). 

f - BUOCl 

P-MeC&SO, NHNo Q Z Q  II 4 (44) 

?3Q P 

N-Tos 0 

(75) (76) 

The dipole moments of 73a and 73b are lower than that of tetrahydr~thiophene'~' 
(S: 1.89D; Se: 1.81; Te: 1.63). The Se analogue of biotine has been synthesized, the Se 
being introduced by NaSeH through a pentacyclic lactone to give a corresponding 
selenolactone which is then transformed by standard methods to ~ e l e n o b i o t i n e ~ ~ ~ ~ ~ ~ ~ .  
2,5-Dihydrotellurophene and its 3,4-dimethyl analogue 78 were recently prepared from 
the corresponding butadienes and TeC1,244 (equation 45). The same reaction failed with 
SeCl, or SeOC1,. 78 is detellurated by butyllithium, and the 1,l-dichloro precursor 77 
reacts with arylmagnesium bromide to give a good synthetic micro-method for the 
preparation of diary1 tellurides. Ru ' Na,S R)===JR (45) 
H2C=CR-CR=CH2 4- TeC14 

R = H, Me CI' 'Cl 

(77) (78) 

2. Benzoselenophenes and condensed analogues 

published in 1975245. 
A review of the chemistry of benzo(b)selenophene and benzo(b)tellurophene was 

a. Benzo(b)selenophene. ( i )  Synthesis. Benzo(b)selenophene has been obtained, among 
other products and, often with very small yields, by reaction of Se with acetylene or 
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phenyla~etylene~’~~~~-~~*, by basic hydrolysis and oxidation of o-cyanoselenocinnamic 
by reaction of SeO, with styrenez4’ and by pyrolysis of o-ethylselen~phenol~~~. 

Systematic methods of synthesis consist rarely of benzologation of selenophene. We can 
only note in this respect some ring-opening-ring-closure reactions of selenolo-(2,3-c)- or 
(3,2-c)-pyrylium cations by secondary amines to 5- or 6-dialkylamino- or hydroxy- 
b e n z o s e l e n ~ p h e n e s ~ ~ ~ ~ ~ ~ ~ .  The more general syntheses involve the building of the 
selenophene ring on the benzenic substrate. 

Following the pyrolysis of diacids, u n s u b s t i t ~ t e d ~ ~ ~ * ~ ~ ~  or s ~ b s t i t u t e d ~ ~ ~ - ~ ~ ~  Se 
analogues of indoxyl are prepared by the C(2)-C(3) ring-closure. The yields are improved 
by isolating the intermediate enol-acetate 80 (equation 46). Sodium amalgam254, sodium 
borohydride or hypophosphorous acid reduction of 81 gives the corresponding 
benzo(b)selenopheneZ6l. By this general reaction naptho(2,3-b)selenophene was also 
preparedz6’. The alternative Dieckmann condensation of the corresponding diesters of 79 
gives an a-keto ester, which is also directly reduced in high yieldsZ6l to 

OKCooH SeCH-COOH 

I 

(79) 
R 

(86) 

benzo(b)selenophene derivatives by NaBH,, a reaction which can be extended to the 0 
and S seriesz6’. A general C(2)-C(3) ring-closurecan also be achieved by an intramolecular 
Perkin-like reaction from carbonyl compounds of type 85 where R2 is an electron- 
withdrawing group (COOH, COOEt, CN, COR)263 (equation 47). Contrary to the 
sulphur chemistry, there are some difficulties in using selenoglycolic acid or its salts as 
nucleophiles for synthesis of seleno ethers 85, due to their instability. A rare example of 
their use consists of the synthesis of 5-nitroben~o(b)selenophene~~~. Seleno ethers 85can be 
obtained from an o-lithioacetal, Se and ethyl c h l ~ r o a c e t a t e ~ ~ ~ ,  but they are best prepared 
by alkylation of the selenoethers 83 to 84 and subsequent heatingz63*266.z67. The ease 
of alkylation of the heteroatoms increases with the size of the chalcogen. The reac- 
tion works also with an acid cyanide to give 3-cyano-2-substituted benzo(b)~elenophene~~~. 

A C(3)-C(aromatic) ring-closure gives one of the most general preparations of 
benzo(b)thiophenes, by using acidic cyclodehydration of phenylthiomethyl ketones, 
aldehydes or acetals. However, it fails generally in the Se series, due to the cleavage of this 
type of selenium-aliphatic carbon bond in acidic conditions. A unique example, described 
in the literaturez6’, could not be repeatedz6’. Electrophilic cyclization of acid chlorides to 
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five-membered Se heterocycles is also very rare, and is only described in the cyclization of 
a-phenylselenopropionyl chloride (87; R’ = H, R2 = Me) to 2-methylselenoindoxy1 
(88)269, and of oxalyl chloride monophenylseleno ester (87; CR’R2 = C=O) to 2,3- 
dioxo-2,3-dihydrobenzo(b)selenophene (selenanaphtenequin~ne)~~~ (equation 48). A 
third type of C(3)-C(aromatic) ring-closure consists of a cyclization of phenylallyl 
selenides. It is realized only in quinoline solution and is thus different from the traditional 
Claisen rearrangement’ 80z71. Depending on the nature of the ally1 group this cyclization 
gives 2-methyl- or 2,2-dimethyl-2,3-dihydrobenzo(b)selenophene, but not a six- 
membered ring nor o-allylselenophenol. The selenoxide of 2,2-dimethyl-2,3- 
dihydrobenzo(b)selenophene gives, by ring-chain tautomerism, an unstable selenenic acid, 
trapped by intra- and inter-molecular reactionsz7’. 

Selenoindoxyls can be 
acetylselenenyl halide260 or 
sulphur series due to the 
electronegativity (equation 

obtained by base-catalysed C(2)-Se cyclization of o- 
s e l e n o ~ y a n a t e ~ ~ ~ ~ ~ ~ ~ .  This cyclization is easier than in the 
increasing size of the chalcogen and to its decreasing 

49). Selenoindoxyl can also be similarly obtained from o- 

0 

(49) L 
B- &k2 - 81 1-, 82 

Se 

X = CI, Br,CN 

(89) 

diazoacetylselenenyl The tautomerism of selenoindoxyls has been 
the subject of discussion, The chemical behaviour of the compounds is consistent 
with ketonic behaviour. They form s e l e n o a ~ r o n e s ~ ~ ~  with aromatic aldehydes and 
anils with nitrosodimethylaniline [followed by hydrolysis to 2,3-dioxo-2,3- 
dihydrobenzo(b)selenophene (selenanaphthene q ~ i n o n e ) ] ~ ~ ~ .  They are oxidized to se- 
lenoindigo (for a review on selenoindigoid dyes see Ref. 277) and give a positive Brady’s 
test. On the other hand, enolic behaviour is shown by their solubility in NaOH, and by 
methylation and acetylation to 0-substituted benzo(b)selen~phenes~’~. Previous studies 
indicate that selenoindoxyl exists only in the keto form 82256.z78. A thorough 
investigation has shown by IR and NMR spectra the presence of the ketonic form in 
freshly distilled selenoindoxyl. However, an equilibrium was determined after more than a 
hundred hours. The equilibrium mixture consists of 13% of en01 form in CDCl, solution, 
21% enol in acetone-d, and 50% enol in DMSO-d6279. The corresponding results for 
thioindoxyl are 2.4% of the enol form in CDCI,, and 30% enol in a ~ e t 0 n e - d ~ ~ ” .  
Substituents on the benzene ring modify the position of equilibrium and the rate of its 
achievement, but freshly prepared solutions are exclusively in the keto form. In DMSO 
solution, the equilibrium percentages of the enol form are: 4-Me0: 40%; 5-Me0: 80%; 5- 
NOz: 100%. In this last example the value is obtained after 8 hours2”. 

A C(2)-Se ring closure, by electrophilic substitution of selenenyl halides on styrenes, 
discovered during attempts to prepare selenocoumarine, was realized in pyridine solution 
(equation 50)281. A selenenyl bromide is an intermediate. This very general method can be 
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CR’=CR2R3 Br, lPyr - 
R3 = ti, C O E t  

- MeBr 

(91) 

aSeMe 

(90) 

CH2COOH HOD - 
U S e M e  -k OCH SeMe 

(93) 
0 

(94) 

applied to the synthesis of unsubstituted, 2- or 3-, or 2- and 3-substituted 
benzo(b)selenophenes”’, of homocycle-substituted benzo(b)selenophenes (4-NO,, 5- 
NO,, 7-N02, 6-C1, 6-Br and their 2-Me derivatives)’82, and of some polycyclic 
derivatives, e.g. for the synthesis of the Se analogue of coumestan (94)zs3 (equation 51). 
This method has been applied to  the synthesis of benzo(b)thiophene: the intermediate 
sulphenyl halide was prepared by reaction of sulphuryl chloride on the corresponding thio 
etherZs1. 

Cyclodehydration of o-methylselenobenzyl ketones involves demethylation by HBr in 
acetic (equation 52). This method has also been applied to the 0 and S 
congenerszs4. 

Cyclodehydration of demethylated o-methylselenophenylacetic acid results in selenol- 
actonization. By this method 2-0~0-2,3-dihydrobenzo(b)selenophene (98), a lactone 
isomer of selenoindoxyl (82), was obtained in a one-pot reaction from o- 
methylselenophenylacetic acid (97) or its nitrilezs3 (equation 53). Under more drastic 

I .  Br2 

2 .  H,W, 
PHOH 

(97) (98) 
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conditions, 98 gives a good yield of benzo(b)selenophene, through the 2-phosphinic acid 
99 as intermediate. This lactonization method is applicable to the corresponding 
thiolactone derived from sulphenyl chloride. Selenolactone 98 undergoes ring-opening by 
conventional nucleophilic reagents, and reacts at the CH, by aldol condensation with 
benzaldehyde in ethanol-Et,N solution. This is followed by ring-opening of the 
selenolactone and internal Michael addition of the SeH group, to give the ring- 
rearrangement product 2-phenyl-3-ethoxy~arbonyl-2,3-dihydrobenzo(b)selenophene~~~. 
2,3-Dihydrobenzo(b)selenophene (101) is prepared in 45-50% yield by a one-pot 

H,PO, reduction ‘of o-bromoselenophenethyl alcohol, followed by cyclodehydration of 
the intermediate s e l e n o p h e n ~ l ~ ~ ~  (equation 54). Compound 101 is difficult to obtain by 
other methods: electrophilic ring-closure of ,9-phenethylselenenyl chloride (102) gives a 
very low yield (5-10%); hydroboration or catalytic hydrogenation of 
benzo(b)selenophene, or Wolff-Kishner or Clemmensen reduction of selenoindoxyl 

(100) (101) (102) 
failedzs5. Compound 101 can be quantitatively dehydrogenated by S to 
benzo(b)selenophene. 

Allylic SeO, oxidation of selenochromenes 103 under well-chosen conditions gives rise 
to a ring-contraction leading to very good yields of 2-formylbenzo(b)selenophenes 105286, 
probably through an intermediate of type 104 (equation 55). In other solvents and at other 
temperatures 1-selenocoumarines, 1 -selenochromones and diselenocinnamaldehydes are 
formedzE6. The ease of ring-contraction increases with the size of the chalcogen; for 
thiochromenes, the reaction is much more complex, giving also, depending on experimen- 
tal conditions, dithiocinnamaldehyde-S,S-di~xide~~~, 2-(2’-benzo(b)thienyl)-l- 
thioChromones288 and a six-membered selenosultone by insertion of Se02289 (Section 
V.B.2). The yields are lower for the corresponding ketones. Mn02 oxidative hydrolysis of 
selenochromylium salts can also give 105, through  intermediate^^^'" of a similar type. The 
intramolecular nucleophilic cyclization of o-(ethynyl)selenophenolate, obtained by o- 
lithiation of phenylacetylene and reaction with Se gives directly benzo(b)selenopheneZyob. 

CHO 

P O  SeO, 

R W H ,  - 0-Se-OH - 
H se’ loo oc 

( 103) (104) (105) 
( 5 5 )  

SeOCI, cyclization ofcinnamic acids by analogy with the SOCI,-Krubsack cyclization has 
only been applied on hetarylpropenoic acids, and on diarylethylenes (Section IV.A.3). 

Sex, X 
Ph-CEC-R - >c=c 

Ph ‘sex, 
(106) ( 107) ( 108) 

C(aromatic)-Se cyclization by addition of SeC1, or SeBr, to acetylenic compounds 
(e.g. 106) to give a Markownikoff-type addition compound 107 has been realized to give 
3-halobenzo(b)selenophenes 108 (equation 56). By this method were obtained 2-phenyl-3- 
chloro-2y1, 3-brom0-*~~, 2,3-dibrom0-?~~, 2 , 3 - d i ~ h l o r o - ~ ~ ~  and 3-chloro-2-methyl- 
benzo(b)selenophenes2y2. This reaction was recently realized by phase-transfer 
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By a similar reaction with selenium monochloride (Se2CI,) 3-chloro-2- 
substituted-benzo(b)selenophenes (2-Ph, 2-Me, 2-n-Bu, 2-COOEt) were obtained, pro- 
bably via a selenirenium ion294. By reaction of SeO, and HBr on phenylpropiolic acid or 
its m-methoxy derivative the 3-bromo-2-carboxy and 3-bromo-2-carboxy-5-methoxy- 
derivatives were obtained in yields of 28%295 (compared with 63% in the corresponding 
sulphur series). Similarly, by the same reagent, 3-bromo-2-sulphonamido- 
benzo(b)selenophene was obtained in a 14% yield296. SeBr, can also give by 
addition to benzal or dibenzalacetone 3-bromo-2-acetyl or 2-cinnamoyl-2,3- 
dihydrobenzo(b)selenophene. The latter is dehydrohalogenated by MeONa to 2- 
cinnamoyl ben~o(b)selenophene~~’. 

( i i )  Electrophilic substitution and standard transformations. In parallel with its sulphur 
analogue benzo(b)selenophene undergoes preferential electrophilic substitution on the 
heterocycle. However, whereas mononitration gives isolated yields of 5% of the 2-nitro 
and 35% of the 3-nitro derivatives298, acylation occurs preferentially in the 2- 

(2-acylation: 3-acylation = 9). This ratio is the opposite to that in the 
acetylation of benzo(b)thiophene, where the 2-acylation: 3-acylation ratio is 14: 86. The 
destabilization of the Wheland intermediate resulting from reaction in position 3, by a less 
efficient + E effect of Se is invoked299. Rieche or Vilsmeier formylation leads to high- 
melting-point compounds; chloromethylation by dichloromethyl methyl ether, followed 
by nitropropane reaction, leads however to a 7% yield of 3-formyl- 
benzo(b)selenophene2 99. 

Lewis acids alone can give two isomeric benzoselenophene dimers, 2- and 3-(2’- 
benzoselenienyl)-2,3-dihydrobenzoselenophene300. On the other hand, monobromi- 
nation of benzo(b)selenophene by bromine in CC14301 gives a 3:l  ratio of the 3- to 2- 
products292. Halogenation on Se occurs initially and 1,1,3-trihalogenated intermediates 
can be isolated. An important isotope effect on the j : a  ratio is evidenced: for 3-deuterio- 
benzo(b)selenophene the preceding ratio is 3:2; for the 2-deuteriated isomer, i t  is 86:14. 
This could indicate that the reaction is not a traditional electrophilic substitution and thus 
suggests an intermediate bromonium ion as in alkenes, whose formation could be 
favoured by primary Se-dihalogenation which lowers the aromatic character. Excess of 
bromine gives successively 2,3-dibromo and 2,3,6-tribromo derivatives292. Pure 3- 
bromobenzo(b)selenophene can be obtained from the 2,3-dibromo derivative by reaction 
with Zn and AcOH (95% yield) or with butyllithium at - 80 “C (80%). Monomethyl 
homologues of benzo(b)selenophene can be obtained, the 2-methyl isomer by a direct ring- 
closure of the corresponding a-methylated diacid 79 (R = Me)256, from cyclodehydration 
following equation (52) or from Wolff-Kishner reduction of the 2-formyl derivative302. 
The 3-methyl isomer can be obtained by reaction of MeMgBr with s e l e n ~ i n d o x y l ~ ~ ~ ,  or 
best by direct ring-closure followed by decarboxylation of 2-acetylphenylselenoacetic 
acid, following equation (47). Electrophilic reactions ( f ~ r m y l a t i o n ~ ~ ~ ,  a ~ y l a t i o n ~ ~ ~ ,  
a r ~ y l a t i o n ~ ~ ~ ) ,  on these monomethyl benzo(b)selenophenes proceed easily on the 
neighbouring free heterocyclic position, leading by standard transformations to a variety 
of disubstituted benzo(b)selen~phenes~~~, such as the 2,3-dimethyl derivative, the 2,3- 
dicarboxy derivative and its corresponding 2,3-anhydride. From 2,3- or 3,2-acid alcohols 
(109; Y = Se) the corresponding lactones 110 and 111 (Y = Se) can be easily obtained 
(equation 57). In contrast, in the benzofuran series the corresponding 109a or 1Wb 
(Y = 0) does not lactonize, and in the benzothiophene series, only the acid 109b (Y = S) 
gives lactonization under these conditions. The lactone 110 (Y = S) can only be 
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(a) R’ = COOH, R2 = CH,OH 

obtained from the corresponding nitrile alcohol, but this reaction fails in the benzofuran 
series3”. Electrophilic reactions can also lead to 2,3-disubstituted bromocarbonyl- or 
carboxybenzo(b)selenophenes. 

Nucleophilic substitution of the bromine in the bromocarbonyl-activated compounds b y  
thiolate or selenolate ion can be easily realized, leading to precursors for further 
cyclization to fused  heterocycle^^'^. This reaction leads to introduction of a S or Se atom 
into position 3 of the benzo(b)selenophenes. The 2-bromo-3-substituted derivatives can be 
debrominated by butyllithium, giving rise from the 2-bromo-3-diethoxymethyl compound 
(112; R = CH(OEt),) to the 3-formyl derivative (113; R = CHO), and successively to 3- 
carboxy-and 3-acetyl-benzo(b)selenopheneszgg (equation 58). The Se analogue of gramine 
(113; R = CHzNMez) was obtained similarly from 112 (R = CH2NMe#07. 

(b) R’ = CHZOH, R2 = COOH 

(112) (1  13) 

A Se analogue of tryptamine was prepared from the nitrile 113 (R = CH,CN), which 
was obtained by a Wittig reaction on selenoindoxyl; the Se-analogue of tryptophane 
(113; R = CH,CH(NH,)COOH) was obtained from the 3-formylbenzo(b)selenophene via 
hippuric acid synthesis307. Corresponding isomers in position 2 were also synthesized. 
From selenotryptamine the Se analogues of desmethoxyharmaline, harmine and hexade- 
hydroyohimbane can be obtained3”; the Se analogue of serotonin (5-hydroxyseleno- 
tryptamine) can be prepared from 5-nitroselenoidoxyl in a similar way30ga. In this same 
field, a benzoselenienyl glycine was obtained by direct electrophilic reaction on 
benzo( b)~elenophene~’~~. 

Electrophilic substitution on the benzene ring takes place only when the 2- and 3- 
positions are occupied. For example, the 2,3-dimethyl-derivative is acylated in position 
6310. In the same way /?-(3-benzo(b)selenienyl)propionic acids can be cyclized at position 4 
of the homocycle only if position 2 is occupied by a Me or halogen substituent as in the 
transformation 113a + 113b3”. Note that the non-aromatic 2,3-dihydro- 
benzo(b)selenophene is also benzoylated in position 628s. 

(113a) (1 13b) 

( i i i )  Metalation and ring-opening reactions. 2-Lithio-benzo(b)selenophene is easily 
obtained by direct metalation of the parent heterocycle. It is used for many transfor- 
mations, e.g. for the synthesis of the pure 2-bromo derivativezg9. The 3-lithio isomer (115) 
is obtained by halogen-lithium interconversion of 3-bromobenzo(b)selenophene at 
- 80 OC3lZ (equation 59) and is stable for a long time at room temperature. It can be 
transformed with good yield to 3-bromo, 3-carboxy- or 3-methyl-benzo(b)selenophenes. 
No lithium transfer is realized as in 3-lithiobenzo(b)thiophene. Treated by a second 
equivalent of butyllithium at 0 “C, it gives a ring-opening of eliminative R.O.1 type. A 
study of the methylation products is in agreement with the formation of the intermediary 
2,3-dilithio derivative (116). The latter is responsible for the ring-opening reaction, and its 
instability confirms the ease of the R.O.1 transformation when electron density is increased 
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in position 2 (equation 59). 3-Lithio-2-methyl-benzo(b)selenophene is also less stable and 
begins to ring-open after 4 h at room temperature. The formation of a 70% yield of the 2- 
carboxy derivative by treatment of 114 with 2.5 equivalents of phenyllithium, followed by 
carbonation can be explained by a ring-opening of 116, carbonation of the resulting 
lithioacetylene and acidic ring-closure. This explanation takes into account the absence of 

r . t .  

2-lithio-benzo(b)selenophene in the system, as demonstrated by a study of the methylation 
products3’ ’. 

( iu )  Transformation and ring fusion on the homocycle. The 4-, 5- and 7-nitro- 
benzo(b)selenophenes, obtained by direct ring-closure of conveniently nitrated pre- 
c u r s o r ~ ~ ~ ~ . ~ ~ ~ ,  give by reduction the corresponding 4-, 5- and 7-amino derivatives. The 6- 
nitro isomer could not be prepared. The corresponding 6-amino derivative is obtained by 
reaction of potassium amide on the 6-bromo compound. These amino compounds have 
been used in the Bernthsen synthesis of acridines313, in the Beyer-Combes and Skraup 
syntheses of quinolines, in the Ullmann-Fetiadjan cyclization of benzacridine derivatives 
of ~ e l e n o p h e n e ~ ’ ~ ,  and in the Fischer indole synthesis via the corresponding hydrazines. 
From 4,5-diamino-benzo(b)selenophene, quinoxalines, pyrroloquinoxalines, thiadiazoles 
and selenadiazoles condensed on the benzene ring were obtained3’ S.The 5-mercapto 
derivative, obtained from the 5-amino compound, has been used for the formation of a 
thiophene ring, giving a selenolobenzothiophene whose linear or angular structure is not 
firmly established260. 

(u) Base-catalysed HID exchange. The stability of the carbanion CL to  the heteroatom has 
been tested by base-catalysed H/D exchange3’ in benzo-condensed furan and congeners. 
The ratios of k(exchange) values for the sequence S/Se/O are respectively, 7/1/2, indicating 
that, surprisingly in these systems, Se is less effective than 0 or S in stabilizing an a- 
carbanion. It can therefore be concluded that none of the preceding factors has a decisive 
contribution to this stabilization. 

(u i )  Copolymerization. Benzo(b)selenophene has been copolymerized as alkene with 
maleic anhydride. The ease of copolymerization indicates that, with respect to the 
aromatic character, it lies between benzothiophene and indole, and is completely different 
from benzofuran3”. 

b. Benzo(c) selenophene and deriuatiues. The first synthesis of benzo(c)selenophene (121), 
a highly reactive o-quinonoid heterocycle whose substitution derivatives are unknown, 
was realized in 1976 by Saris and Cava3I8 via a cold alkaline destruction of the 
dibromide 119 of 1,3-dihydrobenzo(c)selenophene (I  18) (2-selenaindane) (equation 60). 
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The selenoxide of 118, readily available by oxidation of 118 with H20,  in cold 
methanol, also liberated 121 when treated with 40% NaOH. Dehydration of the 
selenoxide hydrate, via the ylid 120, should be a likely mechanism. 121 polymerizes easily 

110 - (61) 

crystalline Se-containing in attempts to isolate it in a pure state. It gives the expected 
adduct with tetracyanoethylene. Compound 118 has been thought to be oxidized to 
selenophthalide by H z 0 2  in acetic acid3I9, but in fact it gives 2,2'-diformyldibenzyI 
diselenide (122)320 (equation 61). A possible mechanism should be a Pummerer rearrange- 
ment of the intermediate 120 followed by ring-chain tautomerism. 

Chacko and coworkers321 used the NMR J5-6 /J5-5  ratio (J ratio) as a measure of the 
degree of electronic delocalization in butadiene fragments. This ratio is 0.74 for 121 and is 
in the same range as for other benzo(c) five-membered heterocycles. This value is lower 
than for the isomeric (b) condensed congeners (J,oti,, = 0.9), indicating a residual butadienic 
character, since J = 0.52 for cyclohexadiene. The annelation energies for (c) condensed 
systems are very low, indicating a low contribution of the benzene ring in the delocalization 
of the heterocycle. 

The 0x0 compound 126 (2-selenophthalide) has been prepared by hydrolysis of the 
corresponding imino compound, 2-selenophthalimidine (125), a cyclic tautomer of 
124322.323, by heating di(o-carboxybenzy1)diselenide (127) with 50% aqueous hypo- 
phosphorous (equation 62) or by AlC13 cyclization of o-methylselenomethyl 
benzoyl chloride". Compounds of type 123 can be transformed directly to the 
corresponding selenophthalide in a one-pot reaction with H3P02325. The thione 
corresponding to 126 was obtained by treating 125 with hydrogen s ~ l p h i d e ~ ' ~ .  Dipole 
moments and relative basicities of the carbonyl group were studied in order to obtain 
information about the change in the electron density when replacing the 0 of phthalide by 
S and Se, in the ring as well as in the carbonyl The 1,3-dioxo-1,3- 
dihydrobenzo(c)selenophene (2-selenophthalic anhydride) was obtained from phthaloyl 
dichloride, either with H,Se in the presence of A1C13327, or in 61% yield with Se and 
sodium borohydride in phase-transfer catalysis328. 

Some isobenzoselenophene quinones( 130) and their 0 and S isologues were obtained by 
a general method starting from the reaction of bis-acetylenic y-diketones 128 with 
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tris(triphenylphosphine)rhodium(I) chloride and c h a l ~ o g e n ~ ~ ~ - ~ ~ ~  (equation 63). 

0 O P h  II 
Se 

RhL2CI - RhL,CI 

(L = Ph,P) 

C-C=C-Ph 

R C - C G C - P h  R 

0 Ph Ph a 

0 

C-C=C-Ph 
II 

Se 
RhL2CI - RhL,CI 

(L = Ph,P) 
R C - C G C - P h  R 

c.  Dibenzoselenophene and related compounds. Dibenzoselenophene (132) has been 
first prepared by cyclodehydration of diphenyl selenoxide with sodium amide333. Other 
syntheses giving low yields are a Pschorr reaction on diazotized diphenyl selenide or the 
heating treatment of o-biphenylselenium trihalide with KOH334. Better yields are obtain- 
ed by cyclodehydrohalogenation of the unstable diphenylselenenyl halide 131, prepared 
from o - a m i n ~ b i p h e n y l ~ ~ ’  (equation 64). Analogously the selenium dichloride of phenyl2- 
biphenylyl selenide gives 5-phenyldibenzoselenophenium Dibenzoseleno- 
phene has also been obtained by heating dibenzothiophene S,S-dioxide with Se, from 
selenanthrene and c ~ p p e r - b r o n z e ~ ~ ’ ,  from the 2,2’-biphenylylenmercury tetramer and 
Se338, or by Se insertion into b i~henylene~~’ .  The selenanthrene route was also applied to  
the synthesis of perfluorodibenz~selenophene~~~. Dibenzoselenophene selenium-oxide 
was prepared from the selenium-dibrornide by alkaline hydrolysis341, or  by direct 
oxidation with peracetic The N-tosylimide was also obtained from the parent 
heter~cycle’~’. Dibenzoselenophene-Se-oxide can transfer oxygen photochemically to  
aryl alkyl s ~ l p h i d e s ~ ~ ~ .  Very few reactions have been tried on dibenzoselenophene. 
Nitration gives 2-nitro- and by subsequent reduction 2-aminodibenzo- 
~ e l e n o p h e n e ~ ~ ~ , ~ ~ ~ .  Friedel-Crafts reaction, followed by Haworth and Fischer 
synthesis, was on position 2. Metalation was realized at position 4, and 
followed by carbonation it gave dibenzoselenophene carboxylic acid. Deselenization to  
biphenyl occurs with Raney 

r 1 

(131) (132) (64) 

2-Allylbenzo(b)selenophenes 133, prepared from the 2-lithio- and 2-lithio-5-methyl 
analogues, are cyclized, following Bradsher reaction with ethyl dichloroethoxy acetate, to  
1-ethoxycarbonyldibenzoselenophene (134) and its 8-methyl analogue, which can be easily 
hydrolysed and d e c a r b o ~ y l a t e d ~ ~ ~  (equation 65). 

COOEt 

CH2--CCH=CH2 ‘o\T13 0 0  
EtOCCI,COOEt. 

- RQJQ 
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Esters 134can be transformed in nine steps to the 1-y-carboxypropyl derivatives which, 
after cyclization, Wolff-Kishner reduction and aromatization, lead to the tetracyclic 
ben~o(b)naptho(l,2-d)selenophene~~~. 

The 2,3-naptho isomer (139), and other Se analogues of benzo(a)anthracene and 
dibenzoanthracenes, were obtained by cyclodehydration of 2-benzyl- or 2-a- 
naphtylmethyl-3-formyl-benzo(b)selenophenes 138, obtained in turn by Rieche for- 
mylation of the corresponding 2-benzyl compounds 137. Compounds 137 are easily 
prepared by reduction of selenoaurones 136 (equation 66)350. A generalization of this 
reaction leads also to a Se analogue of ch~ lan th rene~~ l .  

e j z : H A r  = @J CH2Ar - wCH0 CH2Ar 

(136) (137) (138) 

-m Se 

(139) 

A Robinson-Stork stereospecific annelation of 3-pyrrolidino-benzo(b)selenophene or 
-be.nzofuran by methyl vinyl ketones gives a 2-0xo-l,2,3,Ctetrahydro- 
dibenzoselenophene or its dibenzofuran analogue (141)353 (equation 67). 

(140) 
X = 0, Se 

3. Hetero-condensed selenophenes 

a. Selenophenes condensed tofive-membered non-nitrogen heterocycles. ( i )  Selenolofurans. 
These are usually obtained from the oxygen heterocycle. For example, selenolo(3,2- 
b)benzofuran 144 (Y = 0) was obtained by the general Fiesselmann-Hauptmann reaction 
of chlorovinyl aldehydes, Na,Se and ethyl bromoacetate, followed by ca rbo~yc l i za t ion~~~  
(equation 68). However, this reaction has failed for the naptho (2,3-b)furan analogue of 

1 . No,%, mo POCIs/OM: wc' - BrCH,C02Et, O R -  

2. H,Ot 
CHO 3.cu 

(142) (143) (144) (68) 

143355. 2-Phenylselenolo(2,3-b)furan is obtained similarly, an imino intermediate being 
used instead of the formyl g r o ~ p ~ ~ ~ . ~ ~ ' .  4-Phenylselenolo(3,4-b)furan and its 
(d)benz~logue~'~ are obtained from selenoacetamide with 2-bromomethyl-3- 
benzoylfuran (145) or benzofuran (equation 69). 2-Chloromethyl-3-formylbenzofuran 
gives no corresponding reaction. 
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The 1 H,3H-4,6-diphenyl derivative of the non-classical selenolo(3,4-c)furan is obtain- 
ed by a Rhodium method similar to equation (63)360. Starting from a selenophene, in one 
case only a condensed derivative, i.e. the selenolo(3,2-b)furan derivative 148 is obtained361 
(equation 70). Decarboxylation of 148 has failed. 

ErCH,COOEt , 
NaOEt , - H,O+ WmoH (70) 

(147) (148) 
The three y-lactones at the 2,3- and 3,4-positions of selenophene, regarded as 

oxodihydroselenolofurans, are obtained from the corresponding hydroxymethyl- 
c a r b o x y s e l e n o p h e n e ~ ~ ~ ~ .  

(ii) Selenolothiophenes. These have been more studied. There are four possible 
classical selenolothiophenes, where no tetracovalent S or Se atom appears in the non- 
charged structure: the (2,3-6) (149), (3,2-b) (150), (2,3-c) (151) and (3,4-6) (152) fused 
systems. Generally, their syntheses start from the more accessible thiophene compounds. 
149363 and 150364 were prepared by a Perkin-like cyclization of the appropriate formyl 
thienylseleno acetates, in a reaction parallel to  the last steps of equation (47). The 2-phenyl 
derivative of 149 was similarly prepared356. Two reviews have been published on the 
chemistry of these systems3653366. The direct preparation of its precursor 3-formyl 4- 
thienylselenoacetate failed, but 151 can be obtained from 3-methylseleno-4- 
f~rmyl th iophene~~ ' .  

(149) (150) (151) (152) 

There are only a few recent publications in this field. Application of the SOC1, Krubsack 
method of cyclization of arylpropenoic acids to  2-368,369 and 3-selenienylpropenoic 
acids3'0 gives only the 2-chlorocarbonyl-3,5-dichloroselenolo(3,2-b)thiophene (154) or 
the corresponding (2,3-b) isomer, in low yields (equation 71). However, by treating the 

(71) 

149 or 150 (72) 

or isomer (156b) 
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corresponding thienylpropenoic acids with SeOCI,, completely chlorinated cyclized 
compounds 156 can be obtained. Complete dechlorination can be achieved by copper, to 
give the parent heterocycles 149 and 150 in 60% yields371 (equation 72). A 6-methoxy 
derivative of 150, i.e. (159) could be obtained from 2-acetyl-3-aminothiophene (157) 
(equation 73). This method has also been applied to the corresponding 
methoxyselenol~selenophene'~~. 

a (73) 

a,x""' ' . H N O 2  . cc 1 .  NaH 
y 2  - 

2.KSeCN *o 2 .  Me2S0, 
3.NH, OMe 

( 157) (158) (159) 

The second methodology, starting from a selenophene ring, and applying the 
benzothiophene-like synthesis from cyclodehydration of arylthiomethyl ketones, has led 
recently to the synthesis of derivatives of 149, substituted on the selenophene ring372. 
Metalation of 150 is realized non-selectively on the two a-positions. However, the (2,3-b) 
isomer 149 gives an interesting ring-opening characteristic of the Se-containing ring, 
which was identified as a R.O.11 selenophilic substitutive type373*374 (equation 74). The 
driving force of this ring-opening is the larger polarizability of Se compared with S, 
combined with the formation of a stabilized a-carbanion on the thiophene ring. 

q 9 B u L i  . ~ C H = c H - s e B U  co CH=CH-SeBu 

(74) 
LI -+a COOH 

(149) (160) (161) 

The R.O.11 reaction has been extended to various 'cis-fused' tricyclic systems 168 such as 
selenolo(2,3-b)benzothiophene and benzoselenolo(2,3-b)thiophene. In all cases, regiospe- 
cific ring-opening of the Se ring has been realized, regardless of the nature of its central or 
lateral position374. A ring-opening of the selenophene ring of the more strained isomer 
selenolo(2,3-~)thiophene (151) led to the formation of a non-stabilized /I-carbanion on the 
thiophene ring3" (equation 75). 

CH= CH - SeBu 
BuLi 

s Q a j +  -0 (75) 

(151) (162) 

Bromination of 150 by bromine gives 70% of the 5-bromo (a to Se) and 25% of the 2,5- 
dibromo derivatives, but no 2-bromo derivative. Bromination with N-bromosuccinimide 
gives a 65% yield of a 13:87 mixture of the 2-bromo and 5-bromo derivatives376. The 
Vilsmeier-Haack reagent also reacts preferentially on the selenophene ring, giving a 35 : 65 
ratio of attack at the 2- vs. the 5-position. Acetylation of 150 at position 5 is 1.29 times 
faster than in the 2-position. The corresponding ratio of I .89 for reactions at position 5 
and at the a-position of the corresponding thien0(3,24)thiophene~~~ demonstrates the 
larger reactivity of this condensed selenophene ring. The Vilsmeier formylation of 151 
gives a mixture of 4- and 6-substitution, in a 60:40 ratio375. The transmission of 
substituent effects in thiophene, selenophene and their condensed analogues378, and a 
quantum-mechanical analysis of 77Se chemical shifts of these compounds379 have been 
recently studied. 
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The first derivative of the fourth classical isomer 152, a selenolo(3,4-b)thiophene bearing 
a 2-thienyl group in position 4 and a diselenide in position 6, has been obtained from a 2- 
thienyl-substituted phosphorane and NaHSe03380. Unsubstituted 152 was obtained in 
1982. The methodology used for the preparation of the corresponding thienothiophene 
was used (equation 76). The critical steps were the formation of 164, which was obtained 
with a 15% yield and gave predominantly the dimer, and the hydrolysis of the ester. A 

m e  H,O* 152 

EtOOC S 

(165) 

better yield was obtained from 3-formyl-4(methylthio)selenophene, followed by reaction 
on S with methyl bromoacetate, and cyc l i za t i~n~~ ' .  

The non-classical(3,4-c) isomer 167 has been prepared by a reaction similar to equation 
(76) from a 3,4-bis(chloromethyl)thiophene (equation 77). This unstable compound has 
been trapped by N-phenylmaleimide382. 

Me Me 

Me Me 

(77) 

The two benzo-condensed cis-fused selenolothiophenes (168a,b) and the two cor- 
responding transfused isomers (169a, b) have been synthesized by the classical Perkin-like 
ring-closure reaction and the process extended to the selenolobenzoselenophene anal- 
ogues 168c and 169c383-385. Intermediates of the (3,2-b) condensation are obtained more 
easily by Vilsmeier Haack formylation of indoxyl  analogue^^^^*^^^. 

(168) ( 169) 

(a) X = S ,  Y =Se (b) X =  Se, Y = S  (c) X = Y  =Se 

The electrophilic substitution of 168 and 169 gives substitution only at the 2- 
position386. Tetracyclic (l)benzoselenolo(2,3-b)( 1)benzothiophene is obtained by cyclo- 

CCQH SMe 

a;;;;oH + O C H D  ___, && ___c Brz 

MeS SeMe 

(170) 
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(171) (172) 
dehydration of a-(2-benzoselenienyIthio)cyclohexanone followed by aromatization; its 
(3,2-b)-trans isomer (172) is obtained by applying the new cycrization method of o- 
halochalcogenenyl styrenes (equation 78). The two ste s of the cyclization can be 
easily separated, since Br, reacts only on seleno ethers3’ . 

Thio- and seleno-lactones fused to the heterocycle of benzo(b)thiophene and 
benzo(b)selenophene, which can be regarded as 0x0 derivatives of 1,3-dihydro(3,4-b) 
benzo-condensed selenolothiophenes, are obtained in one step by H3P0, reduction of the 
o-cyanohetaryl cha lcogen~cyanates~~~.  

(iii) Selenoloselenophenes. There are four possible isomeric selenoloselenophenes 173- 
176, including the ‘non-classical’ isomer 176. Umezawa was the first to search for 
selenoloselenophene among the by-products of the reaction of Se with acetylene, and to 
suggest the possible existence of 173-17S3’* but his structural assignment has been 
shown to be erroneous. It was later shown by NMR and dipole moment measurements, 
and by independent synthesis that only the (3,2-b) isomer 174 was present among 33 other 
p r o d ~ c t s ~ ~ ~ * ~ ~ ~ .  The syntheses of the isomers 173-176 are parallel to those of the 
selenolothiophene analogues: the isomers (2,3-b)-173 and (3,2-b)-174 were synthesized in 
1974 from the suitable selenienyl-l,3 dioxolanes via o-formyl selenienylselenoa~etates~~~. 
The third classical (3,4-b) isomer 175 was prepared in 198O3’’ by a reaction similar to that 
presented in equation (76). 

g 

(173) (174) (175) (176) 
Evidence has been obtained for the transient existence of the non-classical isomer 

176182. A particular synthesis of a dihydro derivative, the 1,1,4,4-tetramethyl-lH, 4H- 
selenolo(3,4-~)selenophene (178) and of its dithio analogue, was realized from an allenic 
selenocyanate or thiocyanate 177, via the cyclization of diseleno- or dithio-bridged 

diallenyls”’ (equation 79). Another dihydro derivative, the 1 H,3H system 179, was 
obtained by an application of the Paal-Knorr synthesis of mono cycle^^^^ (equation 80). 
Under the same conditions, P4S10 gives the entirely aromatic ring. The selenoxide 180 has 
been prepared in order to assign the cis or trans configuration to 179. 
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Ph ph H Ph Ph 
PhCo\CH/CoPh CH I 

PhCO/ ‘COPh Ph H Ph 

P4 Se10 Se X e  5 s s l e - - o  / 

Ph Ph (80) 

( 1 79) ( 180) 
The electrophilic substitution of 173 and 174 (Vilsmeier formylation, chlorination with 

N-bromosuccinimide, iodination by iodine-iodic acid), gives only 2-substituted products 
in good yields369,393. Acetylation of 174 gives the expected 2-acetyl derivative, while 173 
gives only the 2,Sdiacetyl derivative. Nitration gives a low yield of the 2-isomer, but it is 
the only electrophilic substitution that gives detectable 3-substituted isomers394. The 3- 
bromo derivative of 173 has been obtained by successive halogen-lithium exchange of 3,4- 
dibromoselenophene, reaction with dimethylacetamide, metalation of the intermediate in 
the 2-position, reaction with Se and methyl bromoacetate and c y c l i ~ a t i o n ~ ~ ~ .  Vilsmeier 
formylation of 175 gives a mixture of the 4- and 6-formyl derivatives in a 55:45, ratio, a 
parallel reaction as regards the sites of electrophilic attack and the ratios of the derivatives, 
to those on the corresponding thienothiophenes and selenolothiophenes. These results are 
also consistent with the quantum-chemical analysis of Litvinov and coworkers396. 
Substitutive selenophilic ring-opening of selenolo(2,3-b)- and -(3,4-b)-selenophenes are 
also parallel to similar reactions in s e l e n o l ~ t h i o p h e n e s ~ ~ ~  (equations 74 and 75). 

Similarly, tricyclic benzo-condensed ‘cis’ selenoloselenophene gives the same type of 
ring-opening where the less aromatic central selenophene ring is always opened 
regiospecifically (equation 81)374. The tricyclic systems themselves 168c and 169c, are 

Q-sx* Sed Se QXJ SeMe a T  SeMe IiOOC 

(1684 (181) (81) 

obtained as mentioned before383 and the (3,2-b) isomer is also obtained in fewer steps by a 
Vilsmeier-Haack formylation of s e l e n ~ i n d o x y l ~ ~ ~ .  Tetra- and poly-condensed (2,3-b) 
systems, such as (l)benzoselenolo(2,3-b)( 1)benzoselenophene (183; R = H) or substituted 
derivatives or their naphtho analogues were obtained in 28-87% yields by a general 
method from diarylethylenes and SeOCI,, specific for the Se series397-399 (equation 82). 
SOCI, and TeCI, react on the same alkenes to  give only acyclic thio and telluro 
derivatives, respectively. 

R = H ,  Me, OMe, B r ,  CI (183) 

A heptacyclic system, containing four selenophene rings was obtained by the same 
methodology from 1,4-di-a-styrylben~ene~~~. The tetracyclic ‘trans’ isomer of 183, 
(l)benzoselenolo(3,2-b) (l)benzoselenophene, was obtained as a by-product from reaction 
of bromoacetic acid with o-methylselenobenzaldehyde, and a mechanism was pro- 
posedz6’. Charge-transfer complexes of benzo(b)selenophene, selenolo(3,2-b)thiophene 
and selenolo(3,2-b)selenophene with tetracyanoethylene have been investigated by UV 
and IR spectroscopy, and association constants, enthalpies of formation and ionization 
potentials of the donors determined4”. 
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b. Selenophenes condensed to six- or seven-membered non-nitrogerr heterocycles. A few 
monocyclic selenophenes condensed to non-nitrogen six-membered or larger rings are 
known. 2-Oxo-selenoio(3,2-b)pyran ( W), a selenophene analogue of coumarin, has 
been obtained from 3-hydroxy-2-formylselenophene. The diketo seven-membered 
oxacycloheptenedione derivative 18SZn5 and a selenolopyrylium salt 186 have also been 

preparedzn8,40’. Other selenolopyrylium salts 187-189 with isomeric skeletons have 
been synthesized from disubstituted selenophenes, and transformed, either to hydroxy 
and dialkylaminobenzoselenophenes or to selenolonitrogen heterocycles’’ 184n2. 

A selenolothiopyranone, 6-methyl-4H-selenolo(2,3-b)6H-benzothiopyran-4-one and 
several selenoloselenopyran~nes~~~~~~~ have been obtained by photochemistry of 3-bromo 
selenophene-2-thio- or -2-selleno carbonic acid -S- or -Se- aryl esters. 8H-Diselenolo(3,2- 
b :2’,3’-e)thiopyran-%one is obtained by thermolysis of 3H-selenolo(2,3-d)-1,2-dithiol- 
3-one, prepared by reaction of 4-mercaptopyridine with 2-chlorocarbonylseleno- 
phene405. More systematic syntheses are based on benzo(b)selenophene and have been 
realized by the group in Metz. From 2-mercaptobenzo(b)selenophene, obtained by 
sulphurization of the 2-lithio derivative, some benzo(b)selenienylmercaptoalkanoic acids 
190 are obtained. Cyclization of 190 gives the dihydrothiopyranone 191a or thiepinone 
191b, and by standard transformation the corresponding very unstable thiopyran 
analogue i s  obtained406 (equation 83). The tetracyclic thiepinone 192 i s  obtained by a 
similar reaction407. Benzoselenolo(2,3-c)condensed thiin and thiepin are obtained by 

(a) I I  = 2 
(b) n = 3  
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& (84) 

0 

- 0 X,(CH2)n 

X = 0,s; n = 1,2 

(193) (194) (195) 

similar intramolecular Friedel-Crafts ring-closure from 2-benzoseleni- 
enylmethylmercapto-acetic and -propionic acids4". The (3,2-b) isomers and 
their Wolff-Kishner reduction products are similarly obtained, from 3- 
carboxyalkylmercaptobenzo(b)selenophenes which are obtained in turn from reaction of 
thioglycolic or b-mercaptopropionic acids with s e l e n o i n d o ~ y l ~ ~ ~ .  Cagniant and cowor- 
kers have applied their selenophene synthesis to  the Vilsmeier chloroformylated products 
obtained from chromanone, thiochromanone and b e n ~ o t h i e p i n o n e ~ ~ ~  (equation 84). A 
similar selenophene-forming condensation gives from di benzo(b, f)oxepinone the cor- 
responding selenolo(2,3-d) condensed system4". 

c.  Selenophenes condensed to nitrogen heterocycles. The first methodology for the 
synthesis of selenolo nitrogen heterocycles starts from a suitably substituted selenophene 
ring. The nitrogen heterocycles are built by the classical methods used for the 
corresponding benzo-condensed nitrogen systems. The principal difficulties arise from the 
accessibility of the convenient mono- or di-substituted selenophenes, and from the relative 
unstability of selenophene derivatives towards some cyclization reagents. Selenolo- 
(2,3-b)- (199) and -(3,2-b)-pyrroles (198) have been obtained by the Hemetsberger cycli- 
zation of ethyl azidoaryl acrylates 196 (equation 85)4".412. The ester 197 has also been 

(196) (197) (198) 

( 8 5 )  

obtained by cyclization of a disubstituted selenophene, ethyl 3-(2-formylselenienyI)-N- 
a c y l a m i n o a ~ e t a t e ~ ~ ~ .  The synthetic utility of the azido group for synthesis of condensed 
pyrroles is also demonstrated in the thermal cyclization of 2-(3-azidoselenienyl)vinyl alkyl 
ketones 201 to 2Oz4l3 (equation 86). Compound 200 is also the precursor for obtaining 

H 
I 

H,NNH, 
200 - H 

I 

(203) 
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selenolo(3,2-c)pyrazole (203) (equation 87)414 by application of the recent Rees synthesis 
of indazole, for which a mechanism involving a pentazene intermediate has been 
postulated. This type of heterocycle has been formylated by Vilsmeier-Haack reaction in 
the position a to Se, a reaction parallel to that for the analogous thio compound415. 
Compound 200 or its acetyl analogue (204; R = Me) can also be thermally cyclized to 
selenolo(3,2-c)isoxazoles 205 (R = H, Me)416*417 (equation 88). This biheterocycle is 
acylated in a position p to Se4". 

- Q (88) 

R 

(204) (205) 

Compound 206 is cyclized by heating at 220 "C to 2-acetylaminoselenolo(3,2-d)thiazole 
(207). Contrary to its thiophene analogue, compound 207 cannot be transformed to the 
parent h e t e r ~ c y c l e ~ ' ~ . ~ '  9. By acidic hydrolysis, compound 206 gives the selenolo- 

7 
I 

NHCOMe 2200c 

SCN NHCOMe 

(208) (206) (207) 

thiazinone 208, whose C O  group can be reduced to CH, by LiA1H4419. The isomeric 
selenolo(2,3-d)thiazole systems, 2Wa and 2Wb have been obtained by two different 
syntheses, starting from 2-amino- and 3-bromo-selenophene, r e s p e ~ t i v e l y ~ ~ ~ * ~ ~  ' (equa- 

@yR 2. KSCN oBr (90) 
1 .  MeCOCl l . HNO, 

O N H 2  Z:;Z:(CN,, 3 .  F ~ A C O H  

(209) 
(a) R = M e  
(b) R = N H ,  

tion 90). Deamination of 209b has failed. A selenothiazinone isomer of 208 can also be 
obtained4". Selenolo(3,2-d)isothiazole (21 1) has been obtained in 16% yield by PPA ring- 
closure of the 2-(methylthio)aldoxime 210423 (equation 91). The corresponding isoselen- 

PPA 
CH=N-OH 

Y = S, Se 
Z = S, Se 
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azole and its (2,3-d) isomer are obtained from the suitable niethylseleno aldehyde with 
BrJNH, under dry ice conditions, with respective yields of 23 and 7%. The method fails 
for the (3,444 isomer424. Tricyclic benzo-condensed ring systems 212 and isomers are 
obtained similarly. Ring-opening reactions by m e t h y l l i t h i ~ m " ~ ~  will be discussed in the 
section on isoselenazoles. Among the six-membered nitrogen heterocycles, four isomeric 
selenolopyridines have also been obtained by the methodology starting from selenophene. 
Ammonolysis of selenolopyrylium salts gives derivatives of seIenol0-(2,3-c)-~~' and -(3,2- 
c)-pyridines2 ' .42 '. 

The corresponding parent heterocycles and their Me derivatives are obtained by a 
Pomeranz-Fritsch cyclization of 2- and 3-formyl- or -acetyl-selenophenes with the 
dimethyl acetal of aminoa~etaldehyde~~',~~~ (equation 92). They are nitrated and 
brominated in a position fl  to Se. Their two (bkondensed isomers are obtained from the 
hexachlorostannate of 2- and 3-aminoselenophene and malonaldehyde tetraethyl ace- 

formylselenophene and acetylacetone (equation 93)430. Treating 214 by the excess 
Vilsmeier reagent gives cyclization to 5-chloro-6-formylselenolo(3,2-b)pyridine431. 
Deuteriodeprotonation of the selenolo(3,2-b) isomer works preferentially in position 3 as 
in the furo and thieno analogues. The C,: C, reactivity ratio is lo3 432. Compound 214 
gives, by reaction with ammonium formate, the selenolo(3,2-d)pyrimidine 215'4g*433 
(equation 93). 

ta1148,429. , the (3,2-b) system is also prepared by the Friedlander method from 3-amino-2- 

- -  
- 1 1  II 

CHO 

The selenolopyridazine isomeric systems 216 and 217 have been obtained from the 2,3- 
and 3,4-diformylselenophenes and h y d r a ~ i n e ~ ~ ~ .  From 2,3-dicyanoselenophene was 
obtained the diamino derivative of 216'". 

The general methodology starting from selenophene has also been applied to  
condensed systems. In this way, starting from selenoindoxyl, were obtained: condensed 
(l)benzoselenol0(3,2-b)indole~~~ via a Fischer reaction, 2-nitroso-3-hydroxy- 
benzo(b)selenophene by reaction with nitrous acid, from which upon reduction, 
N-acetylation and thermolysis or thiolysis, the 2-methyl( l)benzoselenolo(2,3-d)-oxazole 
and -thiazole were ~ynthes ized~~ ' ,  and (l)benzoselenolo(3,2-d)-1,2,3-selenadiazole, in 
8"/, yield4" from semicarbazone and SeO, oxidation. N-Methyl(1)benzoselenolo- 
(2.3-b)-(218) and -(3.2-b)-pyrrole were prepared by reaction of methyl sarcosinate, 
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QJJJ (94) 

:: P4:4;H1COOM; 
I 

3. Cu-broure 

Me 

cyclization and decarboxylation on 2-bromo-3-formylbenzo(b)selenolophene, and 
Vilsmeier chloroformylated selenoindoxyl, respectively438 (equation 94). In contrast to its 
isomer, the (2,3-b) system gives with methyllithium, a typical substitutive R.O.11 of the 
selenophene ‘ciscondensed‘ on a n  aromatic five-membered heterocycle439 (equation 95). 

1 .  MaLi 

(95) 
- 8 0 %  QiT-JQ 

MeOOC I mu- 3. ClipN, (219) Me 

(218) 

The second synthetic methodology consists of construction of the selenophene ring by 
reactions generally used for benzo(b)selenophene. For example, from the intramolecular 
Perkin-like condensation between a formyl group and a selenoacetic derivative, 4-Me-6- 
substituted selenol0(3,2-d)pyrazoles~~~, 6-substituted selenolo(3,2-d)imidazoles4*l and 
5-phenyl-6-methylselenol0(2,3-b)pyrrole~~~ can be synthesized. By the dehydrohaloge- 
nation of 2-selenomercapto-3-bromoacetyl-6-methylpyridine, the 3-hydroxyd-methyl- 
selenolo(2,3-h)pyridine can be obtained and reduced to the corresponding 6-methyl- 
se len~lopyr id ine~~~.  By the bromine-pyridine cyclization of o-methylselenostyrenes 
(equation 50) the first synthesis of the unsubstituted selenolo(2,3-b)pyridine was re- 
a l i ~ e d ~ ~ ~ .  A methyl-substituted (l)benzoselenolo(2,3-b)pyridine was synthesized by a 
Pschorr reaction of the 4-methyl-2-phenylselenopyridine 3-diazonium salt445. A Fischer 
indole synthesis between o-(cyanose1eno)benzophenone and phenylhydrazine gives, via 
dehydrocyanation, the same b e n z o s e l e n ~ l o i n d o l e ~ ~ ~  mentioned previously435. Shafiee 
extended his method of synthesis of selenolo-(3,4)-condensed heterocycles (equation 69) 
to conveniently substituted N - p h e n y l - i n d ~ l e ~ ~ ~ ,  - t h i a ~ o l e ~ ~ ’  01--1,2,3-thiadiazoIe~~~ 
precursors. Finally, the synthesis of selenolo(2,3-b)quinoline derivatives was achieved in 
different ways, each starting from a 2-chloroquinoline or its synthetic equivalent. The 
reactions are summarized in equation (96) (R’ = H, Me). Compounds 221 are obtained, 

&R2 CI 

for R 2  = CH=CH, with Na2Se2 in ca. 10% yield449 or for R2 = CHBrCH,Br, with 
s e l e n o ~ r e a / E t , N ~ ~ ~ .  For RZ = CH2CH2CI with NaSeH4’’ or R2 = CH,CH,OH, and 
NaSeH, the necessary 2-chloro compound being prepared in the same pot from the 
corresponding lactam and POC134s2, the dihydro system 222 is obtained. 

4. Benzo- and dibenzo-tellurophenes 

a. Benzdb) tellurophene. The unsubstituted benzo(b) tellurophene (226) was the first 
compound of this system to be prepared and it has been known since 1971453. The 
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structure of a previous compound, which was claimed to be t e l l ~ r o i n d o x y l ~ ~ ~ ,  was later 
demonstrated to be e r r o n e o u ~ ~ ~ ~ * ~ ~ ’ .  226 is obtained with an overall yield of 75% via a 
C(2)-C(3) ring-closure, following the very easy quaternization of Te (equation 97). 

(226) 

This method gives directly a very low yield of the 2-acetyl derivative from bromo- 
acetone and is very difficult to apply to 0-acetyl derivatives from which only 2-carboxy-3- 
methylbenzo(b)tellurophene can be obtained in 10% By standard methods, the 
acid 225 is transformed to the 2-COC1, 2-CONH,, 2-CONHPh and 2-CH20H 
derivatives456. A more general synthesis giving improved yields but generally failing to 
obtain 3-methyl derivatives (e.g. only 5% yield of 2carboxy-3-methyl derivative is 
obtained) uses the intramolecular tellurenyl halide addition-elimination on styrenic 
compounds, which are obtained in turn by a Wittig reaction (equation 98). Good yields 

(227) 

are obtained for R = COMe, COOEt, CN, COPh, but the reaction fails for R = CH04? 
Telluroaurones 229 are prepared with 80% yield, by a similar reaction on o- 
cinnamoylbenzenetellurenyl bromide (228)45 ’I (equation 99). Selenoaurones are similarly 
obtained457. 2-Substituted benzo(b)tellurophenes (2-N02, 2-COOEt, 2-COMe) and 

0 
II 

r,Te 

210 ArCHO . [ U c F - H  1 piperidine - mCH0 I ‘-CHAr (99) 
TeJ. 

CH-Ar 

Br 

(228) (229) 
naphtho(l,2-b)tellurophene can also be prepared by DDQ aromatization of the 
tetrahydro or dihydro derivatives, obtained by the general cyclization methods starting 
from the Vilsmeier products of cyclohexanone, Na,Te and ethyl bromoacetate’ l9. A key 
intermediate is the Te analogue of indoxyl(231), obtained in low yields by C(2)-C(3) ring- 
closure of the diacid 230, but more easily by a dehydrohalogenation of o-acetylbenzene- 
tellurenyl halides4” (equation 100) which is easier with larger Te atom than with Se, and 
also from o-diazoacetyl tellurenyl bromide275. Telluroindoxyl (231) shows only the 
ketonic form in all solvents by all spectroscopic techniques, and with no structural 
variation with time. It does not give 3-methoxy benzo(b)tellurophene and gives many 
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0 

(230) (231) (232) 
reactions of the keto form such as formation of oxime, semicarbazone, and phenylhyd- 
razone, followed by Fischer synthesis, reduction to benzo(b)tellurophene in low yields458 
and easy oxidation to t e l l ~ r o i n d i g o ~ ~ ~ * ~ ~ ~ ,  a violet crystalline compound (Lax 637 nm 
(4.00) compared with A,,, 564nm (4.0) for selenoindigo). It also condenses on the CH2 
group, with aromatic aldehydes to give telluroaurones, with the 3-(C=O) group of isatine, 
with p-nitrosodimethylaniline to give the corresponding anil, and with dimethylacetamide 
dimethylacetal to give the dimethylaminomethylene derivative458. In contrast to 
selenoindoxyl, 231 is unstable in acidic medium, giving ring-opening reactions by rupture 
of the Te-C(2) bond (equation 100). The Wittig-Horner reaction gives an interesting 
rearrangement, characteristic of the Te series, which is the key procedure for obtaining 
various 3-substituted benzo(b)tellurophenes. For example the intermediate 233 has been 
demonstrated to give a mixture of the prototropic tautomer 235, and the rearranged 
product 234, formed via a ring-opening between Te and C(2) (R=COOEt, CN, 
COMe)460 (equation 101). 

PCHR 

231 - -9 - m; Te + mCH2R Te 

(233) (234) (235) (101) 

A 234 derivative (R = COOH), gives 3-methylbenzo(b)tellurophene by decarboxy- 
lation. The derivative 235 (R = COOH) is transformed with pyridine-N-oxide to 3- 
formylbenzo(b)tellurophene, which can be reduced to the 3-CH20H, oxidized to the 3- 
COOH or transformed to the 3-CN derivative, giving access to the 3-CONH, derivative. 
3-Acetylbenzo(b)tellurophene cannot be obtained by these standard transformations. As 
Lewis acids give complexes with benzo(b)tellurophene, direct acetylation has been 
performed with Ac,O/trifluoroacetic acid. A mixture of 2- and 3-acetyl isomers is 
obtained in a 76/24 ratio, from which the pure 3-acetyl isomer can be isolated. The 
corresponding ratios for a similar acetylation of congeners are: 0: 73/27; S: 35/65; Se: 
65/35. Formylation by hexamethylenetetramine in the same solvent gives a 10% yield of 
the 2-formyl derivative only. By the same acetylation method, 3-methyl-, 3-bromo- and 2- 
methyl-benzo(b)tellurophenes can be acetylated on the other free heterocyclic position460. 
Halogenation of benzo(b)tellurophene gives a very stable dihalogenated Te derivative 
from which, by successive halogenation and hydrazinolysis, the 2-chloro and 2-bromo 
derivatives can be isolated. The 2,3-dibromo analogue is obtained by subsequent 
bromination and hydrazinolysis of the 1,1,3-tribromo derivative. 3-Methyl- 
benzo(b)tellurophene gives in the same manner the 2-chloro-3-methyl and 2-bromo-3- 

- wx \ /H  
4-RCGH4CECH ,c=c 

H 

4-RC6H4 'TeX3,tOAc),, 
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methyl derivatives. 3-Monohalogeno derivatives can be obtained, either from 231 and 
CX,/triphenylph~sphine~~' or by reaction of TeO, dissolved in HOAc/LiX with 
a r y l a ~ e t y l e n e s ~ ~  I v4" (X = CI, Br) (equation 102). Reaction of TeX, with phenylacetylene 
does not lead to cyclization but with diphenylacetylene, 3-chloro-2-phenyl- 
benzo(b)tellurophene is obtained after reduction of the dichlorotellurium compound463. 

Compound 237 gives 231 by reflux in CF,COOH. Whereas 237 gives eliminative R.O.1 
with butyllithium, even at low temperatures, with formation of a 76% yield of o- 
butyltelluroacetylene46z~464 and only a 10% yield of the 3-carboxy derivative by 
carbonation, benzo(b)tellurophene itself is stable towards butyllithium and is easily 
lithiated on C(2) like its congeners. From this 2-lithio derivative the following 2- 
substituted benzo-(b)tellurophenes can be obtained4',: 2-CHO (55%); 2-COOH (40%); 2- 
Me (28%); 2-CI (26%); 2-MeS (31%); 2-MeSe (31%). The pK,s of the four 2-carboxybenzo 
congeners have been determined (0:4.21; S:4.67; Se:4.79; Te:5.12)465 and compared 
with the corresponding monoheterocyclic acids. The benzo(b) fusion lowers the pK, by a 
nearly constant value of 0.35 unit, showing the importance of the - I  effect of the 
heteroatom. The pK, of the 3carboxy congeners, on the other hand, give very similar 
values (0:5.54; S:5.67; Se:5.65; Te:5.79)460. The solvolysis of 1-(2-benzoheteroaryl)thyl 
acetates, shows the reactivity order Te > Se - 0 > S ,  with a decrease by a factor lo2 with 
respect to  the corresponding mono cycle^^^^. Among aromaticity indices, hNMR(a-fl) give 
lower values (0.71) than for tellurophene (0.937)465 but with a very good linear correlation 
relative to monocycles, with a coefficient of - 0.80. On the other hand, the J5,6/J4,5 ratio, 
proposed by Gunther as a measure of the delocalization of benzo-condensed rings467, 
gives the following values: 0:0.92; S:0.90; Se:0.91; Te:0.91; NH:0.90 which should be 
compared with the values for naphthalene (0.82) and for a completely localized alkene 
(0.5)464. 

b. Benzo(c)te//urophe~e. Benzo(c)tellurophene itself is unknown. However, 
tellurolo(c)-condensed quinones are obtained by the general method of rhodium 
intermediates (equation 63)468.469. 1,3-Dihydrobenzo(c)tellurophene is prepared from 
u,a'-dibromo-o-xylene and Na,Te470, or Te and NaI, via the 2,2-diiodo com- 
p ~ u n d ~ ~ ' , ~ ~ ' .  The naphtho(2,3) analogue is obtained in a similar manner47o. These 
dihydro(c)condensed compounds easily extrude Te to give condensed benzocyclo- 
butane4". A dioxo-1,3 derivative, tellurophthalic anhydride (239; R,C = C=O) is 
obtained by a phase- transfer reaction from phthaloyl d i ~ h l o r i d e ~ ' ~  (equation 103). Using 

0 

(238) (239) (240) 

the same methodology, 2-tellurophthalid (239; R = H), the first example of a five- 
membered cyclic tellurol ester, is obtained from o-bromomethylbenzoyl ~ h l o r i d e ~ ~ ~ . ~ ~ , .  
Its 3-thioxo derivative has been prepared by t h i ~ n a t i o n ~ ~ ~ ;  2-tellurophthalid was ring- 
opened to  the first aliphatic o-aryl-stabilized tellurenyl halide 2404',. 

c. Dibenzotellurophene. This was obtained for the first time, but with low yield, in 1936 
by reaction of TeX, with biphenyl475. It was also prepared by tellurodesulphonation of 
dibenzothi~phene-S,S-dioxide~~' or thianthrene-S-tetrao~ide~~~. Hellwinkel obtained it 
and its 3,3-dimethyl derivative in good yields from appropriate biphenylyl mercuric 
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tetramers and Te, or from 2,2'-dilithiobipheny1 and TeC14477,478. Dibenzotellurophene 
was obtained quantitatively by cyclization of o-(trichlorotel1uro)biphenyl at 210 'C"' 
and nitrated in position 2. It showed a ring-opening by butyllithium to 2,2'-dilithiobi- 
phenyl and dibutyl telluride480. Octafluorodibenzotellurophene was also described340. 

5. Tellurophene condensed to heterocycles 

Tellurophene has been condensed in some cases to heterocycles. The only monocyclic 
tellurophene system used as a starting material for fusing another heterocycle is 2,s- 
diphenyltellurophene. From its 3,4-dichloromethyl derivative and sodium chalcogenide 
(S,Se) 4,6-diphenyl-lH,3H-tellurol0(3,4-c)-thiophene and -selenophene were ob- 
tained48'. Attempts to prepare the first tellurolotellurophene system for Na2Te led only tc 
hydrogenolysis of the two dichloromethyl groups, an example of the recently recognized 
reducing properties of Te2 - anions. From 2,5-diphenyl-3,4-diformyltelturophene (241) 
and hydrazine is obtained the tellurolopyridazine 242 (equation 104). 

Ph Ph 

By Hinsberg condensation with di(ethoxycarbonylmethy1) sulphide, 241 gives the 
corresponding tellurol0(3,4-d)thiepin~~~. All other known hetero-condensed telluro- 
phenes are prepared by constructing the tellurophene ring, e.g., the unsubstituted (2,3-b)- 
and (3,2-b)-tellurolothiophenes, are prepared similarly to benz~(b)tellurophene~~~. The 
(3,2-b) system, in contrast to its Se analogue which is stable under these conditions, shows a 
tellurophilic substitutive ring-opening of the tellurophene (R.O.11) by organolithium 
compounds, with the unusual formation of a carbanion at the @-position of the thiophene 
ring, The two thieno-(3,2-b) and -(2,3-b) analogues of telluroindoxyl (243 and 244) are 
obtained in good yields by dehydrobr~mina t ion~~~  of the suitable o-acetylthio- 

(243) (244) 

phenetellurenyl bromide483. The 5-formyltellurolo(3,2-b)thiophene is obtained 
similary to 2-formyl benzo(b)tellurophene by methylene oxidation and ring-contraction 
of the corresponding SH-thien~tellurin~ 84. 4,6-Diphenyl-1H,3H-tellurolo(3,4-c)furan is 
prepared, as its selenophene analogue by the rhodium method360. As tricyclic systems, 
tellurolo(3,2-b)-(l)benzofuran and -(l)benzoselenophene are obtained by the general 
methodology starting from a Vilsmeier-Haack reaction on coumarone and selenoin- 
doxylJS4 (equation 105). 2-Chloro-3-chloroethylquinoline is used as a starting material for 
tellurol0(2,3-b)quinoline~~~ or its 2,3-dihydro analogue486. A tetracyclic system, 

DMF BrCH,COOEt 

Y =0, Se (105) 
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(l)benzotellurolo(3,2-b)indole is obtained by an appropriate Fischer indole synthesis on 
t e l l u r ~ i n d o x y l ~ ~ ~ .  

B. Two Heteroatoms 

I .  SelTe rings without nitrogen 

a. Heteroatoms in the 1,2-position. (i) Monocyclic systems. 1,2-Diselenolanes can be 
considered as cyclic dichalcogenides and can be obtained by oxidative coupling of the 
intermediate dichalcogenols, prepared by suitable known methods. 1,2-Diselenolane 
(246) has been claimed to be prepared as a yellow powder by hydrolysis of propylene 
diselenocyanate (245)50,487 (equation 106). Bergson and Claeson488>4s9 have suggested 
that this powder is in fact a dimer or a polymer of 246 the existence of which has been 

[CE] NCSe(CH2I3SeCN - 
(245) (246) 

shown only in solution. The more stable 4,4-dimethyl, as well as the 4-methyI-4- 
pheny14908 and the 3,5-dietho~ycarbonyl~~~ derivatives are obtained by the same method. 
The 4,4-dimethyl derivative is oxidized by MCPBA at - 45 "C to the corresponding 
mono Se oxide, a cyclic selenolseleninate ester, which gives ring opening at - 20 oC490b. 
The 1,2-diselenolane system has also been prepared by sodium diselenide nucleophilic 
substitution of substituted propylene bromides, which give the 4carboxy ' and 4,4- 
bis(hydroxymethy1)  derivative^^^^^^^^ or by debenzylation and oxidation of the cor- 
responding dibenzylseleno ethers. A Se analogue of thioctic acid, i.e. a 3-o-carboxybutyl 
derivative of 246, is obtained by these two  method^^^^,^^' and also by using potassium 
selenite and Se as n ~ c l e o p h i l e s ~ ~ ~ .  The 4 - c a r b 0 x y ~ ~ ~  and 4-aminomethyl mixed 1,2- 
t h i a~e leno lanes~~~  are obtained by the debenzylation method. 3,4-Diphenyl-1,2- 
diselenol-5-one, recently prepared from diphenylcyclopropenone and selenoamides or 
NaHSe loses the two Se atoms with hydrazine, giving a corresponding pyraz~l inone~~ ' .  
Reaction of 2-phenyl-1 -diethylaminoethene-1 selenolate salt with CS2 gives 3- 
diethylamino-4-phenyl-5-thioxo-l,2-thiaselenole, a ring which loses Se by reaction with 
dimethyl acetylenedi~arboxylate~' '. 4,4-Dimethyl-1,2-oxaselenolane-2-oxide is obtained 
by H,O, oxidation of 3,3-dimethyl~elenetane~~. 

The first 1,2-diselenolylium system (248) was prepared by I, oxidation of malonodisele- 
noamide (247)497 (equation 107). The 3,s-dimethyl analogue of 248 is obtained similarly 
from diselenoxoacetylacetone and a cobalt( 11) salt498.499. 1,2-Oxaselenolylium cations are 
formed by protonation of 1,6-dio~a-6a-selenapentalenes~~~. The first 1,2-oxatel- 

Se 
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lurolylium system (249a) has been obtained by Lewis acid or thermal catalysed 
rearrangement of /?-(phenyltelluro)cinnamoyl chloride (249) via ips0 attack and Te--C 
aromatic ring-opening. Evidence for this structure has been obtained by X-ray and 
spectroscopic analysis5" (equation 108). 

NaSeH R*R - R y y y *  

x Y-z x-Y 2 
Me A -  Me 

1 (251) 60 6 (250) 

""rf'y" 
t--) 

x-Y-2 

(ii) Chaicogenapentalenes. The selenapentalene derivatives 251 can be regarded 
according to their no-bond resonance hydrids, as derivatives of 1,2-oxaselenoles, 1,2- 
thiaselenoles or 1,2-diselenoles. An oxadiselenapentalene system (251 ; R = Me, Y = 
Z = Se, X = 0) was obtained by reaction of 2,6-dimethylpyran-4-selone (250) with 
NaHSeSo2 (equation 109); it was first incorrectly formulated, but its correct structure was 
suggested from X-rays503 and provedso4. Its formation was proposed to involve a ring- 
opening of the pyran system. When treated with P2S5, it gives a mixture of the 
corresponding thiadiselenapentalene (251 ; Y = Z = Se, X = S), and as major product the 
trans-chalcogen exchange product, the 2,5-dimethyl-l,6a, 6-dithiaselenapentalene (251 ; 
Y = Z = S, X = Se, R = Me). Similarly, thiopyran-4-selone and its 3,5-dimethyl and 2,6- 
diphenyl derivatives give with Na,S and subsequent ferricyanide oxidation, a 1,6,6a- 
dithiaselenapentalene isomeric system (251; X = Z = S, Y = Se, R = H, Ph)50s. 1,6,6a- 
Dioxaselenapentalene analogues (X = Y = 0, Y = Se), precursors of the previously 
mentioned 1,Zoxaselenolylium cations, are obtained analogously from 250 and thallium 
(111) halides via a 4-thallioselenopyrylium saltso6". Recently, the 1,6,6a- 
dioxatellurapentalene was similarly synthesized506b. Another general route to selenapen- 
talenes consists of the reaction of NaHSe with the Vilsmeier salt formed from the 1,2- 
dithiolylium salts 252 (equation 1 Compound 253 is also obtained by P,Se, 
selenation of the corresponding ~xadithiapentalene~'~~. 

Ph 

(iii) Condensed systems. Some 0x0 derivatives of benzothiaselenole have been studied. 3- 
0x0-2,l-benzothiaselenole 255a and its diselenole analogue 255b were prepared in 1924 

(254) (255) 
(a) Y = S 
(b) Y =Se 
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by Lesser's group from o-chloroselenobenzoyl chloride (254) (equation 11 l)'08. The 1,2- 
benzothiaselenole isomer of 255a is obtained by P2Se5 selenation of dithiosalicylic 
acid509. These systems sometimes give isomerization or chalcogen exchange reactions. 
Thus, thionation of 25513 gives the anomalous 2, l-benzothiaselenol-3-thione5' O .  Its 
isomer 258 is obtained from 256 following equation (1 12)5' ; this reaction does not give 
the attempted selone isomer 259 as previously d e s ~ r i b e d ~ ~ , ~ ~ .  However, with diethyl 
selenophosphate and the 3-chloro analogue of 257, a mixture of 60% of 259 and 6.5% 
of 258 is obtained5". The 3-0x0 analogue of 258 is obtained in 1.2% yield from 
dithiosalicyloyl dichloride and p-tolyl-SeMgBr5 ' 2 e .  As another rearrangement example, 
259 gives 3-diphenylmethylene-1,2-benzothiaselenole with diphenyldia~omethane~ ' Zb. 
Another example of rearrangement is also given in Ref. 597. 

R = SMe 

l-Hydrox~-l-methyl-2,l-benzoxaselenol-3-one has been demonstrated to  be a ring 
tautomer of 0-methylselenobenzoic acid Se oxide" 2c.d. 

From 2-chloro-3-vinylquinoline and NaHSe 3-methyl-l,2-diselenolo(4,5-b)quinoline 
and a derivative with a dihydroselenophene ring were ~ b t a i n e d ~ ' ~ . ~  1 4 .  

Some peri-bridged 1,2-diselenoles or 1,2-ditelluroles have been prepared for use as 
n donor systems for the design of highly conducting organic metals. These systems may be 
principally obtained, either by sodium dichalcogenide nucleophilic substitution of the 
corresponding chloro compounds, or via organolithium reagents. By the first 
method 5,6: 11, 12-bis(diseleno)tetracene (261a)' l 5  and 5,6: I I ,  12-bis(ditelluro)tetracene 
(261b)'16 were obtained from 260 (equation 113); also obtained were 1,9:4,10- 
bis(diseleno)anthracene" ' and 1,s :4,5-bis(diseleno)naphthalene5 ''. 261a was prepared 

Y-Y * * * ( l t 3 )  

Y-Y CI CI 

(260) (261) 
(a) Y = Se 
(b) Y = T e  

previously in low yield from 5, I I-dichlorotetracene which is difficult to obtain5' '. O n  the 
other hand, a patented method from tetracene and Se could not be r e p r o d u ~ e d ~ ' ~ * ~ ~ ~ .  
261a is an organoselenium n donor which gives an ion radical with metallic states below 30 
K. Electrochemical data suggest that the Te analogue 261b is more easily oxidized in 
solution than 216a, a situation existing also in naphthalene 1,S-di~halcogenides~~'. These 
dichalcogenonaphthalenes 263, both symmetrical(Y = Z = S, Se, Te)52' or unsymmetrical 
(Y -Z=S-Se, S-Te, Se-Te)522, and dichalcogenoacenaphthylene analogues523 are 
obtained via organolithium compounds (equation 114). The unsymmetrical derivatives, 
obtained in very low yields together with the symmetrical impurities, are best isolated, when 
Y = S, from l-chloro-8-mercaptonaphthalene, via the butyllithium method. One of the Se 
atoms in 263 (Y = Z = Se) and the two Te atoms in 263 (Y = Z = Te) are easily exchanged 
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1. BuLi, Y 

2.BuLi, 2 
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with organolithium compounds521. In this series, S and Se derivatives exhibit similar 
conducting properties. 

b. Heteroatorns in the 1,3-position. (i) 1,3-Dichalcoyeno/es. The first 1,3-oxaselenole 
derivatives were reported in 1978: 2,5-di-p-methoxyphenyl-2,4-diphenyl-2H-l,3- 
oxaselenole together with the corresponding 2-0x0 derivative, was obtained from p -  
anisoyl a,a-dibromobenzyl ketone and potassium ethyl d i se l en~ca rbamate~~~;  the 2- 
acetyliminio-5-cyano-p-substituted phenyl derivative525 was obtained from the 2,2- 
dicyano-3-aryloxirane and potassium selenocyanate, and a tricyclic derivative was 
obtained by selenium dioxide oxidation of dimedoneS2"". New 1,3-oxaselenoles were 
recently obtained in this manner52hb. A general synthesis of 1,3-dichalcogenoles (264) 
starts from alkynylchalcogenolates and bromochloromethane (equation 115) (R = Ph, t- 
Bu; Y = S; Z = S, Se, Te)527. This method has been applied to 1,3-ditelluroles(R = H, Me, 
t-Bu, Ph)52*. Parent 1,3-ditellurole is lithiated in the 4-position by lithium diethylamide 
(LDA)529. On the other hand the 4-phenyl derivative gives products derived from 
lithiation in the 2-position, results parallel to those in the sulphur series. 

ZZ' n:>c .2  

BuLi BrCH,CI 
R-CEC-H W R-CEC-YLi - R-CEC-YCH2Li d 

R 

(264) 

(ii) 1,4-Dicha/cogena~uloenes. 1,4-Diselenafulvenes (266) are obtained by dimerization 
of alkynylselenols (265)h7 (equation 116). The corresponding 2,6-diphenyl -1,4- 

R T l : > C = C H R  ( I  16) R-CzC-No + Se __* R-CEC-SeNa 

(265) (266) 

ditellurafulvene was claimed by Russian workers66 to be obtained by a similar method, 
but their compound was in fact a ditelluretane system. By careful examination of the 
reaction Cava and coworkers isolated this 1,4-ditellurafulvene as a by-product among 
numerous other64, and transformed it into nitroso and azo derivatives on the lateral 
carbon. Intermediates 265 have also been obtained by photochemical, thermalS3' or base- 
~ a t a l y s e d ~ ~ ~ ~ ~ ' ~ ~ ~ ~  transformations of monocyclic 1,2,3-selenadiazoles (267) (equa- 
tion 117), and they are also dimerized to the corresponding fulvenes 266. 
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6,6-Dicyano- and diethoxycarbonyl-2,3-dihydroselenafulvenes can be obtained from 
ethylene triselenocarbonate, Me1 and malononitrilesJJ or diethyl malonatesJ4. 1,4- 
Thiaselenafulvenes are prepared from 1,3-thiaselenole-2-thiones via a phosphonium 
derivativesJ5 or by reaction with ethyl d i a ~ o a c e t a t e ~ ~ ~ .  The same thiones give 6- 
ethoxycarbonyl-6-aza-1,4-thiaselenafulvene with ethyl a~idoformate~ 36. 6-Phenyl-6-aza- 
1,4-thiaselenafulvene and 1,Cdiselenafulvene are also prepared from 265 and 
phenylisothio~yanate~~ '. 

(iii) 2-Chalcogenoxo-l,3-dichalcogenoles. 2-0x0-, 2-thioxo- or 2-selenoxo-1,f 
dichalcogenoles have been the subject of many publications, due to the fact that they can 
lead by coupling reactions to tetrachalcogenafulvalenes, the most popular II donors for 
designing organic metals. Several types of synthesis have been tested for their preparation. 
The first one, which leads finally to the parent tetraselenafulvalene (see following section), 
consists of treating 265 with carbon diselenide and leads to 2-selenoxo-1,3-diselenole 

(268)538,539 (equation 118). The reaction has been applied to the 4-phenyl derivativeS4O, 
which by P4Sro thionation gives the 2-thioxo and subsequently the 2-0x0 analogue. In 
fact, these reactions are applications of Mayer's synthesis of 4-phenyl-1,3-thiaselenol-3- 
thione, the first derivative of the series, from phenylacetylene, Se and carbon disul- 
 hide^^'. By reaction with mercuric oxide, Mayer obtained the 2-0x0 analogue. 

A second method for the synthesis ofcompounds of type 268consists of the reaction of a 
diselenocarbamate ion with an a-bromoketone, followed by cyclization and subsequent 
t h i o n a t i ~ n ' ~ ~ . ~ ~ ~  or selenation with H,Se (R' = Me, R2 = H542; R1 = R2 = Me; R' = 
Ph, RZ = H; R' = R2 = Phs43 ; R' = R2 = CD3544 (equation 119). The cyclization may be 
effected by HzS04 or best by HBF4'45. One of the resonance forms of 270 is a 
diselenolylium cation. Modifications have been proposed to avoid the use of the very fetid 
CSe, which is a precursor to the diselenocarbamate ion. For example, this anion can be 
replaced by tetramethyl~elenourea~~~ ; when the method is applied to dimethylthiourea 
and H,Se it gives trimethylene thiaselenol  elo one^^^. In another modification the 
diselenocarbamate ion can also be prepared from N,N-dimethylphosgeniminium ch- 
lorides47-s49. In the last reference the gaseous and toxic HzSe is replaced by NaHSe 
obtained from Se and NaBH, in DMF, and the synthetic conditions are optimized. Since 
carbon ditelluride and tellurourea are unkown, and NaTeH or HzTe reduce the 
phosgeniminium salt, application of this method to the Te series has been tentatively 
realized by forming vinyltellurothiocarbamate from a vinylmagnesium reagent, Te and a 
thiocarbamoyl chloride. The tellurothiocarbamate decomposed in the cyclization 
essays' 
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A third method for the synthesis of compounds of type 271 consists of the dipolar 
addition of ethylene triselenocarb~nate~~’ or thiodiselenocarbonate (272) to dimethyl 
acetylenedicarboxylate5s2+5s3 (equation 120). This reaction requires for a concerted 

CSeH - EtOOC Se 

EtOOC Is ) C = S e  
SeH S=C(imidarold2 EtOOC-C=C-COOEt 

‘c=s - 
(272) (273) (120) 

mechanism that the selone Se atom of the triselenocarbonate will be incorporated in the 
ring in the Se analogue of 273s53. Substituted 268 may also be formed by electrochemical 
reduction of CSe2ss4~555 giving after alkylation the 4,5-bis(methylseleno) derivative of 
271 5 5 4  and the 4,5-ethylenediseleno derivativesss. 1,3-Benzothiaselenol-2-thione is 
obtained by heating 1,2,3-benzoselenadiazole with CS2ss6. 

Condensed 2-thioxo-l,3-thiaselenole or diselenole systems can also be obtained from 
thiocarbonyl diimidazolide and 1,Zbenzene diselen~late~~’, from thiophosgene and the 
2,3- and 3,4-thiophene diselenolate or 3-thiolate 2-selen0late~~~and from thiophosgene 
and o-bis(methylse1eno)benzene or o-(methylseleno)thi~anisole~~~. The last reaction 
failed for the methyltelluro analogues. The condensed benzo, 5,6-dimethylbenz0-~~’ and 
41V,6H-thieno-~~’ selenoxo-1,3-selenoles are prepared by heating the corresponding 
condensed 1,2,3-selenadiazole with CSe,. 1,3-Ditellurol-2-thione C-condensed on the 
thiophene ring has also been prepareds5’”. 

Some problems of chalcogen exchange can arise when two different 
chalcogens, especially S and Se, are used for the synthesis of analogues of 271. When 
alkynylselenide anion is reacted with CS, five different heterocyclic compounds 274 are 
obtained, form an unexpected S-Se scrambling process (equation 121). This may arise 
either from an ambident anion obtained by deprotonation and ring-opening or from a 
rearrangement of the non-cyclic precursor562. After very difficult separations, the required 

R-CEC- No + - Se A’>.=. (121) 
R X  

cs2 
(a) Y = S e ; X = Z = S ; R = M e ,  ph 

(274) (b) Y = X = S ; Z = S e  
(c) Y = S ; X = Z = S e  
(d) Y = X = S e ; Z = S  
(e) Y = X = Z = S e  

274a is obtained in a 0.82% yield. A similar mixture results by using S and CSe,. 
Compounds of type 274a (R = aryl) are also obtained by treatment of the selenolate anion 
generated by base-catalysed fragmentation of 4-aryl-l,2,3-selenadiazoles with CS2563a. 
When the reaction is applied to 1,2,3-selenadiazole itself, it gives under the usual 
conditions a low-yield mixture of the required thione 274a (R = H) and its isomeric selone 
274b. Non-isomerizing conditions can, however, be foundss2. A fused system, an unstable 
2,5-dipiperidinium-l,3,4,6-tetraselenapentalene, has been obtained from piperidinium 
N, N-pentamethylene diselenocarbamate and methyl d i ch l~ roace ta t e~~~” .  

(io) Tetrnchalcogenafulualenes. The interest in the chemistry of the tetrachalcogenaful- 
valenes arose when it was demonstrated in 1972 that charge-transfer complexes of the R 
donor tetrathiafulvalene (TTF) and the acceptor tetracyanoquinodimethane (TCNQ) 
possessed remarkable high conducting proper tie^^^^,^^^. Considerable interest arose in 
the preparation of a parallel series of tetraselenafulvalene (TSeF) systems. Interesting 
changes in physical properties were demonstrated by replacing S by Se5,, in TSeF/TCNQ 
salts. One of these complexes, hexamethylene TSeF/TCNQ, behaves as a semi-metal and 
becomes an insulator at low  temperature^^^'.^^'. Recently, one salt of these derivatives 
(tetramethyl-TSeF),PF,, was the first organic compound found to lose all resistance to 
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(278) 

electric current around 1 K, showing ~ u p e r c o n d u c t i v i t y ~ ~ ~ .  Now at least six (TMSeF),X 
salts have been reported to be superconductors (X- =TaF;, SbF;, AsF;, PF;, ReO; 
and CIO;), this last salt being the only simple pressure organic superconductor a t  1.3 
K5'O). The most common synthesis of tetrachalcogenafulvalenes is the coupling of the 
1,3-dichalcogenol-2-thiones or -2-selones. Peracid oxidation of 1,3-diselenol-2-thione or  
-selone, a reaction working well in the dithiole chemistry, failed in the Se s e r i e ~ ~ ~ ~ ~ ~ ~ ' ,  
perhaps because oxidation on Se atoms took place. Coupling reactions were effected by 
triphenylphosphine or triethyl phosphite, and they work much better with the 2-selone 
than with the 2 - t h i 0 n e ~ ~ ~ .  Consequently, the selone will be preferentially prepared when 
the method used involves intermediary iminium salts (equation 119). When only the 
thione is available, it is interesting to  transform it to  the selone, via S-methylation to form a 
1,3-dichalcogenolylium salt, and subsequent reaction with NaSeH or H,Se (equa- 
tion 122). One of the best methylating reagents is methyl fluoro~ulphonate~~~~~~~. The 
coupling reactions lead to the majority of the known tetraselenafulvalene derivatives 278 ( y = z =  se): ~1 = ~2 = ~ 5 3 8 .  ~1 = M ~ ,  ~2 = ~ S 4 3 .  ~1 = ~2 = ~~542,543,547-549; 

R2 = CD3544; R' = R2 = COOMe551;  R1= R2 = SeMe554; R 1 R 2  = CH2SCHz56'. The 
method has been applied to dibenzotetraselenaful~alene~~~~~ 72a . Surprisingly, the 4,s- 
ethylenediseleno derivative of 278 cannot be obtained by triethyl phosphite coupling of 
the corresponding selone, but it is obtained in 10% yield from the 2-0x0 derivative572b. 

The tetramethoxycarbonyl derivative of 278 can be easily transformed to the parent 
compound by LiBrS5 An unsymmetrical non-linear condensed diselenoleselone such as 
the dihydronaphtho (1,2-b) derivative, gives by coupling a mixture of cis- and trans- 
condensed TSeF573. Mixed thiaselenole derivatives 274 nearly always give unseparable 
mixtures of thermally stable cis ( Z )  and trans (E)  geometrical isomers of coupled 
derivatives5s3*556~s74.5 75.  The parent E,Z-dithiadiselenafulvalene mixture was obtained 
by tetradecarboxymethylation. Unexpected S-Se interchanges were discovered by 
triethylphosphite coupling of 1,3-diselenol-2-thiones. For example 275 (R' = R2 = 
COOMe, CF,; Y = Z = Se) gives a triselenathiafulvalene, instead of the attempted 
tetraselenafulvalene. The dimethyl derivative gives the scrambled and unscrambled 

A few other methods were used for the synthesis of tetrachalcogenafulvalenes. 
So, tetratellurafulvalenes have been recently synthesized. The coupling method was 
unsuitable for their preparation due to lack of a method for preparing the corresponding 

Rl  = Ph, R2 = H543. R1 = R2 = ph543. R1 = R2 = (CH2),542.S43.5"6-548. R1 = 

TeLi C12C=CC12 

TeLi 

(279) 
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thiones or selones. The first two known Te derivatives were obtained from a suitable 1,2- 
ditellurolate ion and tetrachloroethylene (equation 123)577. This reaction could also lead 
to  the bis-six-membered ditellurinoditellurin isomer, but structure 280 was proved by X- 
ray analysis578. The method has also been applied to dibenzotetratelluraf~lvalene~~~. A 
very easy preparation of dibenzotetraselenafulvalene (282) starts from the easily available 
o-bis(methy1seleno)benzene (281)559 and gives an overall 48% yield (equation 124). Qfeg;n Se (124) 

(281) (282) 

The surprising behaviour of vinylidene chloride is also shown in the preparation of 
tetra(methylse1eno)ethylene from sodium m e t h a n e ~ e l e n o l a t e ~ ~ ~ .  It seems that the 
mechanism involves an elimination step to an alkyne. Monosubstituted TSeF can be 
obtained from the parent compound via the 2-lithio derivative580. Recently, a one-step 
high-pressure synthesis of TSeF was realized from acetylene and a two-fold excess of 
carbon diselenide at  4500-5000 a tm581~582 . So me thiaselenafulvenes are also prepared 
from the thiaselenolylium salt 283 (equation 125)5”. Some corresponding imidazoles can 
also be employed for this reaction. 

Ph 
I 

( u )  1,3-Dichalcogenolylium salts. 1,3-Thiaselenolylium and 1,3-diselenolylium salts are 
sometimes obtained as intermediates in the transformation of a thione to  a selone group. 
These MeS-substituted cations 286 can be transformed to the relatively unstable parent 
cations 288 by successive NaBH, reduction and treatment with HBF4574 (equation 126). 
2-Benzyl-4-phenyl-l,3-dioxolylium, 1,3-dithiolylium and 1,3-diselenolylium cations can 
also be obtained by trifluoroacetic acid protonation of 2,6-diphenyldichalcogenaful- 
v e n e ~ ~ ~ ~ .  NMR evidence indicates that the unsubstituted 1,3-ditellurolylium cation is 
formed by treatment of 1,3-ditellurole with the hydride acceptor triphenylcarbenium 
tetrafluoroborate. The unsubstituted cation 290 rearranges rapidly to the quite 
unstable 1,2-ditellurolylium cation, 291 (equation 127), which rapidly deposits Te. 
Substituted intermediates 290 are not detectable5”. 
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2. Nitrogen SelTe rings 

through 1970585 and 1974586 and once by Lalezari and Shafiee through 1976587. 
Se-N heterocycles have been reviewed three times in the last decade: twice by Bulka 

a. Heteroatorns in the 1,2-position. (i) Isoselenazoles and condensed analogues. The first 
known isoselenazole, lO-oxoanthra(9,l-c,d)isoseIenazole, was synthesized in 1936 by 
reaction of NH, and Na,Se with I-chloroanthraquin~ne~~~~~~~. Preparation of isoselen- 
azole itself, and its 3-methyl derivative from selenocyanic acid and acrolein or 3-butyn-2- 
one were mentioned briefly590. The first general synthesis of this ring system which 
includes the parent compound was achieved by the reaction of Br, and NH, under dry-ice 
conditions with Z-P-(methy1seleno)acrolein derivatives (equation 128)59'. These pre- 
cursors are obtained either by reaction of sodium methaneselenolate on the product of 
Vilsmeier reaction on ketones or for the parent compound by addition of methaneselenol 
to propargylaldehyde, avoiding in this manner the use of the unstable selenocyanic acid. 
The following derivatives 294 were obtained: R' = R2 = H; R' = Me, RZ = H;  R' = 
R2 = Me; R'RZ =(CH,), or (CH,)4 (equation 128). Probable intermediate selenenyl 
bromides could never be isolated. The more stable corresponding benzeneselenenyl 
bromides 295 are in fact good precursors for the synthesis of 1,2-benzisoselenazole by the 
same m e t h o d ~ l o g y ~ ~ '  (equation 129) (R' = H, Me, Ph, CH=CHPh, R 2  = H;  R' = H, 
R2 = 5-NO,, 7-NO,). 

R2 CHO 
6'2 

R' - [ RfxC&..r2Me] ''D ~1 Se' (128) 

(292) (293) (294) 

This method, previously used in the sulphur series for the synthesis of 5-nitrobemis- 
othiazole, has been extended to a general method of preparation of 1,2-benzisothiazoles. 
It has also been applied to the synthesis of pyrido(3,2-d)isoselenazole, of the three classical 
bicyclic thieno-condensed 1,2-selenazoles, i.e. the (3,2-d), (2,3-d) and (3,4-d) sys- 
t e m ~ ~ ~ ~ - ~ ~ ~ ,  of selenol0(3,2-d)isoselenazole~~~, of its (2,3-d) isomer.(7% yield) and also of 
the corresponding benzotricyclic systems: the (1) benzothieno- and (1) benzoselenolo-(3,2- 
d)iso~elenazoles~~~. Condensed isoselenazoles can also be obtained by polyphosphoric 
acid cyclization of 2-(methylseleno)-3-oximinobenzo(b)-thiophene or - s e l e n ~ p h e n e ~ ~ ~ .  
Isoselenazole can be nitrated in position 4, and brominated in positions 4 and 5. Thieno 
(2,3-d)isoselenazole is nitrated or brominated at the P-position of the thiophene ring, 
whereas its (3,2-d) isomer is a-brominated and nitrated to give a mixture of a- and 8- 
derivatives. The parent benzo compound 296 (R' = R Z  = H) is nitrated and brominated in 
the homocycle in positions 5 and 7, dibrominated in the 4,5- and 4,7-positions and 
tribrominated in the 4,5,7-positions. No acylation products can be isolateds9'. 
Chichibabin reaction leads to the 3-amino derivative, whose structure has been confirmed 
by independent Curtius reaction on the 3-carboxy derivative. This acid has been prepared 
from the 3carboxamide which was directly obtained by reaction of Br, and NH, with 2,3- 
dioxo-2,3-dihydrobenzo(b)selenophene, or from the 3-styryl derivative via ozonolysis to 
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the corresponding 3-formyl derivative and oxidation591. Isoselenazoles behave towards 
organolithium compounds in the same manner as isothiazoles; they give concomitantly 
an eliminative R.O.1 from the 3-carbanion, forming a o-(alkylseleno)nitrile, and a 
substitutive selenophilic R.O.11, with rupture of the Se-N bond and formation, after 
hydrolysis, of the corresponding aldehydes9'. Even in fused b i ~ y c l i c ~ ~ ~  or 'cis- 
condensed' selenoloisoselenazoles 297, the isoselenazole ring is regiospecifically opened 
(equation 130), giving the nitrile 298, the aldehyde 299 and products of metal-Se 
interconversion. 

C=N 
MeLi 

m N  - aseMe + aCHO SeMe 
(130) 

(297) (298) (299) 

Regiospecific ring-opening of the selenophene ring occurs only in selenophenes 'cis- 
condensed' to isothiazole (equation 131), as well as in the bicyclic and the tricyclic 
systems423~42s. Compound 300 is prepared from the 2-(methylthio)-3- 
oximino~elenophene~~~. An interesting addition of benzyne across the C=N-Se group 
of2,1,3-benzoselenadiazole is accompanied by rearrangement to 304, whose structure was 
confirmed by ozonolysis to the known 3-formyl-1,2-benzisoselenazole (305)592 
(equation 132). TaKw :*! - co2 "T MeSe HOOC S" (131) 

(300) (301) (302) uN\se tmz).ne, ~ C " = ' H - - C " = M - ~  

\ \N/ 

(303) (304) (305) 

(1 32) 

The 5,6-dimethyl analogue of adduct 304 gives a thermal rearrangement to 4,5- 
dimethyl-2-(o-selenocyanophenyl)pyridinesg3. A corresponding adduct of naphtho- 
selenadiazole with dimethyl acetylenedicarboxylate rearranges similarly to 3-(2',3'- 
dimethoxycarbonyl-4'-cyano- 1 '-naphthyl)benzisoselena~ole~~~. 2-(Selenoc y ano)- 
benzophenone or -acetophenone gives by treatment with NHzOH*HC1 the correspond- 
ing 3-phenyl- or 3-methyl-N-oxide of benzisoselenazole. With phenylhydrazine and a 
trace of acetic acid, this acetophenone gives, probably via a Fischer cyclization, the known 
ben~oselenolo(3,2-b)indole~~~. 

An isoselenazolo(4,3-d)pyrimidine is obtained by SeO, oxidation of 5-amino-6- 
methyl-3-phenyl-4-(3H)-pyrknidinesg5. 

( i i )  Isoselenazolium salts. Liebscher and Hartmann realized a one-pot synthesis of 5- 
arylisoselenazolium salts from alkali selenocyanates and N, N-dimethyl-3-chloro-3-aryl- 
2-chloropropeniminium saltssg6. 3-Chloro-l,2-benzisoselenazolium salts can be pre- 
pared from PC15 and o-(methylseleno)-substituted benzamides or benziso- 
se lena~ol inones~~~.  They are hydrolysed to benzisoselenazolin-3-ones, thiolysed by 
thioacetic acid to 3H-N-methylimino-2,1-benzothiaselenoles and ammonolysed to 3- 
substituted amino-1,2-benzisoselenazoles. The 3-methyliminobenzothiaselenole is re- 
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arranged in DMSO solution to the 2-methylbenzisoselenazolin-3-thione isomer, The N -  
ethoxycarbonylbenzisoselenazolium salt can be obtained by quaternization of 
benzisoselenazole with ethyl c h l o r ~ f o r m a t e ~ ~ ~ .  

(iii) Benzisoselenazolinones. The first synthesis of benzisoselenazolin-3-ones (305a) was 
achieved in 1924 from ochloroselenobenzoyl chloride599 and NH, or amines RNH,(R = 
Me. Et. Ph) (equation 133). They can also be prepared from 3-chlorobenzisoselena- 

zolium salts5” and by reaction of Br, with o-methylselenobenzamides. The parent 
compound is also obtained from o-brom~selenobenzamide~~~ and by ammonolysis of 
ethyl o-cyanoselenobenzoate600. Their modes of preparation, for pharmaceutical pur- 
poses, are summarized in a recent patent601. The parent compound can be N-acetylated 
by acetic anhydride. Treated by potassium acetate and acetic anhydride this reaction 
leads to three different types of products: 3-acetylaminobenzo(b)selenophene, 3- 
acetoxybenzo(b)selenophene and its transformation products and f-carbamoyl-3- 
hydroxybenzo(b)selenophene. The last compound is probably formed via the seven- 
membered ring 2H,4H-3,5-dioxobenzo(b)selenazepine, since its 4-methyl derivative was 
isolated in a parallel transformation of N-methylbenzisoselenazolinone602. A Se analogue 
of saccharin, which can be regarded as a Se-dioxide of benzisoselenazolin-3-one, was 
claimed to be obtained by KMn04 oxidation of 2,2‘-dicarbamoyldiphenyl diselenide, 
followed by a crystallization in HCI solution603. This compound was in fact o- 
carboxybenzeneseleninic acid, which was also obtained by HCI treatment of an oxidation 
product of benzisoselenazole. Chemical and X-ray determination of the structure of this 
oxidation product showed that it is the monohydrate of the ammonium salt of o- 
carboxybenzeneselenonic acid604. HCI acts in fact as a reducing agent of the selenonic 
acid. 

( iu )  Isotellurazole and deriuatioes. The first known compound having this ring system 
was 1,2-benzisotellurazole, prepared in 1978 from o-bromotellurobenzaldehyde, by a 
reaction analogous to that described for the Se derivative in equation (129)605. It was also 
obtained by polyphosphoric acid ring-closure of 0-butyltellurobenzaldoxime. Reaction 
with Me1 gives N-methyl-l,2-benzisotellurazolium iodide. Compared with the Se 
analogue, 1,2-benzisotellurazole presents a higher melting point and a lower solubility. 
These two anomalies are related to particular crystallographic properties which show very 
short (2.4A) Te.. . N intermolecular contacts606. Thienoisotellurazoles could not be 
obtained by this method423. Monocyclic 3-substituted isotellurazoles 307 were recently 
obtained in 5-10% yields, from alkynyl ketones 306, hydroxylamine-0-sulphonic acid, 
sodium acetate and K2Te together with the by-products telluro-bis-alkenyl ketones 
(equation 134) (R = H, Me, Ph; R 2  = Me, Et, Pr). The method failed for the correspond- 
ing aldehydes (R2 = H), and it gave instead tellurobis(a1kenenitriles) via an elimination 
reaction of the intermediate 0-sulphonated o ~ i m e s ~ ~ ’ .  

f Te(CR’=CHCOR2), 
H2NOS03H, NoOAc , K2Te 

R ’ C ~ C - C O R ~  

(306) (307) 
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6. Heteroatoms in the 1,3-position. ( i )  Monocyclic selenazoles. In addition to other 
reviews mentioned in the beginning of this chapter, a review covering the state of 
monocyclic selenazole chemistry was published by Bulka in I 963608. Monocyclic 
selenazoles are almost exclusively obtained by an extension of the Hantzsch synthesis of 
thiazoles, presented in a general form in equation (135). 

R2 R’xo X + Se’ XR3 A R 2  R1x1R3 (1 35) 

H 

(308) (309) (310) 
The selenazole ring was reported for the first time in 1889 by H~f rnann~’~ ,  a student of 

Hantzsch. All the variants of this reaction are achieved by a convenient choice of the 
groups R’, R2 and R3. Thechoice of R3 determines the substituent in position 2. Starting 
from primary aliphatic or aromatic selenoamides, 2-substituted, 2,4-disubstituted and 
2,4,5-trisubstituted selenazoles (2-Me609*610, 2,4-di-Me6’0.61 2,4,5-tri-Me6’0, 2-Me-4- 
Ph610*6 1 4 ,  2-Et-4-Me6”, 2,4-di-Ph609.614, 2-Ph-4-Me, 2-Ph-4-Me-5-COOEt, 2-Ph-4- 
Me-5-COOH6”, 2-(-2’ or -3’-furyl, -thienyl and -selenienyl)’88,612.613 and their 4’chlo- 
romethyl and 4’,5’-diethoxycarbonyI derivatives) were obtained. Some recent 2,4- 
disubstituted selenazoles with R3 = CH,CI, Me, Ph and R2 = 4-XC6H4(X = H, Me, C1, 
Br), 3,4-Me2C6H3, 2-thienyI6l4 were obtained by this method. Since the primary 
selenoamides are very unstable, a mixture of a nitrile and H,Se in the presence of 
condensation catalysts was used6’0. 4-Methylselenazole, one of the sole selenazoles 
unsubstituted in the 2-position, was obtained from hydrogen cyanide but in a yield of only 
2.50/,610. The parent selenazole still remains unknown. Starting from selenourea 
(R3 = NH23, Hantzsch reactions give 2-aminoselenazole derivatives (unsubsti- 

and 5-COOEt61 9,  4-CH2CI, from which was obtained ~-(2-amino-l,3-selenazol-4- 
yl)alanine6” and 4-formylselenazole by Sommelet’s reaction6”, 4-Ph609*616-618*622 and 
some 4-aryl, 4,5-di-Ph, 4-Ph-5-Me or CMe-5-COOEt derivatives622, 4-aryl-5- 
c a r b ~ x y m e t h y l ~ ~ ~ ) ,  2,2’-diamin0-4,4’-biselenazolyl~~~ and 2’-amino-4-selenazolyl de- 
rivatives of cepha lo~por ines~~~ .  2 - A l k y l a m i n 0 - ~ ~ ~ * ~ ~ ~  2 - a r y l a m i n 0 - ~ ~ ’ ~ ~ ~ ~ ,  2-dialky- 
lamino-625*626, 2-benzamido- or 2-a~ylamino-selenazoles~~~ can be prepared by using the 
corresponding N-substituted selenoureas. The 2-benzamido derivative can be easily 
hydrolysed to the 2-aminoselenazole, thus avoiding the use of unsubstituted selenourea 
and its preparation from the toxic H,Se. The condensation of A”-benzoyl N- 
monosubstituted selenoureas gives the non-tautomerizable 2-(benzoylimino)-Zphenyl 
selenazolines following Hantzsch reaction, whereas the corresponding N-disubstituted 
selenoureas give selenazoles 312 by ring-closure on the CEO amide, the usual type of 
ring-closure being hindered by the absence of the necessary hydrogen on the second 
nitrogen629 (equation 136). Reaction of a-halonitriles with selenourea leads to 2,4- 
diamino~elenazoles~~’*~~ I .  2-Hydrazinoselenazole~~~~~~~~ are obtained by the Hantzsch 
synthesis from acetone or benzaldehyde selenosemicarbazones, after hydrolysis of the 2- 

t ~ t e d 6 0 9 . ~ ~  * 6 1 6 ,  5-Me and 5-Et615*616, 4-Me6°9*616-61 8,  4-Et,4,5-di-Me and 4-t-Bu6”, 4- 

0 NHCOR3 0 N-COR3 

Ar-C-CH2X II + Se=i-NR’R2 Ar-C-CH2-Se-C, II II NR’R‘ + Ar-C R 3 ~ ~ N R 1 R 2  
II 
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selenazolylisopropylidene or benzylidene h y d r a ~ o n e s ~ ~ ~ . ~ ~ ~ .  Arylidene hydrazones give 
2-selenazolyl formazans by coupling with diazonium salts"'. 2-Hydrazinoselena- 
zoles show the typical properties of arylhydrazines, by being reducing agents and by giving 
2-selenazolyl pyrazolones with keto esters63s. Coupled with p-nitrosodimethylaniline, 
these pyrazolones give a series of azomethines tested as dyes for photography6". Similar 
Hantzsch reactions with 4-phenylselenosemicarbazones and 4-phenyl-1-acyl- 
selenosemicarbazides were studied by Polish ~ ~ r k e r ~ ~ ~ ~ - ~ ~ ~  and gave substituted 2- 
imino-A '-selenazolines. Very few other syntheses of the monocyclic selenazole ring have 
been published. Among them, a recent reaction which formally belongs to the Hantzsch 
reaction, starts from primary thio- or seleno-amides and 2-chlorooxiranes and gives 4, 
Stetramethylene- (equation 137) and 4-i~opropyl-selenazole~~~. Bis-2'-(4- 
dimethylcarboxamido-5'-dimethylamino)selenazol, whose structure has been de- 
termined by X-rays, is obtained by a specific reaction between carbon diselenide and 2H- 
2-dimethylcarboxamido-3-dimethylaminoazirine640. Using other azirines, such as 2H-2- 
phenyl-3-dimethylaminoazirine or the 2,2-dimethyl analogue gives, respectively, 5H-5-  
phenyl-4-dimethylaminoselenoazoline-2-selone and 4,4-dimethyl-2-selenoxo-5- 
selenaz~lidinone~'~. 

Electrophilic nitration641, n i t rosa t i~n~ '~ ,  s ~ l p h o n a t i o n ~ ~ '  and diazonium 
of selenazoles are directed to the 5-position. Nitration gives, however, additional complex 
reactionssa6. Halogenation sometimes gives unstable compounds except with the 2- 
acylamino derivatives, where the 5-bromo derivative is stablesa6. Acylation and 
Gattermann formylation failed. Nucleophilic amination failed on 4-methylselenazole, 
which was the only 2-unsubstituted derivative for a long time. Unsuccessful at- 
t e m p t ~ ~ ' ~ . ~ ' ~  were made to obtain 2-unsubstituted derivatives from 2-aminoselenazoles 
via a diazotation reaction. Diazotation of 2-amino-4,5-diphenylselenazole, gives coupling 
to an azo compound, which decomposes on standing to a 2-hydroxy derivative, which 
gives the 2-chloro derivative with phosphorus oxychloride and the 2-hydrazino derivative 
with hydrazine hydrate. From the 2-chloro derivative and thiourea the corresponding 2- 
mercapto analogue is obtained, and this gives 4,5-diphenylselenazole with H,O,. This 2- 
unsubstituted derivative is more easily obtained by oxidation of the 2-hydrazino 
derivative by use of mercuric oxide, copper(@ salts or silver oxide. The corresponding 2,2'- 
azoselenazole can also be obtained. Recently, the first successful Sandmeyer-Schiemann 
reaction on a selenazole ring was realized although in a low yield, when 2-amino-5- 
acetoxyethyl4methylselenazole reacted with nitrosonium tetrduoroborate, NaF and 
HBF4643. The reactivity of a 2-Me group on selenazole is higher than that of the 4-Me 
group. Thus, 2,4-dimethylselenazole gives selectively the 2-styryl derivative and is 
oxidized by SeO, to an unstable 2-carboxy-4-methylselenazole. This acid, as in the 
thiazole series, decarboxylates easily, giving 4-methyl~elenazole~~~. Selenazoles are easily 
quaternized on the nitrogen. The formed selenazolium salts add methoxide ion to the 2- 
position but they lose Se, forming imidazolium salts, on reaction with anilines6". 

( i i )  Selenazolines and selenarolidines. 2-Methyl-A2-selenazoline has been obtained in 
several different ways: by phosphorus pentachloride ring-closure of bis-(2- 
a~etylaminoethyl)diselenide~'~, by reaction of selenoacetamide with 315646 and by 
treatment of acetamidoethanol with P,Se,647. Other 2-alkylselenazolines are obtained in 
a similar manner648. 2-Amino-A'-selenazoline (316) is prepared from 315 and potassium 
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KSeCN or CN- 

(H,N I2C= So 
BrCH2CH2NH2.HBr - H#CH2CH2SeS0f (1 38) 

(315) (316) (317) 

~ e l e n o c y a n a t e ~ ~ ~  or se l en~urea~’~ ,  or from 317 and cyanide ion6” (equation 138). 316 
ring-opens easily by alkaline or H,S medium, giving bis-ureo- and thioureo-ethyl 
diselenide by air oxidation. 

The selenazolidine systems 318, including the parent compound, are obtained by 
treating aziridines and aldehydes or ketones with H,Se (equation 139). In some cases, the 
intermediary aziridinylmethanols or /3-selenomercaptoethylamines (H,NCH2CH,SeH) 
can also be used. In this way various 2-alky1, dialkyl, aryl and some N-substituted 
derivatives (R’ = H, Me, Ph) are obtained652. Starting from unsymmetrical aziridines, 4- 
methyl- and 4,4-dimethyl- selenazolidines are prepared”’; in the same manner 4carboxy 

R2 
0 
II 

R’-C-R4 

H2Se 

-N-R‘ (139) 

(318) 
or 4-carboxy-5,5-dimethyl derivatives are obtained from selenocysteine and selenopeni- 
cillamine, re~pectively~’~. By the same method a selenaproline is also obtained6”. 
Carbonyl exchange reactions in this selenoaminal system occur easily. Selenazolidines can 
be N-acylated in pyridine solution. Benzoylation in alkali medium gives hydrolysis of this 
acetal-like system, forming Se,N-dibenzoylselenoethylamine derivatives. Although 2- 
phenylthiazolidine gives mainly N-methyl-2-phenylthiazolidine by reaction with MeI, 2- 
phenylselenazolidine gives a product of Se-methylation of the chain tautorneP6. 
Selenazolidine-2-selones can be obtained by reaction of CSe, with aziridine6’ ’. The 
corresponding 2-thiones have been prepared from /3-chloroethylisothiocyanate and 
NaHSe6”. The 2-benzyliminoselenazolidine system 321 (R’ = PhCH,) is obtained by 
condensation of benzylisoselenocyanate with the appropriate aminoacetylenes 319, 
whereas aryl isoselenocyanate gives the 2-arylaminoselenazoline tautomeric structure 
3206”. 

A similar tautomerism between aminoselenazoline and iminoselenazolidine exists in 
the 4-OX0 derivatives. These are prepared by an adaptation of the Hantzsch reaction 
between a-halogeno acids and The tautomerism has been in- 
vestigated by comparison with systems where only one tautomer can exist. The isomers 
323and 322are obtained by using N,N-disubstituted and N,N’-disubstituted selenoureas, 
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respectively (equation 141). The corresponding 2-alkylidene hydrazones are obtained by a 
similar reaction starting from selenosemicarba~ones~~~~~~~. Generally, the chemistry of 
the tautomeric compounds is consistent with reactions of the 2-iminoselenazolidine form 
322, which gives easy hydrolysis without ring-opening to  the 2,4-dioxoselenazolidine 
system, N-iminobenzoylation, condensation on the 5-CH2 group with aromatic al- 
dehydes666 and N-iminoureation with i s ~ c y a n a t e s ~ " ~ .  However, phenyl isothiocyanate 
gives reaction on the 3-nitrogen. Similarly, 2,4-selenazolidinediones are also stable and 
give normal Mannich products on N667 and N - m e t h y l a t i ~ n ~ ~ ~ - ~ ~ ~ .  In contrast, the 4- 
thioxo derivative, obtained by thionation of the 2,4-dione, ring-opens with hydrazine to 
give a 3-selenomercaptomethyl-5-oxo-2-pyrazolinone. Numerous 2-thioxo-4- 
oxoselenazolidine isomers are described in the patent literature, from selenomercap- 
toacetic acid and thiocyanatesSB5. Among the selenazolidine selones, 4,4-dimethyl-5-oxo- 
selenazolidine-2-selone is obtained from CSe, and 3,3-dimethyl-2-dimethylaminoazirine, 
via a r ing-~pening~~ ' .  

( i i i )  Mesoionic selenazoles. Treating a-halo acid derivatives with N-substituted seleno- 
benzamides, in a Hantzsch reaction, gives mesoionic selenazoles. The first derivative of 
this series (324) was obtained by Cava and Saris in 1975671 (equation 142); 324 acts as a 
dipolarophile towards methylacetylenedicarboxylate and gives a pyridone with a loss of 
Se. The same reaction has been applied to  a number of derivatives of variable 
~ t a b i l i t y ~ ~ ' . ~ ~ ~ .  The derivative with R = SMe gives 3,5-diphenylselenazolidine-2,4-dione 
easily6 '. 

0 

F - - p h  ( 142) 
PhCHBr(CO0H) + Se=CRNHPh - 

Ph 

(324) 

( iu )  Benzoselenazoles. The most general synthesis of benzoselenazoles uses the reaction 
of the zinc salt of o-aminobenzeneselenolate (325) with acid chlorides (equation 143). In 
this way are obtained 2 - a l k ~ l - ~ ~ ~  - 6 7 7 ,  2-ary1-676*67B*679 (and among them the 2-Ph 
derivative, the first example of the series in 191 3680) and 2-hetaryl-benzoselenazoles 
326679. Bis(2,2'-benzoselenazolyl) alkanes are formed from acid d i ~ h l o r i d e s ~ ~ ~  and the 
parent compound (R = H) is prepared from formic a ~ i d ~ ~ ~ * ~ ~ ~ . ~ ~ ' .  

(143) 

(325) (326) 

Cyclic anhydrides react with one equivalent of 325, and give benzoselenazolyl-alkane 
arene- or -heteroarene(pyridine)-carboxylic acids682. A recent alternative of this method, 
which uses protected selenide, starts from o-methylseleno-acyl- or -aroyl-anilides and 
phosphorus o x y ~ h l o r i d e ~ ~ ~  and gives 326(R = H, Me, Ph, COOEt, COPh). Interestingly, 
2-functionalized benzoselenazoles can be obtained in this manner. 2-Substituted ben- 
zoselenazoles can also be prepared by rearrangement reactions instead of benzisosele- 
nazole isomers ; e.g. 2-methylbenzoselenazole is obtained by polyphosphoric acid 
cyclization of o-methylselenoacetophenone oxime, in a Beckmann rearrangement6''. 
From a benzyne addition to 3,4-dimethyl- or 3,4-diphenyI-1,2,5-seIenadiazoles, Bryce 
and coworkers isolated 2-methyl- and 2-phenyl-benzoselenazole, respectively, in yields of 
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l-2%“‘. 2-Aminobenzoselenazole (328; R = H) and substituted derivatives can be 
obtained by Br2685.686 or H202687 oxidation of various 1-phenyl-2-selenoureas or from 
cyclization of o-aminoaryl selenocyanates (327)688 (equation 144). 

2-Hydroxy- and 2-mercapto-benzoselenazoles 329 (Y = 0, S) can be prepared directly 
from 325 and phosgene or thiophosgenedE5 or from bis(o-aminophenyl) diselenide, by 
reaction with ethyl chloroformate or CS,, r e s p e ~ t i v e l y ~ ~ ’ * ~ ~ ~  (equation 145). 2-Mercapto- 

and 2-selenomercapto-benzoselenazole can also be obtained via a diazotation of the 2- 
amino group, which behaves typically as an aromatic amine. The 2-chloro derivative, 
obtained from a Sandmeyer reaction, is easily converted by nucleophilic substitution to 
the 2-OH685, 2-SH, 2-SeHdg0 and 2-hydrazino groups691. The SH and SeH groups can be 
transformed to the corresponding thio or seleno  ether^^^^*^^^*^^^. These compounds are 
described in the patent literature as vulcanization accelerators. Direct attachment of a 
substituent to the free 2-position is not documented. Nucleophilic amination failed674.676. 
Benzoyl chloride in the presence of KCN gives a ring fission674, as in benzothiazole. The 
H/D base-catalysed exchange, measured for the three 0, S, Se congeners, gives the relative 
k,  values of 20:1:4, respectively, a sequence different from that for benzoselenophene and 
its analogues316, but similar to that of nucleophilic substitution on furan and its 
congeners. However, this ratio could not be rationalized by the same arguments. 

Among the electrophilic reactions, halogenation gives undefined products676 and 
although no FriedelLCrafts reactions have been described, mild nitration gives the 6-nitro 
 derivative^^^^.^^^. Like the 2-chloro group, the 2-Me group is also activated, giving 
styrenes with aromatic  aldehyde^^^^^^'^^^^^, and the 2-formyl derivative by a three-step 
reaction with by SeO, oxidation696 or by a Kr6hnke reaction via the 2- 
bromomethyl deri~ative~’~. The 2-carboxylic acid, obtained as a by-product695 or by 
further oxidation of the aldehyde, decarboxylates easily upon melting698. An interesting 
ring-contraction with rearrangement was surprisingly demonstrated during the SeO, 
oxidation in pyridine of 3-phenyl-2H-l,4-benzothiazine and selenazine, giving 2- 
benzoylbenzo-thiazole and selena~ole’~~. Benzoselenazole gives benzoselenazolium salts 
easily6”. The rate of methylation is controlled by the inductive effect of thechalcogen,and 
the values of logk,,, correlate well with the pK, of azoles. Methylation of the 2-amino 
derivative 328 (R = H) gives the 2-irnino-3-methyl-2,3-dihydrobenzoselenazole 
(330)685*690. Its isomer, 2-(methylamino)benzoselenazole, is obtained directly by oxid- 
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ation of 1 -methyl-3-phenyl~elenourea~*~ ; 330 is easily hydrolysed to 2-0x0-3- 
methylbenzoselenazolinone. The easy conversion of benzoselenazolium salts to 
benzoselenazolines is important, because these last compounds are key substances for 
the synthesis of cyanine dyes. They cannot be obtained by direct reduction of 
benzochalcogenazoles. For example, the reaction of diborane with 331 leads to N-alkyl-o- 
selenomercaptoanilines (332) via a benzoselenazabor~le~~~ (equation 146). This reduction 
is similar to those in the oxygen and sulphur series. Benzothiazole, quaternized by a 
-(CHJ2CI group, leads in basic medium to ring-expansion in 4-formyl-2,3dihydro-1,4- 
ben~othiazine’~’. Similar ring-expansions are successful with other halide groups. An 
example of application for a benzoselenazolium derivative will be described in 
Section V1I.A. 

( u )  Other condensed selenazoles. Two naphthoselenazole ring systems are 
known. 2-Acetamidonaphtho(l,2-d)selenazole is obtained by cyclization of 4-phenyl- 
2-amino-5-(carboxyethyl)selenazole with acetic anhydride623. The 2-amino derivative 
of the (2,l-d) analogue is prepared by a reaction similar to equation (144), from 
l-cyanoseleno-2-aminonaphthalene68s. Other condensation derivatives on the 
benzene ring of benzoselenazole have been described. By heating 333 with S or Se, 
respectively, a thiazole or a second selenazole ring is fused on the (f) bond, giving 334a 
and 334b702 (equation 147). 

(i33) (334) 
(a) Y = S  
(b) Y =Se 

By a Doebner-Miller reaction on 6-amino-2-methylbenzoselenazole, 2,7,9- 
trimethylselenazolo(5,4-~quinoline was obtained703. The corresponding 6-hydrazino-2- 
methylbenzoselenazole gives by successive condensation with cyclohexanone and dehy- 
drogenation with chloranil 2-methylcyclohepta(4,5)-pyrrolo(3,2-f)benzoselenazole, an 
aza-azulene derivative704. Among heterocondensed systems on the selenazole ring some 
are condensed on the 4,Sbond. (2’-Thienyl and selenienyl)-2-selenazole analogues of 
phtalazine have been obtained by reaction of hydrazine on the previously mentioned 
diester6 3. 2-Aryl-5-(ethoxycarbnyl)pyrrolo(3,2-d)selenazole (335) has been obtained by 
constructing the pyrrole ring on the selenazole ring via the corresponding 3chloromethyl- 
+ 3-formyl- + 3-azido~inyl-selenazole~~~. 

n 
(335) 

In contrast, the 2-methylthieno(3,2-d)selenazole system (336) has been synthesized from 
the thiophene ring, via the ringclosure of 3-acetylamin0-2-acetylselenothiophene~~ ’. 
However, an attempted cyclization of 2-amino-3-acylselenothiophene failed to give the 
(2,3-d) isomer41 2 .  On the other hand, some selenazoles are condensed on the 2,3-bond, 
giving a nitrogen common to two rings. Nearly all these systems are obtained by starting 
from selenazole derivatives. Some 2-bromoalkyl- or 2-bromomethylaryl-substituted 
benzoselenazoles (337) give intramolecular quaternary salts of type 338, which lead with 
bases to isoindolo(l,2-b)benzoselenazole (339) or its pyridopyrrolo analogue706 
(equation 148). 
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(3377) (338) (339) 

(148) 

The selenazolopyrimidine system 340 is obtained by reaction of 2-amino-4- 
substituted selenazoles with ethyl propiolate619 (equation 149). The Se in the 
ring of the levamisole analogue 341 is part of an imidazo(2,l-b)selenazole 

. Selenazolo-s-triazine systems 342 (R = Ph, Y = NPh) are prepared by 
reaction of phenylisothiocyanate with N-phenyl-N’-(2-selenazolyl)thiourea. Reaction of 
2-aminoselenazoline and ethoxycarbonyl isothiocyanate, gives 342 (R = H, Y = O)’09. 
Selenazolo(3,2-b)-as-triazines 343 can be obtained from 6-substituted 2,3,4,5-tetrahydro- 
as-triazin-5-one-3-selone, ethyl bromoacetate and acetic anhydride’”. Condensation of 
2,4-diamino-5-phenylselenazole with ethyl ethoxymethylenecyanoacetate gives tricyclic 
polyaza systems bearing a selenazole ring63 ’. 2-Methylbenzoselenazole can be condensed 
with malonic ester to give a tetracyclic benzoselenazol0(3,2-a)pyridine~~ I ,  and with 2 
moles of ethyl acetylenedicarboxylate to  give a selenazolo(3,2-a)azepine derivative’ I z. 
Benzoxepino- and benzothiepino-(3,4-d)selenazoles are prepared from 2-aryl-4-(chloro- 
methyl)selenazoles7 I 3. 

system 192a,707,708 

S 

(oi) Tellurazoks. No derivative of the tellurazoles ring was known until 1983. The 
laboratory of Liege succeeded very recently in preparing the first five derivatives of the 
benzotellurazole ring, including the parent compound itself(345; R = H, Me, Ph, COOEt, 
COPh) (equation 150)683. They are obtained in low yields from o-(methyltel1uro)- 
anilides 344 by a method which is also applicable to benzoselenazole derivatives. 
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C. Three Heteroatoms 

7. SelTe rings without nitrogen 

1,3,2-Dioxaselenolan-2-oxide (346), which is a cyclic organic selenite, is obtained by 
reaction of selenous acid or SeO, with ethylene (equation 151). A similar 
reaction has been previously applied to erythritol7I5. A 2,2-diphenylselenurane derivative 
(348) is postulated as intermediate in the oxidation of catechols (e.g. 347) to o-quinones by 

(346) 

@OH z a&><;; - f PhpSe (152) 
OH 0 

(347) (348) 

diphenyl selenoxide7' (equation 152). A diary1 telluroxide gives the same overall 
reaction, but the intermediate postulated is acyclic7' 7. 2,3-Dimercaptoquinoxaline, gives 
similarly a dithioselenite, i.e. 1,3,2-dithiaselenolo(4,5-b)quinoxaline-2-0xide~~*. 
Unsubstituted 1,2,3-triselenolane is obtained as a by-product in the hydrolysis of 
d i ~ e l e n o c y a n o e t h a n e ~ ~ ~ .  2,1,3-Oxadiselenane-l,3-dioxide, which may be regarded as a 
diseleninic anhydride, is obtained by peracid oxidation of ethylene bis(l,2-diselenide), 
d i s e l e n o ~ y a n o e t h a n e ~ ~ ~  or 1 , 4 - d i ~ e l e n a n e ~ ~ ~ . ~ ~ ' .  3,5-Dimethylene substituted 1,2,4- 
triselenoles are obtained as by-products of the decomposition reactions of 1,2,3- 
s e l e n a d i a ~ o l e s ~ ~ ~ ,  probably via phenylethynyl selenolate. The first tritellurole system, 
namely E,E-1,3-dibenzylidene-1,2,4-tritellurole (351) is obtained as a by-product in the 
HCI treatment of the corresponding phenylethynyltellurolate (349), probably by addition 
of an intermediate ditelluride anion Ph-C = C-Te-Te- to the transient telluroketene 
350723a (equation 153). The structure of 351 is confirmed by X-ray ditrraction. 5,lO- 
Episeleno- and 5,lO-epitelluro-5,1O-dihydroarsanthrene are prepared from the cor- 
responding 5,lO-dichloro derivative723b. 

HCI Te-Te 
Ph-C=C-TeNo - [Ph-CEC-TeH Ph-CH=C=Te] 

Ph 'Ph 

(349) (350) (351) 

(1  53) 

2. Nitrogen Sel Te rings 

a. One ni t rogen in the r ing .  Two classes of compounds are included in this group. The 
first involves 1,2,3-benzodichalcogenazolium cations 353 which are the Se analogues of 
Herz salts. They are obtained from o-aminothiophenol or selenophenol hydrochlorides 
(352; Y = S, Se) and thionyl chloride, giving 353a724 or selenous acid, giving 353b725 and 
3 5 3 ~ ~ ~ ~  (equation 154). It is also possible to  transform the dithio analogue to  35313, by 
reaction with selenous acid, a reaction which is easier for non-electron-donating 
substituents and in acidic solution. The S-oxide, which reacts vigorously with H,SeO,, is a 
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(1 54) 

(353) 
(a) Y =Se,Z = S 
(b) Y = S , Z  = Se 
(c) Y = Z = S e  

possible intermediate727. The 2-Se-oxide is formed by buffered hydrolysis of the salt 
353b728. Two stereoisomers are observed, which are interconverted in acidic medium. 
Hydrolysis of 353a gives di(o-aminophenyl)di~elenide~~~. In reaction with a m i n e ~ ~ ~ ~  and 
especially with p-toluidine in acetic acid, 353c reacts four times faster than its dithio 
analogue, in agreement with charge densities based on MO calculations731. 

The second class of compounds, obtained by Burger and coworkers according to 
equation (155), are of the 3H-l,2,4dichalcogenazoIe type 355 (a:Y = Se, Z = S732; b: 
Y = 2 = Se7”, also obtained from hexafluoroacetone and selenoamides; c:Y = Te, 
Z = S734). Some ring transformations, leading to the first cyclic s e l enoph~sphorane~~~  
or using these heterocycles as synthons for heterodienes, have been developed736”. 
Some 1,2,4-diselenazolium salts are obtained by I, oxidation of s e l e n ~ u r e a s ~ ~ ~ ~ .  

(354) (355) 

6. Two nitrogens in the r ing:  chalcogenadiazoles. Derivatives of all four possible isomers 
of selenadiazoles are known. In the Te series, only 1,2,5-telluradiazoles have been 
described. 

(i) I ,  2,3-Selenadiazoles. I ,2,3-Benzoselenadiazole derivatives (357), namely 5-Me, 4- 
Me and 5,6-di-Me derivatives, have been known since 1935. They are obtained by 
diazotation of o-aminoselenophenols (356)737.738 (equation 156). No further work was 

reported until 1975, when the unsubstituted 357 was prepared by the same methodss6. 
The non-fused system has been known only since 1969, when Lalezari and coworkers 
obtained 4-phenyl-l,2,3-selenadiazole by SeO, oxidation of phenyl ketone semi- 
c a r b a z o n e ~ ~ ’ ~  (equation 157). The method has been used for the preparation of various 4- 

and 4,5-disub~tituted~~’ derivatives. 

SeO, 
R~CH,C(R’)=NNHCONH, (157) 

(358) (359) 

Starting from aldehyde semicarbazones, the method could be applied to the parent 
heterocycle, and to various 5-substituted  derivative^^^'. The parent compound (359; 
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R '  = RZ = H )  is stable in the dark at O T ,  but i t  decomposes slowly under 
other conditions. The method has been used for obtaining the three 4 - ~ y r i d y l - ~ ~ ' ,  5- 
cyano-, 5 - e t h o ~ y c a r b o n y l - ~ ~ ' ,  4,5-cycloocteno-107~74z~743 and other cycloalkeno- 
s e l e n a d i a ~ o l e s ' ~ ~ ;  the 4,4'-alkyl b i s -~e lenadiazoly ls~~~,  4 , 5 - i n d e n 0 ~ ~ ~  and other 4,s- 
benzoalkeno derivatives746; the 4-/haphthyl-, phenanthrenyl- and 5- 
(1,3,4-0xadiazolyl)-~~~, 4-vinyl- and - b ~ t a d i e n y l - ~ ~ ~ ,  4 - a r 0 y l m e t h y L ~ ~ ~  and 5- 
arylsulphonyl-~elenadiazoles~'~. 75Se-labelled752 and 5-deuteri0-1,2,3-selenadiazoles~~~ 
have been synthesized. SeO, is therefore an excellent Se-transfer reagent in these 
syntheses. Fused p h e n a n t h r ~ ( d ) - ~ ~ ~  and benzoselenol0(3,2-d)-l,2,3-selenadiazoles~~~ are 
among the rare fused aromatic systems obtained by this method. The regioselectivity of 
the ring-closure has been 1,2,3-Benzoselenadiazole can be quaternized on the 
3 - n i t r 0 g e n ~ ~ ~  but the 1,2,3-selenadiazole ring is generally a rather unstable system, which 
shows versatile utility in organic synthesis. Unlike the 1,2,3-thiadiazole ring system, the 
corresponding selenadiazoles are easily pyrolysed with loss of N and Se to  give high yields 
of a l k y n e ~ ' ~ ~ . ~ ~ ~ , ~ ~ ~ . ~ ~ ~ - ~ ~ ~ . ~ ~ ~ . ~ ~ ~ . ~ ~ ~ , ~ ~ ~ .  When the selenadiazole ring is fused to a ring 
which is lower than eight-membered the acetylene formation is unfavoured and the 
denitrogenated intermediate can dimerize to diselenin derivatives 361, which can lose in 
turn a Se atom to give selenophene (equation 158). In the other 
cases, the proportions of compounds 360-362 depend on the temperature, concentration 
and medium of the thermolysis. As seen in a previous section, diselenetane derivatives 
can also be isolated as  by-product^^^. 

(360) (361) (362) 

4-Aryl-1,2,3-selenadiazoles can be directly transformed to 2,4- and 2,s-diarylselen- 
ophenes without passing through the corresponding selenin, and the mechanism of this 
reaction has been discussed'". The 1,2,3-selenadiazole ring is unstable towards Br,, and 
from the bromodediazoniation bis(2-bromovinyl)diselenide was isolated759. Reaction 
with bases (OH-, EtO-563*760.761, BuLi7"), results initially in proton abstraction from 
the 5-position (equation 117), and subsequent ring-opening gives an alkyne selenolate 265 
which can be dimerized under acid catalysis to diselenafulvenes 266. It has been 
demonstrated that selenoketenes are also intermediates in the diselenafulvene for- 
m a t i ~ n ~ ~ '  which involves cycloaddition of alkyne selenolate to  the selenoketene 
species. 1,2,3-Selenadiazoles are also photolysed to alkynes, together with small amounts 
of d i s e l e n a f ~ l v e n e s ~ ~ ~ .  Alkyne selenol and selenoketene were identified in these re- 
a c t i o n ~ ~ ~ ~ .  Intermediate alkyne selenolates can be easily transformed to 1,3-diselenole- 
thiones or -selones by addition of CS, or CSe,, respectively (see above), to selenoamides 
by addition of secondary and to seleno esters by reaction with alcohols741. 

( i i )  1,2,4-Selenadiazoles. The chemistry of 1,2,4-selenadiazoles is poorly known. This 
ring system can be obtained by two synthetic methods. The first one, which led 
to the two first derivatives in 1904765 and which was developed in 1978 by C ~ h e n ~ ~ ~ ,  
consists of the oxidative N-Se coupling of aryl- or hetaryl-selenoamides by I, 

- H,Se 

(159) 
Ar Se 

(363) 

" 1 12 
2 ArC(=Se)NH2 - Ar-C-Se-NH-C-Ar - [ !!H 
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(equation 159). In this way the 3,5-disubstituted derivatives 363 (Ar = Ph, P-ToI~~', 2- 
thienyl) are obtained. The second method, developed by Goerdeler in 1963, is analogous 
to the preparation of 1,2,4-thiadiazoles and consists of the reaction of KCNSe with N- 
haloamidine 364. It leads to the 5-amino-3-substituted derivatives (R = Ph, Me) 365767 
(equation 160). A recent synthesis of 1,2,4-selenadiazolidine-3,5-dione consists of dehy- 
drocyanation of allophanoyl selenocyanate, the first well-documented acyl 
~elenocyanate~~'. 

(364) (365) 

(iii) 1,2,5-Selenadiazoles. Fused 1,2,5-selenadiazoles were among the first known Se-N 
heterocycles. The benzo-condensed system, 2,1,3-benzoselenadiazole (367) also called 
piaselenole or piazselenole, was prepared by Hinsberg in 1889 from phenylenediamine 366 
and Se02769 (equation 161). 

(366) (367) 
This very reproducible reaction has been used for absorption or fluorescence 

spectrophotometric detection of small amount of Se in chemical or natural media, for the 
detection of o-diamines and for the coulometric titration of the Pd2+ ion. It is the most 
widely used route to fused 1,2,5-selenadiazoles. The following fused systems3' 
are obtained from SeO, or SeOCl,: n a p h t h o ( l , 2 - ~ ) - ~ ' ~ ~ ~ ~ ~  and naphtho(2,3-c)- 
phenanthro(9, fluoreno(2,3-~)-~~' and pyrazolo(3,4-~)-1,2,5-~elena- 
diazoles ; (1)benzot hieno(2,3-e)- ', (l)benzoselenolo42, 3-ek7 74 and 43, 2-e)77 5, 

t h i a z o l 0 ( 4 , 5 - g ) - ~ ~ ~ ~ ~ ~ ~  and selenolo(3,2-e)-2,1,3-benzoselenadiazoles31s; 1,2,5-selena- 
diazo10-5H-(3,4-b)carbazole~~'; 6H-(3,4-~)carbazole~~'; (3,4-b)- and (3,4-c)- 
pyridine 7 7 9 9 7 8 0 ;  (3,4-d)pyrimidine (8-selenap~rine)~' - 7 8 3  ; (3,4-c)- 1,2,5-thiadia~ole~'~; 
(3,4-6)quino~aline~'~ ; (3,4-b)- and (3,4-h)-q~inoline~'~ and the quinonoid systems 
naphtho(2,3-c)- 1,2,5-selenadiazole-4,9-dione and 4H,8H-benzo( 1,2-~:4,5-c')bis-l,2,5- 
selenadiazole-4, S - d i ~ n e ~ * ~ ,  

From N-methyl-o-phenylenediamine are obtained similarly l-methyl-2,1,3- 
benzoselenadiazolium salts787 which can also be prepared by methylation of 3677888. This 
compound, and the corresponding 1,3-dimethyI-bis-quaternized salt, are easily pyrolysed 
at 70-1 10 "C to give, respectively, unsubstituted and l-rnethyl-benzimidaz~le~~~~. The N- 
oxide derivative and some analogues are obtained from o-benzoquinone dioxime and 
Se2C12789.790. The N-oxide can be thermolysed to 367 and b e n ~ o f u r o x a n ~ ~ ~ ,  and 
photolysed to benzofuroxan.and Se, probably via 2~selenonitroso)nitrosoben~ene~~'. 
The chemical properties of 2,1,3-benzoselenadiazoles are similar to those of the 
corresponding thio compounds. Halogenation and sulphonation occur mainly in the 4- 
position792. However, 367 gives many ring-scission reactions including reductions to 
phenylenediamine under Stephen's conditions792, and ring-opening by phenyllithium to 
N-phenylethylenediamine and diphenyl selenide via a double selenophilic Se-N ru ture 
Dienophilic behaviour towards arynes gives the 1,2-benzoselenazole ring ~ys tem~"- '~~;  
and towards ethyl acetylenedicarboxylate gives a quinoxaline diester5". The polar nature 
of 2,1,3-benzochalcogenadiazoles is manifested by their dipole moments (0: 4.04 D; S: 
1.79; Se: 1.19). The mesomeric charge transfer, which is not extensive for 0, increases in 
importance for S and Se793. 
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A review on fused 1,2,5-thiadiazoles and 1,2,5-selenadiazoles was published re- 
~ e n t l y ~ ~ ~ .  It must be noted that the first description of a monocyclic 1,2,5-selenadiazole is 
much more recent. In 1967, Shealy described the formation of the 4-amino-3-carboxy 
derivatives by degradation of the pyrimidine ring of 1,2,5-selenadiazol0(3,4-d)pyrimidin- 
7(6H) one795. The first general synthesis was reported nearly simultaneously by two other 
groups and involves a Se transfer from Se2C12 or SeO, to ethylene diamine796.797 
(equation 162). Several 3- and 3,4-substituted derivatives have been obtained by this 
m e t h ~ d ~ " . ~ ~ ' .  The parent system 368 undergoes nucleophilic attack by butyllithium on 
the Se centre, which is easier than that on 1,2,5-thiadiazole, giving, as for the benzo 
derivative, a double Se-N cleavage with formation of an a-diketone and dibutyl 
~ e l e n i d e ~ ~ ~ .  The nucleophilic attack of organometallic compounds on chalcogen have 
been used to prepare 3-vinyl-1,2,5-selenadiazole by a one-pot ring-transformation of 
1,2,5-thiadiazole with vinylmagnesium chloride and Se2Clzsoo. The 2-oxide of 368 has 
been prepared similarly to its benzo analogue6". Photolytic cleavage of derivatives of 368 
gives a nitrile selenide as the initial products0'.802. 

(368) 
( iu )  1,3,4-Selenudiuzoles. The first 1,3,4-selenadiazole derivatives (370, R' = R 2  = 

Ph, Me) were obtained in low yield by Stolle and Gutmann in 1904, by heating N , N -  
dibenzoylhydrazine or its diacetyl analogue with phosphorus pentaselenideSo3 (equa- 
tion 163). Unsubstituted 1,3,4-selenadiazole (370, R' = R2 = H) is obtained in 25% yield 

R'CONHNHCOR' - / k s e / k R z  (163) 
R' 

P&,o N-N 

(369) (370) 

from the azine of DMF,  a synthetic equivalent of 369, and H2Seso4, together with N, N -  
dimethylselenoformamide. Its bond angle, of 81.8", is the smallest angle known for a 
planar five-membered ring805. Via the diselenoxo derivatives of 369, obtained by 
hydrazinolysis of two equivalents of selenoamides, Cohen similarly prepared some 
derivatives of 370 (R' = R2 = Ar,2-thienyI)'O6. Likewise, starting from l-acyl-4- 
benzoylselenosemicarbazide (monoselenoxo derivative of 369, Rz = NHCOPh), 2-ben- 
zoylamino derivatives of 370 (R '  = Ar, Me, Pr, 2-furyl) were prepared These last 
derivatives give by hydrolysis 2-amino-1,3,4-selenadiazoles (370; R2 = NH2)'07, which 
were previously obtained by the same method in a one-pot reaction. The precursors, 1 -acyl- 
or -aroyl-selenosemicarbazide, were prepared in situ from selenosemicarbazide, an acid 
and phosphorus oxychloride'". 2-Amino-1,3,4-selenadiazoles behave as typical aro- 
matic amines, giving azomethines with aromatic aldehydes, and azo compounds via 
diazotation. They are alkylated on the 3-nitrogen, giving the tautomeric 2-imino-1,3,4- 
selenadiazoline formso9. The 3-aryl derivatives of this imino form 373 are obtained from a- 
halohydrazones (371) and either KSeCNslO.''' or better, aroylselenourea or selenosemic- 
arbazideso9 (equation 164). 

RC(X)=NNHAr + Se=C(NH2)NHCOPh d RJ--IAr 
NCOPh 

(372) 
(37 1) H,Of N-N-Ar 

R A S e L  (164) 

(373) 
373 gives by nitrosation the 2-nitrosoamino derivatives, which are easily hydrolysed to 

the corresponding 2-oxo-A4-1,3,4-selenadiazolines8'"~'' I .  A A3-1,3,4-'selenadiazoline 
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has been obtained as intermediate in the reaction between di-t-butylselenoketone and 
diphenyldiazomethane, which by thermolysis givesolefins with loss of Se and NaL2. 2- 
Iminoselenadiazoline derivatives or their 2-aminoselenadiazole tautomers, are starting 
materials for the synthesis of the following fused 1,3,4-selenadiazoles: imidazo (2,l-b)- 
1,3,4-selenadiazoles80s~so9; 1,3,4-selenadiazol0(3,2-a)pyrimidin-7-ones, by reaction with 
methyl acetylenedicarboxylate6’ ’; (3,2-a)pyrimidium perchlorates, from acetylacetone or 
diethyl malonate” ’, and (2,3-b)q~inazolines”~. 

(u)  1,2,5-Telluradiazoles. The 1,2,5-telluradiazole ring system was the first known 
monocyclic ring system with a Te-N bond. It was obtained by Bertini in 1982, from the 
corresponding 1,2,5-thiadiazole or better selenadiazole, via a R.O.11 substitutive 
chalcogenophilic ring-opening, followed by reaction of the, dimetalloimine 374 with 
TeC14*1s (equation 165). This new Te system (375) is hydrolysed by acids to the a-dione, 
ammonium cation, Te and tellurous acid. As for benzisotellurazole, the melting point is 
anomalously high (> 185 “C), and the solubility anomalously low. Te has been trapped by 
o-chloromercuridiazobenzene, giving a compound C, ,H9CIN2Te, which was reduced to 
di-(0-aminophenyl) ditelluride and whose X-ray crystallography was in agreement with a 
quasi-l-chloro-1,2,3-telluradiazole ring systems 16. 

(374) 

( u i )  Chulcoyenuazupentalenes. The reaction products of SeO, with 1,3-cyclohexa- 
nedione oximes, previously assigned as monoheterocyclic systemsa1 ’, were later proved 
by NMR818ss’9 and X-ray analysis820*82’ to possess a no-bond resonance system of type 
377, as in heterapentalenes. They can be considered as aza analogues of chalcogenapen- 
talenes; 2,5-diaza-l,6-dioxada-selena-Se (IV) pentalenes, obtained in this manner have a 
very short Se-0 contact of 2.02 A. The reaction has been extended to the corresponding 
Te c o m p o ~ n d s ~ ~ ~ ~ ~ ~ ~  and to various 1,3-dioximes (equation 166) giving the parent 
compound 377 (R = H)823 and to the S analogue with the aid of SC12824. Compounds 377 
are sensitive to alkali and to reducing agents, giving, for example, the 1,3-dioximeof 1,2,3- 
cyclohexanetrione, and with hydroxylamine the corresponding trioxime. They give no 
electrophilic substitutione23. By replacing the startingdioxime 376 by an arylhydrazone, a 
1,2,5,6-tetraaza analogue is obtained, both in the Se and in the Te series”’. 

OH OH YO, O-Y- 

N\C’CH2-FRN R I R 

Y = Se, Te 

I I -  N \  ’A! (166) 

R R  

(376) (377) 

The method using the acidity of the 3-methylene group of I ,2-dichalcogenolylium salts 
can be applied to the reaction of 3-methyl(ene)-l,2-diselenolylium salts (378) with 
arenediazonium fluoroborates, giving 6,6a-diselena- 1,2-diazapentalenes (379)8’6a 
(equation 167; R’ = R2 = R3 = H, Me). A parallel nitrosation gave a 1-0xa-6,6ai.~- 
diselena-2-aza analogue826b. This last compound can be transformed with Hg(I1) acetate 
into the 1,6-dioxa-6n-selena-2-aza analogues27n. 3,CDirnethyl- and 3,4-trimethylene- 
6ai4-thia-6-selena-l,2-diazapentalenes are obtained from the corresponding 6-oxa 
derivative, by reaction with the Vilsmeier reagent and potassium s e l e n o s ~ l p h a t e ~ ~ ~ ~ .  
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(379) 

D. Four Heteroatoms 

The first selenatriazole ring system has been recently prepared by treating 1,2-diamino- 
4-phenylimidazole (380) and its 4,Sdiphenyl analogue with SeO,, giving 5- 
phenylimidazolo(l,2-c)-1,2,3,5-selenatriazole (381)772 and the corresponding 5,6-di- 
phenyl analogue, following the general reaction of SeO, with o-diamino derivatives 
(equation 168). Benzimidazolo( 1,2-c)selenatriazole was obtained similarly. 

Since then, another ring system, 5-diethylamino-1,2,3,4-selenatriazole, has been pre- 
pared from 4,4-diethylselenosemicarbazide and HNO,. Its half-life time is 180 h in 
CHCl3 at 20 0Cs27c. 

V. SelTe SIX-MEMBERED RINGS 

A. One Heteroatom 

1.  Monocyclic systems 

a. Selenanes and telluranes. Selenanes and telluranes 382 are obtained from penta- 
methylene halides and Na,SeEZ8, Se and rongalite in alkaline mediums29, MgTe or 
A12Te3830, TeZ3’ or Na2Tes3’ (equation 169). 2-Meth~l-’~’ and 2,6-dicarboxy- 
selenanesa” are obtained similarly. Selenane is also obtained by passing pentamethylene 
oxide and alumina in a stream of H,Se and in 57% yield from pentane, SeO, and a zeolite 
catalysts5. 

(382) 
Y = S e ,  Te 

The conformations of selenanes and t e l l u r a n e ~ ~ ~ ~  and their halogen ad duct^*^^ have 
been studied as a part of a more extended work on the conformational analysis of 
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pentamethylene heterocycles, which has been revieweds36. The inversion barrier de- 
creases with the size of the chalcogen (AGi,,:O: 10.5 kcal mol-'; S: 9.4; Se: 8.3; Te: 7.3). 
Tellurane-1,l-diiodide has been submitted to nucleophilic substitution on Te by various 
nucleophiles (F, CN, NCO, NCS, NCSe, CC13)s37. 

b. Selenopyrans. The parent compound 384 (4H-selenin) has been prepared in 16% 
yield, in the same time as its sulphur analogue, by reaction of H,Se and HCl on 
g l ~ t a r a l d e h y d e ~ ~ ~  (equation 170). The 4-methylSJ9, 2,4,6-triphenyl and 3,5-dimethyl-2,6- 
diphenylE4'" derivatives are synthesized in a similar way. 6- Phenyl-2-formylmethylene- 
2H-selenopyrans were obtained recently from the selenobenzamide vinylogue and 8- 
chlorocrotonaldehyde840h. No monocyclic telluropyrans are so far known. 

(383) ( 3 W  

c. Chalcogenopyrones and tetrahydro derivatives. 2,6-Diarylselenan-4-ones (386) with 
trans-aryl are obtained by addition of H,Se to distyryl ketones 385841-844 
(equation 171). The reaction also works for the keto derivative obtained in one pot from 

0 

(385) (386) 

diethyl acetonedicarboxylate and acetaldehyde, giving 2,6-dimethyl-3,5- 
diethoxycarbonylselenan-4-ones4s. Conformational studies by NMR, suggest a chair 
conformation with four equatorial s u b s t i t ~ e n t s ~ ~ ~ .  Conformational studies have also 
been conducted for 386, their ~yanhydr ins '~~  and the corresponding s e l e n a n o l ~ ~ ~ ~ .  The 
same method has been applied to the preparation of 2,6-disubstituted 4H-4- 
selenopyrones and -telluropyrones (388), starting from the corresponding dialkynyl 
ketones (387) (equation 172; R = Me, Ph, ~ - B u ) ' ~ ' . ~ ~ ' .  These precursors are prepared 
directly in one pot from alkynes, ethyl formate and Mn0,848.849. Using tellurobis(tri-t- 

0 

(387) (388) 
Y = Se, Te 

butylsilane) as a nucleophile, the reaction gives, in addition to 388, the isomeric five- 
membered 5-substituted 2-arylidene-3-oxo-2,3-dihydrotellurophene as a major pro- 
ductE4'. A 2-selenopyrone isomer of 388, i.e. 390, has been prepared from a selenoamide 
vinylogue 389 and arylacetyl chlorides50 (equation 173). 3,5-Dioxo-l, 1- 
dichlorotelluranes, erroneously formulated in the earlier publications, were obtained by 
the Morgan's group in the twenties from 2,4-pentanedione derivatives and TeC14s51-s53. 
These structures have been recently confirmed by X-ray diffraction and NMR spectros- 
copy854. The reaction follows a different route in the Se series, giving 1,3-diselenetane 
derivatives as previously mentioned60. 
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d. Chalcogenopyrylium salts. Selenopyrylium (or seleninium) salts 391, comprising the 
parent compound, have been prepared either by hydride abstraction from selenopyrans of 
type 384838.s39 (equation 174) or directly from B-dike t~nes’~~.  Their relative stability has 
been studied and compared with that of the thio analoguess56. A 2-amino-6-aryl-3- 
substituted selenopyrylium salt has also been obtained from 389 and derivatives of 
r n a l o n ~ n i t r i l e ~ ~ ~ .  2,6-Diphenyltelluropyrylium salts have been recently synthesized, as 
precursors for the preparation of telluropyrylium dyess5 ’. The 4-ethoxy, the 4-p- 
dimethylaminophenyl and the 4-methyl derivatives are obtained from 2,6-diphenyltellu- 
ropyrone and ethyl fluorosulphate, p-dimethylaminophenylmagnesium bromide and 
Meldrum’s acid respectively, followed by reduction and decarboxylation. 

Ph&+ c10,- 
____) 
or PCI, 

384 (174) 

(391) 

e. Bi~-4,4’-chalcogenopyranylidenes. Compounds 393 may be good electron- 
donating heterocycles, since the corresponding cations have an aromatic 6n structure. The 
0 analogue was discovered in 1975 to  form electrically conductive complexes with 
acceptors. The corresponding S858-860,  Ses4’ and Te analoguess6’ are synthesized by 
copper coupling of chalcogenopyran-4-thiones (392), obtained by thionation of the 
corresponding pyrones 388 (equation 175; Y = Se, R = Me, Ph; Y = Te, R = Me, Ph, t- 
Bu). Indeed, compounds 393 give with TCNQ complexes of high specific conductivity 
( - 0.5 ohm- ’ cm- ’). Their first oxidation potential follows the general trend ofincreasing 
with the size of the heteroatom. 

2. Benzo-, naphtho- and hetero-condensed systems 

a. (b)Condensed s y s t e m :  chroman derivatives. ( i )  Chalcogeno-chromanones, -chromenes 
and -chromaus. Benzochalcogenopyrans (chalcogenochromenes) (397) are commonly 
obtained by standard methods from the corresponding chalcogenochromanones 395. The 
first known selenochromanone, the parent compound itself (395a; R’ = H) was prepared 
initially in 1958 in a 23% yield by pyrolysis of the corresponding diacid, /I+- 
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carboxyphenylse1eno)propionic acidsh2. A more general synthetic method described 
in 1964, consists of an electrophilic cyclization of /I-phenylselenopropionic acid 394a with 
polyphosphoric acids63 (equation 176). Sulphuric acid, which is used for preparation of 
thiochromanone, cleaves the Se-C (aliphatic) bond. 

(397) 
(a) Y = Se 
(b) Y = T e  

The method has been widely applied to acids 394a (Z = OH) or to their acid chlorides 
(Z = Cl) for the synthesis of 2-Me, 3-Me, 7-Me, 8-Me864*s74, 6-Me269*864,874 and 
6, 7-di-Me874 selenochromanones 395a. The corresponding condensed selenopyranones: 
naphtho-(I ,2-6)- and -(2, 1-6)-865-867, (l)benzothieno-(3,2-b)- and -(2,3-6)-86s and 
( l)benzoselenolo(2,3-6)-869~870 were obtained similarly. It has also been applied to  various 
tellurochromanones 395bs7 I and to  the naphtho(2,l-b) and thieno(3,2-b) analogues, 
starting from the acid chlorides at dry-ice temperature with aluminium trichloride as 
catalyst. The 2-phenylchalcogenochromanones (selenoflavanone 399aE7* and tellurofla- 
vanone 399b873) are prepared by a Y-C(2) ring-closure of o- 
cinnamoylchalcogenoanisoles (398) and hydrobromic acid, with respective yields of 80 
and 20% (equation 177). In the Te series, an important by-product was identified as o- 
cinnamoylbenzenetellurenyl bromide. The same ring-closure has been applied to the 
synthesis of 4H-2,3-dihydr0-2-phenyl-4-0~0-( 1)-benzothieno- and -( 1)benzoselenolo- 
(2 ,3-6)se lenopyran~~~~.  

0 
II 

acoMe YMe - &ti Ph (177) 

(398) (399) 

(a) Y = Se 
(b) Y = T e  

The chromanols 396, obtained from 395 by reduction or via addition of organometallic 
reagents, are easily dehydrated to the corresponding chromenes 397, or their anal- 
ogUes863-87 . Selenochromanone leads also, via the Vilsmeier reagent, to  4-chloro-3- 
formylselenochromene, a starting material for the further condensation of a t h i ~ p h e n e ~ ~ ~  
or a selenophene"' ring. The known selenopyrans condensed to a nitrogen heterocycle 
are obtained by a direct ring-closure of the selenopyran ring: in this manner, 7-methyl-2H- 
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selenino(2,3-b)pyridine is prepared, as its 0 and S analogues, from 2-ethylseleno-6- 
methyl-3-( l', 3'-dihydroxypropyl)pyridine and HBrs7'. A selenino(3,2-d)pyrazole, the 6H- 
3-methyl-l-phenyl-5,6-dicarboxy derivative, is prepared by a Diels-Alder reaction 
between maleic anhydride and 3-methyl-l-phenyl-4-methylaminomethylene-5- 
s e I e n o x o p y r a z ~ I e ~ ~ ~ .  

The reduction of 395a to  the corresponding selenochromans has been performed by 
the C1emmense1-1~~~ and the Wolff-Kishner r e d u c t i ~ n s ~ ~ ~ ~ ~ ~ ~ .  Whereas the Clemmensen 
reaction leads to the required product, sometimes mixed with variable quantities of 
selenochromenes, the Wolff-Kishner reaction on the parent compound leads partially to  
the ring-contraction product, 2-methyl-2,3-dihydrobenzo(b)selenophene, besides the 
attempted selenochroman. The reaction differs from that in the sulphur series, where only 
thiochroman is formed, and from that in the oxygen series where the formation of o- 
cyclopropylphenol is established. The isolation of pure selenochroman has been used as 
evidence that selenochroman is not formed by thermal rearrangement of phenylallyl 
selenide as previously describeds7'. However, the isolated product is 2- 
rnethylbenz~(b)selenophene'~~. Pure tellurochroman has been prepared by a diimide 
reduction of tellurochromenessO. 

( i i )  Benzochalcogenopyrylium salts (chalcogenochromylium salts). Chalcogeno- 
chromylium salts are obtained from selenochromenes 397a by a 
reaction parallel to  that described in equation (1 74)s64~867-s69~ss'. Several 2- or 4- 
phenylselenochromylium salts are prepared in the same manner869,8s2. 4-Methyl-2- 
~ h e n y l - ~ ~ ~  and 2,4-diphenyl-seleno~hromylium~~" salts are also prepared from 
selenoflavone for the synthesis of polymethine dyes. On the other hand, 
4-methoxyselenochromylium salts are obtained by methylation of selenochromone 
and selenoflavoness5. The pK,+ value, which characterizes the equilibrium constant 
between the cation and its pseudobase and hence the stability of the cation, has been 
determined for the chalcogenopyrylium cationss5 (0: - 1.96; S:  + 3.15; Se: + 1.20), 
and for the naphtho-(2,l-b)- and -(1,2-b)-selenopyrylium salts (pK,+ = + 2.7 and 
+ 1.9, re~pect ively) '~~.  The reaction of selenochromylium salts and analogues with 
nucleophiles has been shown to occur at the 2- and 4-positions. Whereas the monosubsti- 
tuted 2-aryl- and 4-aryl-selenochromylium salts react exclusively at  the other free 
activated position with all the nucleophiles studied (NaBH,, PhMgBr, PhSH, PhSeH, 
(MeC0)2CH-)s82, the unsubstituted selenochromylium cation 400 gives with aryl 
organometallic compounds a mixture of addition products at positions 2 (401) and 4 (402) 
depending on the nature of the metal and the organic radical (equation 178). The isomer 

ratio is affected by a secondary oxidation-reduction reaction between 2-arylselenoch- 
romenes and the unsubstituted selenochromylium saltss6. A comparison with the 
analogues S cation, which gives a 55 :45 ratio between positions 2 and 4 (in agreement with 
the calculated positive charge density), is therefore difficult. On the other hand, other 
nucleophiles as dimethylaniline, thiophenol and selenophenol react regiospecifically a t  
the 2-positionsa6. However, a 2-regiospecificity is demonstrated with all the nucleophiles, 
including organometallic compounds, for some heterocondensed selenopyrylium ca- 
t i o n ~ ' ~ ~ .  The MnO, oxidative hydrolysis of the selenochromylium cation differs 
appreciably from the corresponding reaction of the thiochromylium cation. 



13. Selenium and tellurium heterocycles 473 

Although the size of the ring of the latter is conserved in the oxidation products, and the 
thiocouniarin: thiochromone ratio corresponding to respective nucleophilic attack on the 
2- and 4-positions, is 90:5, the selenochromylium cation gives exclusively a product of 
ring-contraction, namely 2-formylben~o(b)selenophene~~~*~~~. A parallel increase in the 
extent of ring-contraction with the size of the chalcogen has also been demonstrated in the 
oxidation of thio-, seleno- and telluro-chromenes. Depending on the oxidant, the reaction 
can be directed to give selenocoumarines (with chromium trioxide in pyridine, SO% yield) 
or to ring-contraction products (e.g. 2-a~ylbenzo(b)selenophene)~~~~~*’. The selenoch- 
romones are always minor products. In the Te series, only products of ring-contraction 
can be obtained484. Dichalcogenocinnamaldehydes are intermediates in the ring- 
contraction reactions. 

( i i i )  Chalcogenochrornones. The parent selenochromone (403; R’ = RZ = H), was 
obtained in 1964 by dehydrogenation of selenochromanone with c h l ~ r a n i l ~ ~ ~  or tri- 
phenylmethyl cations8’ (equation 179). Later, a photodehydrogenation of chalcogenoch- 
romanones gave a 50% yield of thiochromones, a very low yield of selenochromone (5%) 
and failed for te l lurochr~manone~~~.  

(403) (179) 

Application of the Simonis synthesis of thiochromones gives from selenophenols and j- 
0x0 esters in polyphosphoric acid (PPA) medium, selenochromones, selenoflavones (403; 
R’ = Ph)890~8y1 and isoselenoflavone (3-phenylseleno~hromone)*~~. The yields are poor 
(7-30%), due to secondary oxidation of the selenophenols. The following selenoch- 
romones are obtained: 2-Me; 3-Et-2-Me; 2,3-, 2,6-, 2,7- and 2,8-di-Me; 2,3,6-, 2,3,7- and 
2,3,8-tri-Me; and the 6-Me, I-Me and 8-Me selenoflavones. The parent selenochromone 
is obtained by this method in a very low yield from malic acid and s e l e n o p h e n ~ l ~ ~ ~ .  2- 
Methylselenochromone can also be prepared in the same medium from selenophenol and 
diketene, or from the isolated intermediate phenyl selenoacetoacetate (404)892. 
Compound 404, which possesses the selenol ester group, does not give the isomeric 
selenocoumarin and is rearranged to selenochromone. The same selenochromone is also 
obtained from another isolated intermediate WEg2 (equation 180). 

0 0 0  
Me, I I  II 

PhSeH + CH2=C- I r2 - ~ c ~ ~ o  + Me&-seph 

403 

se Me R’ = Me. R2 = H 
0-c=o 

Under the same conditions, malonic esters give with thio- or seleno-phenols 
2-(phenylthio)thiochromone and 2-(phenylse1eno)selenochromone derivatives, respec- 
tivelySg3. In the Simonis reaction, j-arylthio- or fl-arylseleno- cinnamates (406), could also 
be possible precursors. The isolation of these compounds has been achieved by a 
regiospecific control of the @-addition of chalcogenophenols across the triple bond of an 
ethyl arylpropiolate in basic medium894 (equation 181). In contrast, a regiospecific a- 
addition is achieved under uncatalysed, probably radical, conditions. 2-P-Aryl-thio- and - 
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seleno-cinnamic acids are cyclized to the corresponding flavones, whereas the a- 
arylchalcogeno isomers give the corresponding chalcogenoaurones. With cinnamates 
substituted by activating substituent in the aryl group of 406 the cyclization can be 
realized on this aryl ring, ' following the necessary Z-E rearrangement, to give 3- 
(arylse1eno)inden- 1 -ones. 

- '&Arl 

/" 
f7C,,H4SeH A+ 

Ar'CECCOOEt - >c=c 
6- RC6H4Se 'COOEt 

(406) (407) 
(181) 

Selenoflavones (409; Y = Se) have also been obtained by another general cyclization 
method, consisting of a hydrobromic acid ring-closure of o-methylchalcogenobenzoyl 
phenylacetylenes (408; R' = Ph)''' (equation 182). An access to 2-methyl- and 2-phenyl- 
selenochromone, characteristic of the Se series, is the ring-expansion of 410, which 

COC=CR1 R'=Ph R 2 d R 1  =!I, 
R'=MO, ph Y = 0, s, ss 

(409) (410) 

R2ayMe 
(408) 

(182) 

gives 40-50% yields (equation 182)245. The S analogues of 410 give only reduction to 
benzo(b)thiophene derivatives. This ring-expansion reaction has been applied to the 
synthesis of benzothieno- or benzoselenolo-(2,3-b)- or -(3,2-b)-selenochromones, where 
the exocyclic carbonyl group of 410 belongs to thioindoxyl, selenoindoxyl or its 2-0x0 
isomer245. Nearly all of the preceding methods failed in the Te series, SO that 
tellurochromone (413) was prepared as late as 1981 by a new method, starting from o- 
acetylbenzenetellurenyl bromide (41 1) and the acetal of DMF. The condensation product 
412 has been cyclized by one equivalent of hypophosphorous acid to 413896 (equation 
183). A second equivalent of H,PO, reduces 413 to tellurochromanone (414). This 
is a typical reduction of the Te series, since selenochromone is not reduced under 
these conditions. 
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This synthesis has been extended to the formation of 2-methyltellurochromone, of the 
thieno-(3,2-b)-, -(2,3-b)- and -(3,4-b)-tellurin analogues and of selenochromone. The 
major difficulty in the latter case is in the formation of the Se analogue of 412, since the 
acidity of the acetyl hydrogen of 411 is lowered896. A structural comparison of 
the four chalcogenochrornones (0, S, Se, Te), based on dipole moments, IR,  UV and 
'H-  and I3C-NMR spectra has been ~ o n d u c t e d ~ ~ ' . ~ ~ ~ .  

Among the preceding synthetic methods for selenochromones, only the ring-closure 
analogous to that in equation (181) has led recently to  tellurochromone derivatives in 
particular cases. Generally, the attempted electrophilic ring-closure of the acid chloride 
of the Te analogue of 406 leads to a tellurenyl chloride (416) via an ipso 
a c y l a t i ~ n , ~ ~ ~  due to the polarizability and electronegativity of Te. The chloride 416 can be 
considered as a resonance hybrid of the no-bond hybrid 1,2-oxatellurolylium halide. The 
Te-0 distance is effectively low. The ortho cyclization to telluroflavones 417 can be 
controlled in selecting ipso-deactivating or ortho-activating methoxy or fluoro groups in 
the meta position of the aryltellurocinnamoyl chlorides 415899. In this reaction, the thio 
compounds give preferentially thiochromones, whereas the seleno compounds show 
competition between the two reactions. 7-Methoxytelluroflavone (417) has been coupled 
via the corresponding thione in order to obtain a donor molecule for studies in the 
field of organic metals900. 

JtAArl ortho H 
i&O / 

A+ 
\ /H - AAA~%C=C, - 

\ c R'= F,OMs Rl 
,c=c 

O H  'CI Re=H,OMe 
ClTe O H C 1 A r 2  

(416) (415) (417) 
(184) 

( iu )  1-Chalcogenocoumarins. 4-Hydroxy-1-selenocoumarins (419) are synthesized by 
cyclization of diphenyl selenomalonate with A1C13901, by treatment of substituted rnalonic 
acids with selenophenols in PPA902 (whereas rnalonate esters give 2- 
(arylseleno)selenochromonesgo3) and, with a very good yield, by ring-expansion of 2- 
(ethoxycarbony1)selenoindoxyls (418) with hypophosphorous acid. This latter reaction 
probably involves a ring-opening affected by a selenophilic attackza3 (equation 185). The 
ring-expansion is much more difficult in the sulphur series, giving only 4-hydroxy- 
thiocournarin with an electron-withdrawing R group at position 3 in a poor yield (25%). 

OH 
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The parent non-hydroxylated I - s e l e n ~ - ~ ~ ~  and I-telluro-coumarinsgos (421) are prepared 
by cyclization of o-methylchalcogeno-cinnamoyl chlorides 420 (equation 186). The 
unsubstituted; 3-Me, 4-Me, 6-Me, 7-Me and 8-Me; 3,4-, 3,6-, 3,7-, 4,6- and 4,7-di-Me; 3- 
CN-4-Me, 3-CN-4,6-di-Me and 4,7-di-Me; 3-Ph, 4-Ph, 3-Ph-6-Me, 3-Ph-7-Me and 4-Ph- 
6-Me derivatives were prepared when Y = Se, and the unsubstituted derivative when 
Y = Te. Some selenocoumarins are also obtained by CrO, oxidation of seleno- 
~ h r o m e n e s ~ ~ ~ * ~ * ~ .  3,4-Dihydro-l-selenocoumarin has been prepared by a somewhat 
similar method: treatment of o-(methy1seleno)dihydrocinnamic acid with Br, and 
H,PO, transforms the seleno ether to the corresponding selenophenol, without cycliza- 
tion. The selenolactonization is effected by p-toluenesulphonic acidgo5. A parallel reac- 
tion failed in the Te series. 

b. (c)Condensed systems: isochroman derivatives (i) lsoseleno- and isotelluro-chromans. 
Isoseleno- and isotelluro-chroman (423; R" = H) were prepared in 1945 with respective 
yields of 58 and 50% by a nucleophilic substitution of the corresponding dihalo derivative 
422 (R" = H) with the chalcogenide aniongo6 (equation 187). They were transformed to 
quaternarization products, and the Se derivative to the corresponding Se-oxide. The 
lH,3H-naphtho(l,S-cd) selenin has been obtained by a similar reactiongo7. 

Na,Y a::-" ',p - my:: (187) 

RI/ \R2 R'/ 'R2 

(422) (423) 

(a) Y = Se 
(b) Y =Te 

(ii) 0x0 derivatives. The Se/Te 1 -ox0 derivatives, i.e. 3,4-dihydro-isoseleno- and 
-isotelluro-coumarins 423 (CR ' RZ = C=0)473, and the isomeric Se/Te 3-OX0 derivatives 
(423; CR3R4 = C=O) are prepared by the same method, starting from the appropriate 
acid chloride and using phase-transfer catalysisgo8. The isomeric 40x0  derivative, 
isoselenochromanone (426), could not be obtained by electrophilic cyclization of the 
corresponding acid, but it was obtained in 31% yield by pyrolysis of the diacid 425 
(equation I 88)'09. However, the direct electrophilic cyclization by P,O, leads to the 
naphtho-(2, I-c) and -(1,2-c) analogues867. The unsaturated heterocycles, isoselenocou- 
marin and isotellurocoumarin (428) are obtained by a method parallel to the synthesis of 
the chalcogenocoumarin isomers i.e., by intramolecular electrophilic attack of the 
corresponding acid chloride on an unsaturated seleno or telluro ether (427)9 l o  (equation 
189). 

r - 0 

KOAc 
3. CICH,COOH CHseCH2COOH 
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(a) Y =Se 
(b) Y = T e  

( i i i )  Isoselenochromylium salts. The parent isoselenochromylium salt 429a (2-seleno- 
nianaphthalene cation)909 and its 2- and 3-selenoniaphenanthrene analogues867 are 
prepared by similar reaction paths to those used for the selenochromylium cations. The 
pK,, value for the 2-selenonianaphthalene cation (+ 0.2) is lower than that for its 1- 
selenonia isomer (+ 1.20) and its S analogue 2-thionianaphthalene (+ 2.17). 

(iv) Selenabenzene derivatives. Reaction of 429a with perfluorophenylmagnesium 
bromide furnishes 1 -perfluorophenyl-2-seleno-A3-chromene (429b), which upon methy- 
lation leads to  the first example of an authentic selenabenzene 429c9’ l (equation 190). 
Solution 429c in DMSO shows intense colour (,I,,, = 500 nm compared with 490 nm for 
the S analogue). Its stability is lower than that of its S analogue, and it has a half-life of 
47min at 25°C. The NMR spectra indicate the ylide nature of this selenabenzene. 
Previously claimed selenaanthracenes have properties which are inconsistent with those 
expected for selenabenzenes. 

C,F,MgBr 1 .  Me1 /ApBF, (yJ . . .  Se ClOq- w s e  - w = - M e  

(429a) ‘SF5 ‘SF5 

(429b) (429c) 

(190) 
3. Dibenzo-condensed systems and analogues 

a .  Selenium derivatives. ( i )  Selenoxanthones. The parent selenoxanthone 431 was 
synthesized in 1914’12. Its synthesis can be achieved by an electrophilic ring-closure of o- 
phenylselenobenzoic acid (430) in sulphuric acid (4591 2-88%91 yield), or in polyphos- 
phoric acid (82%)9’4 (equation 191). By this method 2 - ~ h l o r o - ~ I ~  and 2- and 3-methyl- 
selenoxanthones have been preparedgl4. Another mode of formation consists of a double 
electrophilic cyclization of o-chloroselenobenzoyl chloride (432) with aromatic com- 
p o u n d ~ ~ ’ ~ * ~ ~ ~  ; e.g. reaction with toluene gives the 2-methyl derivative9I4. The parent 
compound leads to  the Se-oxide by reaction with chromium trioxidegl5. Praefcke’s group 
synthesized selenoxanthone and some a n a l o g ~ e s ~ ~ ~ * ~ l ’  photochemically from aromatic 
o-chloro-, o-tosyloxy- or o-methylsulphinyl-selenol esters, via cleavage of the acyl-Se 
bond. In this way 7-methyl-cyclopenta(b)(l)benzoselenin-9-oneg’8, 7-methyl-SH- 

(430) (431) 
R =  H 

0 
II 

A r H  - 
AICI, 

ClSe 

(432) 
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benzoselenino(2,3-b)pyridine-5-oneg1g~g20, 7-methyl-9H-selenolo(3,2-b)(l)benzoselenin- 
%one and the isomeric 6-methyl-4H-selenolo(2,3-b#l)benzoselenin-4-onegz~ were ob- 
tained. This cyclization reaction is similar to those in the 0 and the S series. 

(ii) Selenoxanthyliurn salts. The selenoxanthen-9-ols, prepared either by reduction or by 
organometallic treatment of selenoxanth~nes~l  3*914.922 are the pseudobases of the 
selenoxanthylium salts (equation 192). They easily give these salts by treatment with a 
strong acid. In another method, a 1 + 8-octahydroselenoxanthylium cation has been 
prepared by reaction of H2Se with bis(2-oxocyclohexyl)methaneg23. The stability of the 
selenoxanthylium cation has been compared by Degani and coworkers with those of the 0 
and S analogues. Their pK,+ values are 0: - 0.83; S: - 0.21 ; Se: - 1.67ss5. Thesecations 
react exclusively with nucleophiles a t  the 9-position. For example, the parent cation is 
transformed by MnO, oxidative hydrolysis to selenoxanthone (431), in a nearly 
quantitative yieldsss. O n  the other hand, other nucleophiles give 9-monosubstituted or 
disubstituted selenoxanthenes. Some reports regarding a possible reaction on Se in 
position 10 of the cation to  give selenaanthracenesgZ4 could not be confirmedg1'. A review 
on chalcogenoxanthylium salts has appeared recentlygz5. 

I2 

HCIO, & LIAIH, 

431 - 0 0 - o + , o - 0  0 
(433) (434) (435) 

(192) 
(iii) Selenoxanthenes. The parent selenoxanthene(435; R = H), the first derivative of the 

series, is prepared in a nearly quantitative yield from selenoxanthone, red phosphorus and 
HIgz6. The other selenoxanthenes are prepared from selenoxanthylium salts. 
Unsubstituted derivatives in position 9 (e.g. 3 ,6-dimethylamin0-~~~ and 3-methyl- 
~ e l e n o x a n t h e n e s ~ ~ ~ )  are obtained by reduction of the corresponding cation with complex 
hydrides. 9-Monosubstituted derivatives are prepared by reduction of the 9-substituted 
cations, or by reaction of organomagnesium compounds with the parent cation (9-MegL4, 
9-ph914.924). The last reaction on the chosen cation leads to 9,9-disubstituted derivatives 
(9,9-di-Me,9-Me-9-Phg14zg24). 3'-Dimethylaminopropylideneand propylselenoxanthenes 
have been prepared for pharmaceutical screening by dehydration and H I  reduction of the 
corresponding 9-selenoxanthydrols, respectively913. 9-Phenylselenoxanthene is trans- 
formed by chloramine T to the corresponding N-arylsulph~nylselenilimine~~~. Other 
dipole-stabilized Se-substituted selenoxanthenes including Se-oxide were prepared re- 
cently and transformed to  several 10-selenoxanthenium ylidsgZ9. 

(iu) Dibenzo(b,d)selenin derivatives. The angular isomer 437 of selenoxanthene and the 
corresponding selenoniaphenanthrene (438) have been prepared by a Pschorr cycli- 
zationg3O (equation 193). Hydride abstraction from 437 by trityl perchlorate is only 

PhSeH -I- 

3. Pschorr 
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partial. The pK,+ values of 438 and of its 0 and S analogues (0: - 5.96; S: - 1.67; Se: 
- 4.28)”’ have been compared with the pK,+ values of other similar cations. Indole 
analogues of the selenin 437, namely (l)benzoselenino(3,4-b)indoles, have been prepared 
by constructing the indole ring from the phenylhydrazone of selenochromanone 3%ag3’. 

b. Tellurium derivatives. The chemistry of telluroxanthone and its derivatives is much 
more recent. Acidic cyclization of the Te analogue of 430 failed, due to  destruction of the 
precursor. From the acid chloride 440, a non-cyclized rearrangement isomer, o- 
benzoylbenzenetellurenyl chloride (441), is obtained in the presence of Lewis acids; the 
reaction proceeds via an ips0 attack on the carbon attached to the Te atom followed by 
cleavage of the aromatic C-Te bond932 (equation 194). This isomer 441 cannot be 
cyclized f ~ r t h e r ’ ~ ’ , ’ ~ ~ .  

A similar rearrangement occurs in the thiophene series932. Telluroxanthone (443) is 
therefore obtained by more complicated methods. It first preparation was realized in 
1979 with a 2% yield by a double nucleophilic ring-closure of 2,2’-benzophenone bis- 
diazonium salt (442) with Na,Te934 (equation 195). 

(442) (443) 

Another method consists of the oxidation of Te-dichlorotelluroxanthene with pot- 
assium d i ~ h r o m a t e ’ ~ ~  or chromium t r i ~ x i d e ’ ~ ~ .  The dichloro precursor is prepared by 
electrophilic cyclization of 44693’.936. It can be dechlorinated to telluroxanthene (445), 
which can also be obtained by reaction of Te with 2,2’-dilithi0diphenyImethane~~~ 
(equation 196). 

The characterization of telluroxanthone is troublesome. Its melting point (1 16 “C) is 
anomalously low compared with selenoxanthone (191 “C), and the vc,,in the IR spectra 
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measured by two research groups are different ( I  590 and 1640cm-'). Furthermore, the 
more logical melting point (202 "C) given in the first publication934 was later regarded as 
erroneous by the same authors. Telluroxanthene is characterized by reactions typical of 
diary1 tellurides such as Te-dihalogenation. Quaternarization by Me1 is achieved only 
with an equimolar amount of silver p e r ~ h l o r a t e ~ ~ ~ .  Telluroxanthone is transformed to 10- 
telluroniaanthracene perchlorate, the first known telluropyrylium compound, by the 
standard methods used for the Se analogues (equation 192). These salts also react at 
position 9 with various n u c l e ~ p h i l e s ~ ~ ~ .  The 9-Ph derivative gives with zinc a stable 
radical which can be reversibly dimerizedg3'. A 1 -formyl-2 -+ 8-heptahydrotelluroxan- 
thene has been surprisingly obtained from bis(2-formylcyclohexen-I-yl) telluride939. 

B. Two Heteroatoms without Nitrogen 

1.  Monocyclic systems 

n. Heterontoms i n  the 1,2-position : 1,2-dichnlcogennnes. The structure of the reaction 
products of substituted butadienes with selenous acid (equation 197) at room tempera- 
ture, previously proposed as selenones of 2H,SH-selenophene, is actually of a cyclic 
seleninic ester type, namely 4,5-disubstituted I-oxa-2-selena-4-cyclohexene-2-oxide 
(447)940. However, the structure of the corresponding sulphone was confirmed in a 
parallel reaction with SO,. Formation of the 1,2-diselenane 448230 leads to  a problem 
similar to  that for 1,2-diselenolane. The compound is a low-molecular polymer, present as 
the monomer only in solution941. The 3,6-dicarboxy derivative is prepared by hydrolysis 
of rac-di(se1enocyano)adipic acidg4,. 

(447) (448) 
b. Heteroatoms in the 1,3-position: 1,3-dichalcogenanes. 1,3-Oxaselenanes, 1,3-thiasele- 

nanes and 1,3-diselenanes (450) were prepared for conformational studies, from reactions 
of 1-hydroxy- and 1-mercapto-propaneseleno-3-01s and from 1,3-propanediselenol 
derivatives (449), respectively, with acidic aqueous formaldehyde or d i c h l o r ~ m e t h a n e ~ ~  
(equation 198). I ,3-Diselenane-2-selone (a triselenocarbonate) and 1,3-diselenane-2- 
dimethoxycarbonylmethylene (a ketene diselenoacetal) have been obtained from the 
reaction of 1,3-dibromopropane and CSe,533 or of CSe, and malonate anion534, 
respectively. The only 1,3-heteratelluranes known are 1,3-tellurasilane derivatives, 
obtained from dimethyl(chloromethy1) (y-chloropropyl)silane943. 

HY (CH&SeH - 
or CH,CI, 

(449) (4W 
Y = 0, S, Se 

c. Heteroatoms in the 1,4-position. ( i )  1,4-Dichalcogenanes. These compounds (452) are 
obtained by two different methods; the more general one consists of a double nucleo- 
philic substitution of P,P'-dichloroethylchalcogeno ethers (451) by the chalcogenide anion 
(equation 199). 1,4-Oxaselenane (Z = 0, Y = Se, 33%)231*944 1,4-thiaselenane (Z = S, 
Y = Se, 44%)945 (but not Z = Se and Y = S)g46, 1,4-diselenane (0.3% from LizSe)94', 1,4- 
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n 
(199) Z(CH2CH2C1)2 + M2Y - Z 

WY 
(451) (452) 

oxatellurane (Z = 0, Y = Te, 46%)232 and 1,Cthiatellurane (Z = S, Y = Te, 6%)94s were 
obtained by this method. The yield of 1,4-diselenane can be improved to 10% starting 
from ethylene bromide and aluminium ~ e l e n i d e ~ ~ ~ .  These heterocycles easily form 
complexes on Se or Te with halogens. 1,4-Diselenane gives easily the bis-selenoxide, and is 
quaternarized by Me1947. The second method consists of an electrophilic addition of 
selenium tetrahalidegS0 or tellurium tetrahalide238 to the diallyl ethers or thio ethers 453 
(equation 200). A methanolic solution of potassium selenocyanate and cupric chloride 
gives the same type of derivative 454 (X = OMe)951. 

(453) (454) (455) 

(200) 

(ii) 1,4-Dichulcoyenins. 3,5-Dimethyl-1,4-thiaselenin (455) (Y = Se, Z = S) and the 
corresponding 1,4-0xaselenin~~~ have been prepared by dehydrohalogenation of 454; 
formation of 2,5-diphenyl-1,4-diselenin by basic thermolysis of phenylacetylene with Se 
has been reported9””, while tetra(trifluoromethy1)-1,Cselenin is prepared from cis-1,2- 
diiodo-l,2-(triiluoromethyl)ethylene and Se952b-c. However, the general method of pre- 
paration of 1,4-dichalcogenins (457) consists of the bis-nucleophilic addition of chalco- 
genide anion or hydrogen chalcogenide to the bis-acetylenic system 456 (equation 201) 
(R’ = H ;  R2 = Me, Et, t-Bu; Y = S, Se, Te; Z = S953*954, or P(0)R956, in the two 

A : l R Z  (201) 
R’-CsC-Z-C=C-RZ + Na,Y - 

R’ 

(457) 
(456) 

last cases with R’ = R’). When this method was applied to alkenyl alkynyl sulphoxides 
and Na2S or NazSe it gave the S-oxides of 2,3-dihydro-1,4-dithiin and 1,4-thiaselenin9”. 
The 2,3-dihydro derivatives 459 are prepared by a more versatile method: a mixed ring 
closure from 458 is based on a nucleophilic substitution of the halogen followed by 
addition to the alkyne (equation 202)958. 1,4-Diselenin can also be obtained by 
thermolysis of 1,2,3-~elenadiazoles~~~. 

No2Y 
R’-c=c--s (CH,),CI - 

R’ 

(458) 

2. Benzo-condensed systems 

(459) 
Y = Se, Te 

Only two publications have appeared relating to this area. The first one reports the 
formation of 3-formyl benzo(e)-1,2-thiaselenin-l, 1-dioxide (460), from the oxidation of 
thiochromenes with four moles of SeO, in pyridine (equation 203). The unsubstituted, 6- 
Me, 7-Me and 8-Me and 5,8-, 6,7- and 6,8-di-Me derivatives were preparedzB9 with yields 
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10s (203) 
R a  5 Rat" - R z H  b 

- so2 d h  
0 0  

(460) 

of 35%. The structure of 460, which is a rare example of a selenosultone, has been proved 
by X-ray diffraction. Compound 460 loses quantitatively SO, by thermolysis and its 3- 
formyl group can be transformed to the 3-carboxy and the 3-ethoxycarbonyl functional- 
ities. The second report deals with the formation of 462 by a simultaneous addition and 
electrophilic substitution of SeBr, on phenyl ally1 ether (461)959 (equation 204). 

SeBr, 
PhOCH,CH=CH, - 

3. Dibenzo-condensed Systems 

a.  Phenoxaselenins and phenoxatellurins. The main synthesis of phenoxatellurins 
consists of heating TeCI, and diphenyl ethers at temperature ofca. 200 "C. In this way the 
parent compound 466, which is the first derivative of the series, was prepared in 
19269600.961 (equation 205). Under milder conditions, 463 was initially obtained, but it 

TeCI, 160-200 OC 

120 oc 
Ph20 - p-CI,TeC,H,OPh - 

TeCI, 

Cl'\Cl 

. -  

9 lo I 

isomerizes a t  higher temperatures to 464. Dechlorination can be affected by sodium 
~ u l p h i t e ~ ~ ~  or s ~ l p h i d e ~ " ~ .  The method has been applied to  the preparation of various 2,8- 
disubstituted derivatives: 2 , 8 - d i m e t h ~ I ~ ~ ~ ,  2,8-difluoro9", 2 , 8 - d i ~ h l o r o ~ ~ ~ . ~ ~ ~ ,  2-chloro- 
8 - r n e t h ~ I ~ " ~ . ~ " ~  and 2-fluor0-8-methyI~~~. The 2,8-dibromo derivative cannot be 
prepared by this method. It is obtained in 86% yield by bromination of the dibromo 
analogue of 465967. The 4'-substituted analogues of 464 can be conveniently obtained 
from the corresponding 2-chloromercuri salts and TeCI,. By cyclization they give 2- 
monosubstituted phenoxatellurins (e.g., 2-Me, 2-COOH)968. The 2-nitro derivative 
cannot be prepared by this reaction but it is obtained by nitration of 466, via the 
corresponding 2-nitro-10, 10-dinitrate96'*968, together with the 4-nitro and the 2,6- and 
2,8-dinitro derivatives. It gives by reduction the 2-amino analogue. The reaction described 
in equation (205) does not work with SeCI,, whose chlorinating power is too high. The 
phenoxaselenin was obtained for the first time in 192S9'0 from 466 and Se and the mixture 
of the two chalcogenins was separated via their 10,lO-dibromides. The parent phenoxase- 
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3. HNO, 
coon 

CI - 
(467) 

1 .  b S 2 4  

2.Cu Bronze 

0 

(468) 

(469) 

lenin.469 was also synthesized ten years later from a suitably substituted aminodiphenyl 
ether 467971 (equation206). Phenoxatellurin is stable in acidic medium, but extruses Te 
in basic medium, with formation of diphenyl ether961. The Te atom can also be lost 
by replacement with S966 or Se. The tellurium dichloride 465 gives dibenzofuran by 
treatment with degassed Raney Ni and C U ~ ’ ~ .  The strong ability of the Te atom to react 
with halogens can be used to dehalogenate gem-dihal ide~~’~,  such as phenoxaselenin 
dibromide. Analysis of the dipole moments of phenoxachalcogenins (0: 0.55D; S: 1.18; 
Se: 0.73; Te: 0.38) leads to the conclusion that these molecules adopt a non-planar 
conformation in solution, and are folded along the axis of the two heteroatoms. UV and 
photoelectron spectroscopic data support these concl~s ions~’~ .  Phenoxachalcogenins 
form conductive complexes with TCNQ, and the conductivity, of the order of lo-’- 
1080hm-’ cm-’, shows no significant change with the nature of the c h a l c ~ g e n ~ ~ ~ .  

b. Phenothiatellurin. This has been prepared with a yield of 40% by the method 
described in equation (205), starting from TeCI, and diphenyl thioether, at temperatures of 
ca. 250°C976. The structure has been confirmed by transforming it to  thianthrene by 
means of S9’j .  

c.  Selenanthrene. The first synthesis of selenanthrene (471)977 which was achieved in 
1896 and gave later an improved yield of 44%337 consists of the reaction of Se with 
thianthrene tetraoxide 470 (equation 207). Selenanthrene was also prepared in 70% yield 

(470) (471 ) 

by Japanese workers at the same time as the 1-Me, 2-Me and some polymethyl derivatives 
(473), from 2-(methylseleno)diphenyl selenides 472 and H,S04 in the presence of 
zn738,9in (equation 208). Selenanthrenes were also obtained in high yields by 
pyrolysis of 1,2,3-benzoselenadiazoles, and this was the first example of a new method 
which led later to  important developments (see Section on condensed 1,2,3-selena- 
diazoles), for the synthesis of many 1 ,Cdiselenin analogues. Selenanthrene has also been 
prepared in 8% yield by heating benzeneselenenyl chloride with P205737, in 50% yield by 
reaction of potassium amide with diphenyl selenide in liquid ammonia979, in 9% yield by 
pyrolysis of tetraphenyltin with Se at 300 0C980 and in low yield from l-aminobenzo- 
triazole and Se02981. 2,3,7,8-Tetramethoxyselenanthrene, obtained by Se insertion by 
SeO, into o - d i m e t h o ~ y b e n z e n e ~ ~ ~ ,  has been studied as a charge-transfer A donor983*984. 
Perfluoroselenanthrene can be produced by heating o-diiodotetrafluorobenzene with Seat 
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(472) (473) 

320 "C, whereas loss of a Se atom occurs at higher  temperature^^^^.^^^. Selenanthrene can 
be easily oxidized to the 5,lO-dioxide with nitric acid via the dihydr~nitrate"~, as well as 
with hydrogen peroxide, and the dioxide is also obtained by hydrolysis of the Se, Se- 
tetrachloro derivativegs7. 

d .  Telluranthrene. Telluranthrene (475), whose production was claimed in 1964 from 
the reaction between tetraphenyltin and Te metalgg8, was actually prepared in 72% yield, 
and well characterized, in 1981 by Dereu and Zingaro from hexameric o- 
phenylenemercury (474) and TegS9 (equation 209). Telluranthrene is convered thermally 
to dibenzotellurophene. X-ray diffraction confirms the structure and shows a dihedral 
angle of 124" between phenyl ringsgg0. Selenanthrene is also obtained by this method, but 
in only 5% yield. Perfluorotelluranthrene has been prepared by heating diiodotetra- 
fluorobenzene with Te and Br, at 300 "C, and subsequent debromination with Na,Sgg1" 

C. Two Heteroatoms with Nitrogen 

1 .  Monocyclic systems 

a. 1,3-Selenazines. Only one 1,3-selenazine has actually been described: the 4H 
derivative 477 is obtained from the Se heterocycle 476, which serves as a potential 
heterodiene towards an (equation 210). However, some 0x0 derivatives 
are known: the 4-0x0 compound 2-chloro-4-oxo-l,3-selenazine is produced by 
hydrochloric acid ring-closure of Z-P-(cyanoseleno)acryloyl chloride991b. The 4-0x0- 
5,6-dihydro 2-diphenylamino-5,6diphenyl derivative is obtained (38% yield) from 
1,l-diphenylselenourea and diphenylcyclopropenone. Selenoamides, contrary to thio- 
amides which give normal reaction, lead only to a diselenole system by Se insertion into 
the small ring4". Reaction of N,N'-dimethyl (or dipheny1)selenourea with methyl acetyl- 
enedicarboxylate gives 4-oxo-2-methylimino-(or 2-phenylimino)-3-methyl-(or pheny1)- 
6-ethoxycarbonyl-3,4-dihydro-selenazineggz, whose ring can be dihydrogenated 
for confirmation of its structure. Some perhydroselenazines 480 (R' = H, R2 = 
Me, 4-XC,H4 (X=H,  C1, Br); R' = R Z = M e )  have been prepared by a general 
method from (di(y-aminopropyl) diselenide and a carbonyl compoundgg3 
(equation 21 1). Compounds 480 can be N-benzoylated in pyridine, but not in aqueous 

(476) (477) 
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NoOH 

PhCOCl 
- PhCOSe(CHzbNHCOPh 

(481) 

alkaline medium, where they convert to the N,Se-dibenzoyl derivative 481, a reaction 
parallel to that of the corresponding five-membered ring. The 2-iminoperhydroselenazine, 
the first derivative of this ring-system, is known since 1890, and obtained by boiling y- 
bromopropylamine and potassium selenocyanate in aqueous solutiongg4. Some 4-0x0-2- 
imino and 2,4-dioxo derivatives are prepared from trichloromethylpropiolactone and Se- 
ethylselenopseudoureagg5. Reaction of NaHS with cinnamoyl isoselenocyanate gives the 
corresponding 6-phenyl-4-oxo-2-thioxo system996. 2-Amino-1,3-selenazinium salts are 
obtained from /I-chloropropenylideniminium salts and N-substituted seleno~reas~~' .  
Mesoionic derivatives of anhydro-1,3-selenazinium hydroxides are formed from a 
reaction between a selenoamide and a 1,3-bielectrophile such as chlorocarbonyl phenyl 
ketene. 

b. 1,4-Selenazines. The reaction between aziridine, Se and 3-pentanone results in a 
direct selenization of the acidic CH group, and forms the 5,6-dihydr0-4H-l,Cselenazine 
482. By reduction of the ring, 482 leads to 2-methyl-3-ethylselenomorpholinegg* 
(equation 212). 482 can be normally N-acetylated to 484. 

AcpO 
/ \ 

H /  I H 
I 

\ A C  
I 

CH2-CHz I- Se + EtCOEt - HCOOH . [ N I B  [NvEt 
%*Me 

100 h \I Se Me NH 

2. Benzoselenazines and hetero analogues 

a. 1,3-Benzoselenazines. The only described products in this series are 2-chloro-1,3- 
benzoselenazin-Cone 486, prepared by cyclization of o-(cyanose1eno)benzoyl chloride 
with HCl, and its 2-dimethylamino d e r i v a t i ~ e 4 8 7 ~ ~ ~ * ~ ~ ~ ~ ~  (equation 213). A 4,8-dimethyl- 

'OCl HCI d N  ~ z N H  (213) 
a S & N  - %&I __* Se'NMez 

(485) (4%) (487) 
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2-imino-l,3-benzoselenazine-3-oxide has been proposed as the product between 3- 
methyl-2-cyanoselenoacetophenone and h y d r ~ x y l a m i n e ~ ~ ~ .  Two other derivatives have 
also been prepared but not reporteds9': the 2,4-dioxo derivative 488 is synthesized by 
ring-expansion of 2-ethoxycarbonylbenzisoselenazolin-3-one with Fe and acetic acid. It is 
exclusively methylated on N with diazomethane. 2-Methyl-2,3-dihydrobenzoselenazin-4- 
one (489) can be formed from 2-acetylbenzoselenazolin-3-one and Zn in acetic acid. 
Hypophosphorous acid gives only a ring-opening in this reaction, but not the subsequent 
ring-closure. Pyrido-(3,2-e) and (3,4-e)-1,3-selenazine-4-one-2-thione or -2-selone have 
been recently obtained'000b 

(488) (489) 

b. 1,4-8enzoselenatines. Behagel and R ~ l l m a n n ' ~ ~ '  prepared the first derivative of the 
series (491) by reduction of o-nitrophenyselenoacetic acid and direct cyclization. It is also 
obtained from the Zn salt 492 and chloracetyl chloride'002~1003 (equation 214). By a 

H 
I 

Fs/AcOH 2 C O C H 2 C I  [a'$ 
SeCH2COOH Zn 

(490) (491) 

similar procedure, reaction of 492 with acetylenedicarboxylic acid results in the 2- 
carboxymethylene derivative of 4911004. When reated with PzS5, 491 is transformed to 
the corresponding t h i ~ n e " ' ~  which is further condensed with bromoacetone to give 1- 
methylthiazolo(2,3-c)-1,4-benzoselenazine, a compound used for further synthesis of 
cyaninedyes. From 492 and o-bromoacetophenone in DMF a mixturecomprising 50% 3- 
phenyl-2H-l,4-benzoselenazine (493), 30% 2-phenylbenzoselenazole and 20% benzosele- 
nazole is formeds9'. Like its S analogue, the 2-methylene group of 493 is easily oxidized 
to  give the system 494 and its oxidation derivative 495 (equation 215). By reaction with 
SeO, in pyridine, a product of ring-contraction, 2-benzoylbenzoselenazole has been 
isolated, besides 2-phenylbenzoselenazole. 

F'hCOCH2Br 

DMF 

(493) (494) 

3. Dibenzochalcogenazines and hetero analogues 

a.  Phenoselenazines. Phenoselenazine (497) and its 2-chloro derivative have been 
prepared by the reaction of diarylamines (e.g. 496) and SeC1,lOOs-lOOs (equation 21 6).  
Bauer has also prepared the 4-nitro and the 2,4-dinitro derivatives1009 from o- 
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aminoselenophenol and picryl chloride. Various reactions on the N of 497 have been 
performed: methylation '005*1007, cyanoe thy la t i~n '~~~ ,  attachment of aminoalkyl de- 
rivatives for pharmacological screening'010, alkylation' O '  and aroylation'OOa. Friedel- 
Crafts has been and the N-aroyl derivatives have been oxidized to the 
corresponding selenoxide with phenyl iodosoacetatelO' 3. The dimerization of the cation 
radicals of phenoselenazine and of its benzo(c)derivative, prepared by equation (216), has 
been studied'014. Monopyrazine and monoquinoxaline analogues of 497 have been 
prepared by reaction of 492 with 2,3-di~hloropyrazine'~' and 2,3-dichloroquinoxaline 
r e s p e c t i ~ e l y ~ ~ ~ * ' ~ ' ~ .  Se analogues of methylene blue, in particular 3.6- 
bis(dimethylamino)phenoselenazinium have also been prepared and studied'0'6-Lo' * as 
selenazine dyes. They are obtained by the general reaction of equation (216) by using 
H,Se, or by bromination of 497, followed by amination. 

b. Phenotellurazines. The chemistry of phenotellurazine is very recent. The first 
publication deals with the preparation of a monoquinoline analogue, the 1H- 
dibenzo(b,q)-4-tell~ra-1,8-naphthyridine'~' ', obtained from 2-anilinoquinoline and 
TeCI,, followed by dechlorination with Na2S03. 2,8-Dimethyl-5-ethylphenotellurazine 
(499: R' = Et, R 2  = Me)'''' and the 5-methylphenotellurazine (499; R' = Me, 
R2 = H)IoZ1 are prepared by reaction of the 2,2'-dilithio derivative 498 with TeCI, and 
TeCI,, respectively (equation 217). The direct reaction of TeCI, on the amine 496, a 
reaction working well for the synthesis of phenoxatellurine, failed completely. 

R' R' 

D. Three Heteroatoms without nitrogen 

Nearly all the known derivatives of this series are of the 1,3,5-type. Compound 500, the 
first known derivative of the 1,3,5-dioxaselenane type, also known as the monoselenium 
analogue of paraldehyde, is prepared by reaction of H,Se with acetaldehyde in aqueous 
acidic solution, near 0 oC1022. Similarly, the parent derivative is obtained from for- 
maldehyde, together with 1,3,5-0xadiselenane'~'~. The parent 1,3,5-oxadiselenane (501) 
i s  also obtained from cz,a'-dichlorodimethyl ether and Na,Se in methanol'024. This 
compound is easily polymerized. The symmetric 1,3,5-triselenane (502a), the trimer of 
selenoformaldehyde, is the best known of these compounds. It was first obtained in 
1915102s and again in 19381u2h, but it was incorrectly formulated as selenoformaldehyde. 
It was prepared in 1950 in 11% yield by reaction of H,Se with acidic formaldehyde, or by 
hydrolysis of a, a'-dichloromethyl selenide' 027 and identified as the trimer. The by- 
products of the former reaction are a linear polymer and a tetramer. The structure was 
confirmed by X-ray crystallography. 502a was also later obtained from dichloromethane 
and Na2Se1028~1029, and in 1982 by the first method1030. It is decomposed by C1, to 
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Se-0 Y-Y 

(501) (502) 

I\ne'Se'Me [se J LYJ 
(a) Y = Se 
(b) Y = T e  

(500) 

dichloromethyl selenide, diselenide and chloromethylselenenyl chloride'027. The 
trimethyl homologue of 502a is prepared similarly from acetaldehydeIoz2. The 1,3,5- 
tritellurane analogue 502b is also similarly prepared1031-'033. More recently i t  has been 
obtained by reaction of Te on the methylene produced by thermolysis of diazom- 
ethane'034. Its chemistry remains unexplored. Among the other Tederivatives, the 1,3,2- 
benzodioxatellurane has been prepared according to the general synthesis of dialkoxytel- 
lurides by trans-esterification of diols, by using o-hydroxybenzyl alcohol as the d i 0 1 ' ~ ~ ~ .  A 
1,2,6-selenadigermane is also known' 036. 

E. Three Heteroatoms with Nitrogen 

7 .  One nitrogen 

Three 5,6dihydro-1,4,3-oxaselenazines were obtained in 1979 1,4-cycloaddition of 
styrene to the heterodiene Se=N=C=O system of N-benzoyl~elenimides'~~' (equa- 
tion 218). This was the first six-membered system with Se linked to N. The 5- 
trichloromethyl-3-imino-3~-1,4,2-thiaselen~ine-l, 1-dioxide, a unique member of this 
ring system is obtained via the general ring-opening of fl-lactones with Se- 
ethyl selenourea, except that the propiolactone is replaced by a propiosultone' 038. N- 
Methyl-l,3,5-perhydrodiselenazine is obtained by thermolysis of a eight-membered ring- 
system, a diselenadiazocane' 039 (cf. equation 225). 

Ph 
0 

x \  II PhCH =: CH, 
,Se=N-C-Ph - 

Y 

x' 'Y 

(503) (504) 

2. Two nitrogens: selenadiazines 

a. 1,2,4-Selenadiazines. Reaction of allylthiourea and selenium monochloride leads to 3- 
thioxo-6-chloromethyl-l,2,4-perhydroselenadiazine'040". 5-Methyl-3,4-diphenyl-l,2,4- 
benzoselenadiazine has been prepared recently by thermolysis at 180 "C of the ylid form of 
a diaza analogue of selenabenzene, 5-methyl-1,3-diphenyl-lA4, 2,4-benzoselena- 
d ia~ine"~ '~ .  This reaction is parallel to that in the sulphur series. 

b. 1,2,6-Selenadiuzines. Se insertion in o-diamines by means of SeO, has been applied 
to 1,8-diaminonaphthalene, giving 1 H,3H-naphtho( 1, 8-cd)-lI 2,6-selenadiazine'041. This 
reaction could not be reproduced, but with SeOCl, the corresponding 1H,3H-2- 
selenoxide has been isolated in 51% yield. Applied to the tin double salt of 1,4,5,8- 
tetraaminonaphthalene (505), this reaction leads by double Se insertion to naphtho (1,s- 
c,d:  4,5-c',d') bis-1,2,6-selenadiazine (506)'04' (equation 219). 
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(219) 
@ ----+ SaOCI, 

\ 

NH2 NHZ 

(505) (506) 

c. I ,3,4-Selenadiazines. Reaction of 4-arylselenosemicarbazides with a-haloketones 
does not give five-membered selenazoline derivatives, but 2-arylamino-Ssubstituted 6H- 
1,3,4-selenadiazine 507637*'0'3 (equation 220). A structural proof is based on the reaction 
of the 6-methylene group with p-nitrobenzaldehyde. The isolated intermediate eliminates 
Se easily, as in the sulphur series. 

YN\N 
ArNHC(=SelNHNH, f BrCH2COR ___) 'SeANHAr (220) 

(507) 

d. 1,3,5-Selenadiazines. The reaction of primary amines, formaldehyde and CSe, ' 044 or 
phenyl isoselenocyanate and NaSeH1045 leads to tetrahydro-1,3,5-selenadiazine-2- 
selones. By reaction with H2Se and formaldehyde, benzylamine, contrary to other 
aliphatic or aromatic amines, gives 3,5-dibenzyl-1,3, helenadiazine, a six-membered ring 
derivative, instead of an eight-membered ring1039 (see Section VILA). A tricyclic 
dibenzoselenadiazinium dibromide, a dipyrido analogue of selenoxanthene, has been 
synthesized' 046 by a reaction parallel to that in the sulphur series, but which failed in the 
corresponding oxygen and nitrogen series. 

F. Heteroatoms 

1-Oxa and l-thia-4-selena-2,6-disilanes or -digermanes are formed by bis-nucleophilic 
attack of the appropriate dichlorodisiloxane or digermoxane by Na,Se1047~'048. In the 
Te series, the 3H,6H-l,2,4,5-tetratellurin is formed by reaction of K,S03 and methylene 
bis(tel1urium trichloride). The structure has been confirmed by mass spectrometry, NM R 
and Mossbauer spectroscopies' 049. 

VI. SEVEN-MEMBERED RINGS 

A. One Heteroatom 

1 .  Monocyclic systems 

In 1931 Morgan and B ~ r s t a l l ~ ~ '  prepared selenepane in low yield by the general 
procedure of ring-closure from Na,Se and 1,6-dibromohexane. The 1,1,3,6-tetrachloro 
derivative is obtained by reaction of 1,Shexadiene with SeO, in concentrated HCI1O5O. 
The 3,6-dimethoxy derivative is also formed in small amounts in the oxyselenation of 1,5- 
hexadiene with potassium selenocyanate and Cu saltsgs1. 

2. Benzoselenepins and analogues 

5-0xo-2,3,4,5-tetrahydrobenzose1enepins (509) (homoselenochromanones) can be syn- 
thesized by the electrophilic ring-closure of the corresponding y-arylselenobutyric acids 
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(508) with PPA, or of their chlorides with SnC14863.1051. Compounds 509 have been 
transformed by standard methods to homoselenochromanols (510), the corresponding 
homochromenes (511) and homochromans (equation 221). The method has been applied 
to various derivatives of 509 (7-Me, 7-t-Bu, 7-Br, 9-Me, 6,g-di-Me and 7,8-di-Me) and to 
the naphthos66, benzofuro(2,3-b) and benzoselenolo(2,3-b)analoguess70. 

3. Dibenzoselenepins 

a. Dibenro(b,f)selenepins. The 10,ll-dihydro-10-keto compound 513 and its 8-chloro 
derivative have been prepared in 47% yield by the classical electrophilic ring-closure from 
512. Compound 513 is transformed successively to the corresponding 10-hydroxy, 10- 
chloro and 10-amino derivatives (514) required for the synthesis of analogues of 
psychotropic benz~thiepins'"'~ (equation 222). By reaction of N-methylpiperazine 
with the ketone 513, the parent dibenzoselenepin itself (515) has been obtained as a by- 
product together with the corresponding expected enamine'053. 

N R ' R ~  

CH2COOH 

SePh 3. RWNH 

(512) (513) (514) 

(515) 

b. Dibenzo(b,e)selenepins, The isomer 516 of 513 has been similarly prepared and 
transformed to the amino derivatives1054. 

c. Dibenzo(c,e)selenepins. A third system, 517'05', and its 3,g-diphenyl deri~ative'"~ 
have been synthesized from the 2,2'-dibromomethylbiphenyls and Na,Se. 
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4. Condensed telluracycloheptane 

phonate and Na,Te1057. 
A steroidal telluracycloheptane has been prepared from a steroidal methanesul- 

B. Two Heteroatorns 

1.  Without nitrogen 

Treating 1,5-pentanediseIenocyanate with alcoholic KOH gives a compound regarded 
as 1,2-diselenepane, but which is probably, as are its lower ring homologues, a low- 
molecular-weight polymer828. The intramolecular oxyselenation of diallyl ether gives 3,6- 
dimethoxy-1,4-oxaselenepane in isomeric mixture with the six-membered ringgs1. By the 
general reaction of chloroalkylthioalkynes with alkali metal selenide and telluride, 
Brandsma and coworkers have prepared 5H-6,7-dihydro-1,4-thiaselenepin and -thiatel- 
lurepin and their 3-Me, 3-Et, 3-r-Bu and 3-Ph derivatives (518)958 (equation 223). 

R-C=C-S(CH,),CI + Na2Y - (223) 
R 

Y = Se, Te 
R = H, Me, Et, t-Bu, Ph 

2. With nitrogen:selenazepines 

Investigations on the condensation of the Zn salt 492 with mesityl oxide'058, 3- 
methylhept-3-en-5-0ne'~'~ and crotonic acid1060 resulted in the preparation of the 2,3- 
dihydro-1,5-benzoselenazepines 519 (R = Me, Et), and of the lactam 520. The dioxo-1,4- 
benzoselenazepine 521 has been isolated in 74% yield as major product in the reaction of 
N-methylbenzisoselenazolin-3-one with acetic anhydride and sodium acetate602. 

C. Three Heteroatorns 

By the general method of trans-esterification of diols a seven-membered dialkoxytel- 
h i d e  is obtained from 2,2'-dihydro~ybiphenyI'~~~. A new heterocyclic system, the 2H, 
7H-1,4,5-selenadiazepine ring 523 has been obtained by reaction of equimolecular 
amounts of hydrazine and selenodiacetophenone 522 (equation 224)'O6I". This ring 
undergoes easy thermal ring-contraction to afford the corresponding pyridazine 524. 

(224) '"f,'U" - Ph 
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VII. LARGER RINGS 

A. Eight-membered Rings 

Two tetraselenocane isomer rings are known. The 1,2,5,6-tetraselenocane, a bis- 
diselenide of diselenoethylene glycol, has been obtained by alkaline hydrolysis of 1,2- 
ethanedi~elenocyanate~~~~~'~. Its dibenzo-condensed system is mentioned as an air 
oxidation derivative of 1,4-benzenediselenol" '. The 1,3,5,7-tetraseIenocane, a cyclic 
tetramer of selenoformaldehyde, is isolated as a by-product from the reaction of 

(525) (526) 

dichloromethane with Na2Se1OZ8 and from H,Se and formaldehyde, which also give the 
trimer and the  ent tamer"^^. The cyclic pentamer, 1,3,5,7,9-pentaseIenecane, is also 
isolated in the former reaction1029. 3,7-disubstituted perhydrodiselenadiazocines 
525 (R = Et, n-Pr, n-Bu, Ph, n-Hex, PhCHMelOJgb) are the products generally 
formed in the reaction of formaldehyde, H2Se and a primary amine except for 
benzylamine. These eight-membered rings are thermally unstable and are decomposed to 
perhydro-1,3,5-diselenazines (526)1039b (equation 225). The general ring-enlargement of 
benzoxazolium and benzothiazolium salts has been extended to the benzoselenazolium 
salt 527, giving the dibenzo-l,4-selenazocine system 528 (equation 226)"'. 

CHO 

6. Macrocycles 

A few Se-containing peri-bridged naphthalenes are known, including the monoselena 9- 
membered ring 5291062 and the tetraselena 14-membered ring 530g07. The latter is 
obtained by alkaline hydrolysis of 1,8-di(cyanoselenomethyl)naphthalene. A 7-membered 
cyclic diselenide, the corresponding 'monomer' seems to be the primary product of 
reaction, and this dimerizes easily to 530. A dioxaditellura 14-membered ring has been 
synthesized from sodium orthophthalate and diaryltellurium d i ~ h l o r i d e ' ~ ~ ~ .  Among 
meta-substituted benzene macrocycles (metacyclophanes), the 2,l l-diselena- 
(3,3)metacyclophane ring system 531 has been synthesized in S-lO% yield by reaction of 
m-xylylene dibromide with anhydrous Na2Se'064s or KSeCN'064b. The corresponding 
bis-diselenide, namely 2,3,12,13-tetraselena(4,4)metacyclophane (532), has been authenti- 
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cally obtained by alkaline hydrolysis of m-xylylene diselenocyanate. Its structure has been 
confirmed by its thermal conversion to 53110"5, and the dynamic stereochemistry has 
been studied1066. 

q:9 (532) 

(531) 

VIII. SPIROHETEROCYCLES 

The known spiroselenium heterocycles are generally saturated ring systems, where the Se 
function is a selenide (four-membered ring). a diselenide or a mixed five-membered 
sulphide and selenide ring system. They are prepared according to equation (227) (X = 
Y = Br). Four-membered ring systems (534; n = l), where the first ring may be a 
cyclohexane (2-selenaspir0(3,5)nonane)~', an oxetane'06'b or a second identical selenetane 
(2,6-diseIenaspir0(3,3)heptane)'~, are obtained in this last case by a double ring-closure 
from sym-tetrabromoneopentane. For the diselenide ring system (reagent KSeCN), the 
first ring is also either a c y c l ~ h e x a n e ' ~ ~ ~  or an oxetane1061b. The corresponding mixed 
selenide and sulphide is prepared by reaction of Se with the corresponding four-membered 
2-thiaspiro(3,5)nonane1 OfiEa. The selenone corresponding to the 2-~elenaspiro(3,5)nonane 
is directly obtained by thermal cyclization on the seleninate 533 (Y = Se0,Na) in a sealed 
tube". 

(533) (534) 

A 1,6-dioxa-5-selena(5-Se1")spiro(4,4)nonane-2,7-dione has been obtained by another 
method, consisting of oxidation of 3,3'-selenodipropionic acid'068b. 

IX.  BRIDGED SelTe HETEROCYCLES 

l-Vinyl-2-selenabicyclo(3.2.0)hepten-3-one is obtained as a by-product of reaction of Se 
with vinylacetylene'O"s". 1,3,5-Trimethyl-7-selenabicyclo(2.2.l)heptane-2,3-dione is pre- 
pared by SeO, oxidation of a cyclic diketone526b. A 8-selena-2-azabicyclo(3.2.l)octane 
535 is formed through a second ring-closure of dimethyl 4-chloro-2,7-dimethyl-4H- 
azepine-3,6-dicarboxylate by H,Se, or by ring-enlargement of the corresponding 
halomethyldihydr~pyridine'~~~, via the same intermediate and with the same Se reagent. 
Among the bicyclononane analogues the 9-selenabicyclo(3.3.l)nonane 536 is obtained by 
oxyselenation of cis,&-1,5-cyclooctadienegs'. The oxathiaselenabicyclo(3.3.l)nonane 
537 is also known and is prepared from a tetraiodomethylene c y c l o b ~ t a n e ' ~ ~ ~ .  Based on 

H 
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stereochemical and mechanistic considerations, and episelenonium bridged ion has been 
suggested as intermediate in the reductive elimination of /?-hydroxyselenides of 
bicyclo(4.2.l)nonatriene in a superacid medium'071. A tellura-bridged heterocycle, 
namely 9-tellurabicyclo(3.3.l)nona-2,6-diene (538) has been prepared with 18% yield by 
reaction of Na,Te with 3,7-dibromo-l,5-cyclooctadiene. At 175 "C the reaction leads to a 
bicyclo(5.0.0)octadiene107z~1 073 with bromine elimination induced by telluride anion. A 
selenatricyclo(2.2.1. I)octane has been obtained by reaction of norbornadiene with 
SeBr41074. Some selenaadamantanes have also been prepared'075. A 2,4,6,8-tetra- 
selenaadamantane and a 2,4,6,8,9,lO-hexaseIenaadamantane are formed by a route 
similar to the preparation of the S analogue60b. 
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1. INTRODUCTION 

In discussing tetra- and higher-valent Se and Tecompounds it is of interest to consider the 
following hypothetical molecules, which, following Musher', are called selenane (l), 
tellurane (2), perselenane (3) and pertellurane (4). 
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H H H H 

I \H 
H 

(&\+++ H (A;e,\\\*\+ H %,,,, I #+“ H 

I \H H H/TY\H H 
H 

(1) (2) (3) (4) 

Simple derivatives of these systems d o  include TeCI,, SeF,, SeF,, TeF, and HOTeF,. It 
should also be noted that the indicated nomenclature is different from that recom- 
mended’s3, but we feel that Musher’s system is more suitable for analysis of all the delicate 
stereochemical problems involved and the system has also been used in a recent 
comprehensive review4. Likewise Martin5 has recently used this nomenclature when 
describing a non-dissociative permutational isomerization of a pertellurane. Reich6 has 
advocated the name ‘selenurane’ instead of selenane because the word selenane has been 
used as a name for selenacyclohexane (5). We feel, however, that selenacyclohexane is an 
excellent name for 5 and ‘selenane’ a confusing one for that molecule. Hence the name 
selenane should be reserved for 1. 

0 
(5) 

To illustrate Musher’s system, consider diphenyldibromotellurane (diphenyltellurium 
dibromide, by conventional nomenclature) which has been determined’ by X-ray analysis 
to be of structure 6a, i.e. with the halogen atoms in apical positions. The five (still 
unknown) topomers 6b-f are also expected to  be stable and spectroscopically observable 
even though it might not be possible to  isolate them, due to the likely existence of intra- or 
inter-molecular equilibration (topomerization). 

(64  (64 (60 

In this connection it is also of interest to  note that, in agreement with VSEPR theorys, 
all telluranes studied so far9*” have their electron pairs in equatorial positions, whereas 
tetravalent organotellurium compounds of the general structure 7 invariably have a 
pyramidal arrangement around Te. However, with a suitable choice of substituents or ring 
constructions other isomers might become favourable (cf. Ref. 11). 

R ?-  

X = 0, NR, CR, 
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The classical problem” with a- and b-forms of Me,TeI, has been resolved by 
Einstein’ 3*14, who found that while the a-form is e,e-dimethyl-a,a-diiodotellurane (8) the 
8-form has in fact the more complex structure 9. 

(8) 

In this connection the reDortls bv Ziolo 

(9) 

and Giinther about the simultaneous 
formation of at least two cryst‘alline forms of 1, I-diiodo-3,Cbenzo-I-telluracyclopentane 
(10) is of interest. It was concluded that the two forms are polymorphs. 

Although all diorganyldihaloselenanes and diorganyldihalotelluranes studied so far 
have, in the solid state, the halogen atoms in apical positions the situation might be 
different in solution. In fact there are indications (dipole moment measurements)16 that 
diphenyldichloroselenane, which has the chlorine atoms in apical positions in the solid 
state (i.e. lla), might in solution (e.g. benzene) prefer other arrangement(s) around the 
central atom (e.g. l lb) .  Such topomers, with one or both chlorine atoms in the equatorial 
position, should be stabilized by solvation as indicated. 

( 1 1 4  (1W 
In solution the situation is also complicated by equilibria of the following type (Z = Se, 

Te; X = halogen): 

RzZX+ + X - = R 2 Z X 2 e R 2 Z . .  . X , e R , Z  + X, (1) 

Problems involved in these equilibria have been studied with various spectroscopic 
techniques” including Se- and Te-NMR. Particularly suitable for such studies is the 
analysis of magnetic circular dichroism (MCD) data’ 

II. PREPARATION AND PROPERTIES OF RZX,, R,ZX, AND R,ZX 

A. General Aspects and Preparation of ArZX,, Ar,ZX, and Ar,ZX 

Many tetravalent organotellurium and organoselenium compounds are readily 
available via direct methods as indicated by equations (2)-(6). ZC1, (or the related 
combinations TeO,/HOAc/LiCl and SeO,/HCl, respectively) are the reagents of choice. 
If the substrates are insufliciently reactive, addition of AICI, or other suitable Lewis acids 
might be beneficial’*. Benzene, for instance, will not react with TeCI, even at reflux 
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temperature but addition of AICI, (1  equivalent or more) will cause a vigorous reactionIg 
that might even yield Ph,TeCI. Benzene and a SeCI,-AICI, reagent will not simi- 
larly’0*3’*67-69 yield Ph,SeCI although Ph,SeCI, can be arylated to Ph,SeCI by 
benzene in the presence of AICI,. 

CHC13 AnH 

AnH + TeCI,- AnTeCl,-An,TeCl, (2) 
A A 

An = p-MeOC,H, 
2 6 h  

AnH + SeCI,- An,SeCI, 
r.1.  

TcC14 

AICI, 
PhH - Ph,TeCI 

(3) 

(4) 

As indicated above, TeCI, is acting as a moderate electrophile (a pseudohalogen with a 
reactivity somewhere between I, and Br,) with an excellent selectivity for telluration and 
only highly reactive substrates such as undeactivated indoles” will be chlorinated. 
Actually, more than 150 aromatic substrates have been successfully converted into 
ArTeCI, or Ar’TeCl, in high yields. For tabulations see Refs. 3 and 4. 

The electrophiles ZCl, and ArZCl, do show a strong preference (equations 2 and 3) for 
attack in the para position and the ortho/para ratio is unusually low. Thus An,TeCI, is 
readily isolated as beautiful crystals in 90% yield” by reacting TeCI, with anisole at reflux 
temperature. 

ArTeX, Ar,TeX, and Ar,TeX are generally nice crystalline compounds that are easy to 
store. The aryltellurium trihalides are sensitive to moisture and are hydrolysedZ3 to 
(ArTe(O)),O. The diaryltellurium dihalides are usually quite insensitive to moisture and 
An,TeCI,, for example, can be nicely crystallized” from ethanol. Treatment of 
diaryltellurium dihalides with NaOH will give diary1 telluroxides, Ar,TeO. Similar 
exchange  reaction^'^-^^ have been performed with, for example, AcO-, SCN- and 
MeO- to yield the expected substitution products. Diary1 selenium dihalides behave 
similarly”. 

Triaryltellurium halides are often distinctly i o n i ~ ’ ~ , ’ ~  (hence they should be written 
Ar,Te+ X-)  and can often be recrystallized from water or ethanol/water. Needless to say, 
exchange reactions are easy to perform. Thus addition of a solution of KI in water to a 
solution of Ar,TeCl will cause the precipitation of Ar3TeI. The low solubility of this iodide 
can be utilized for isolation, e.g. if the compound is prepared according to equation ( S ) ,  or 
the variant (6). As indicated, reaction (6) is suitable for the preparation of unsymmetrical 
compounds. 

Preparations according to equations (5) and (6) are relatively complicated and the yields 
are often unsatisfactory3. 

ArMgX + TeCl, -P Ar,TeX 
Ar,TeX, + RMgX -+ Ar,RTeX 

( 5 )  
(6) 

Ziolo and Titus3’ and McWhinnie and ~ o w o r k e r s ~ ~ * ~ ~  have made extensive studies of 
the structural and solution chemistry of this class of compounds. Solution conductivities 
and molecular weights show triaryltellurium halides and pseudohalides to be associated 
non-electrolytes in weakly polar to non-polar solvents such as chloroform and benzene 
and weak to strong electrolytes in polar solvents. 

The triphenyltellurium pseudohalides, Ph,TeN,, Ph,TeNCO, Ph,TeNCS and 
Ph,TeNCSe, do all show much more complex IR absorptions in the 1900-2000cm-1 
region than one a priori should expect. These facts are explained in terms of their 
oligomeric structures3’. 
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Ziolo and coworkers3' have also recently found that Me,TeCI, and Ph,TeCl, undergo 
direct facile (25 "C in H,O/CH,OH) phenylation reactions with NaBPh, to produce 
Me,TePh+ BPh,- and Ph,Te+ BPh4- respectively. Tellurium tetrachloride in benzene 
similarly undergoes triarylation with excess NaBPh, to yield Ph,Te + BPh,-. 

Triarylselenium halides have also ionic character and their chemistry is similar to  that 
of Ar,TeX, although they are more prone to  undergo decomposition in solution according 
to equation (7). 

R3ZX + R,Z + RX (7) 

According to  Ogawa,' Ph,Se+Br- is not formed when PhMgBr is allowed to 
react with Ph,SeBr,. Instead Ph,Se and biphenyl are formed, possibly via 
the unstable tetraphenylselenane (equation 8). The non-formation of Ph,Se + Br- thus 
provides still another difference (cf. equation 6) between organoselenium and organotel- 
lurium chemistry. On the other hand Ogawa3' could prepare Ph,Se+ Br- in fair yields 
using equations (9) or (1 0). 

Ph,SeBr, + PhMgBr + [Ph,Se] + PhSePh + PhPh 

PhMgBr + SeOCl, + Ph,Se+ Br- 

Ph,SeO + PhMgBr + Ph,Se+ Br- 

(8) 

(9) 

(10) 

In contrast to  the Te series, very few33 aromatic compounds have been converted into 
ArSeC1, or Ar,SeCI, with SeCI, or SeOCI, (cf. equations 2 and 3), which are much more 
reactive than TeC1,. Here chlorination is a much more serious problem. Sometimes 
dehalogenations occur (cf. equation 1) and selenides are formed, which might react further. 
Thus 1,2-dimethoxybenzene, when treated3, with H,Se03 at 130-1 50 "C, will give 12. 

M e 0  MeomSDmoMe Se OMe 

(12) 

Electrophilic cyclization reactions of suitable diary1 selenium dichlorides d o  occur 
readily,', as exemplified by equation ( 1  1). 

160 OC - 
Ph CI- 

There have been no similar cyclizations reported in the Te series. 

RSeX, + RSeX + X, 
RSeX,R + RSeR + X, 

(1  2 4  
(12b) 

RSeR-RSeX, ( 12c) 
xz 

X l  

orS02CI, 
RSeSeR -RSeX + RSeX, 

RSeCN - RSeX, 
X, 
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Generally speaking, diorgan ylselenium dihalides and monoorganylselenium trihalides 
are much less stable than the corresponding Te isologues. The selenium trihalides are 
generally prepared from3, diorganyl diselenides or selenocyanates (i.e. by indirect 
methods) under carefully controlled conditions as indicated by equations ( 1  2c- 
12e). Actually very few organyl selenium trihalides have been isolated using direct 
procedures and it is tempting to suggest that the often cited stable product 1337, obtained 
by treating methyl salicylate with SeCl,, might in fact be the isomer 14, which should be 
stabilized by Se-OH coordination. Certainly this problem should merit a detailed study. 
In this connection the reported38 formation of 15 from the reaction of o-cresol with SeO, 
in the presence of HCI is of interest, as well as the reported39 formation of (4- 
HOC,H,),Se+ CI- together with an unidentified isomer from the reaction of phenol with 
SeOCI,. 

@ OH Me CI,Se'&C02Me .... OH 

(, @ se' CI- Me 

SeCI, OH 

(13) (14) (15) 

In addition to the direct methods for the preparation of tetravalent organo-selenium 
and -tellurium compounds discussed above, other methods, involving, for example, 
oxidative addition to selenides and t e l l ~ r i d e s ~ ~ * ~ ~ * ~ ~  as well as exchange  reaction^^^^^^-^^ 
of organometallic and organoelemental compounds, are frequently used. The last- 
mentioned technique is particularly useful for the preparation of unsymmetrical 
compounds of the type RZX,R'. 

R,Te + (SCN), + R,Te(SCN), (1 3) 
R,TeI, + HOSO,Cl-+ R,Te(OSO,CI), + 2 HI (14) 

RC,H,Si(CH,), + TeCI,- RC,H,TeCl, (15) 

ArHgCl + Ar'TeCI, + ArTeC1,Ar' + HgCI, (16) 
AnTeCI, + Ph,Pb, + AnTeC1,Ph (17) 

4-EtOC6H,TeCI, + AnH + An,TeCI, + PhOEt (19) 
ArHgX + PhH + ArH + PhHgX (20) 

to1"ene 

rcflur 

4-EtOC,H4TeCI3 + 1,3-(HO),C,H, +4-EtOC,H4TeC1,C,H,(OH),-1,3 (18) 

Direct methods for the preparation of unsymmetrical diaryltellurium dihalides can 
sometimes be used, particularly when the aromatic reactant is readily susceptible to 
electrophilic aromatic substitution (equation 1 8)5 I .  In other cases (equation 19) exchange 
reactions" might be troublesome. Nothing is known about the mechanism of such 
exchange reactions in the Te series (they are unknown in the Se series) but related 
exchange reactions in the Hg and TI series have been ~ t u d i e d ' ~ - ~ ~  using kinetic methods 
(equation 20). 

TeBr, and SeBr, are less reactive than the corresponding chlorine compounds and 
should be interesting alternatives when sensitive (notably n-excessive heterocyclic) 
reactants are involved. TeF, and SeF, are certainly interesting reagents for introduction 
of Te and Se into organic substrates, albeit that very limited information is available in the 
literature. Actually no compounds of the types ArZF, or Ar2ZF, have been prepared using 
these reagents. Compounds of the type R,SeF, were prepared for the first time by Wynne 
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and P u ~ k e t t ~ ’ . ~ ~  by treating a selenide with AgF, (equation 21) 

A8Fz 
ArSeAr -Ar,SeF, 

By this reaction also, aliphatic derivatives such as dimethylselenium difluoride and 
diethylselenium difluoride can be obtained. Later other fluorinating agents60-66 such as 
SF,, XeF,, F, and C1F have been used as examplified by equations (22)-(25). 

Other methods for the p r e p a r a t i ~ n ’ ~ . ~ ’  of organic Te and Se compounds containing 
fluorine depend on exchange reactions (equations 26 and 27). 

Ph,Te + Ph,XF,(X = S,Se) + Ph,TeF, + Ph,X (22) 

(CF,),Te + CIF-(CF,),TeCIF (234 

(23b) 

(24) 

ArZAr- ArZF,Ar (25) 

- 7 8  o c  

(CF,),TeClF -+ (CF,),TeF, + (CF,),TeCI, 

(CF,),TeX, + X, -+ CF,TeX, + CF,X 
SF.$ 

IIF 
Ar ,TeO- Ar ,TeF, 

B. Reactions of ZX, and RZX, with Carbonyl Compounds 

TeCl, and SeCl, (and related reagents, e.g. SeOC1,) d o  readily attack a wide variety of 
aliphatic and aromatic ketones, as indicated in equations (28)-(34). Early studies in the 
field were made by Morgan and Elvins7’, Michaelis and K ~ n c k e l l ” ~ ~ ~  as well as others7,. 
Thus, condensation of acetone and of methyl aryl ketones with ZX, readily occur in ether 
or chloroform yielding dichlorides. The products are often unstable and, particularly in 
the presence of HCl or HBr, a-haloketones as well as other products are formed. 
Sometimes quite unexpected products are formed (equation 3 The selenapyrylium 
salt formed in this reaction undergoes dimerization in the presence of base to  give 16; it is 
not yet clear which of the two possible isomers (16a or 16b) is formed. q+ 

(164 ( 16b) 

Silylated carbonyl compounds d o  react readily with ZX, (equations 32 and 33)75 and 
might offer advantages when sensitive materials are involved. The reaction according to 
equation (32) quickly yielded (PhCOCH,),TeCl, as colourless silky needles. However, so 
far, very few interactions between electrophilic Te and Se species and silylated reactants 
have been studied. Much more research in this area is desirable. It should be added that 
the activation of the ketone indicated in equation (33) is not always necessary. In many 
cases RTeX, will give reactions with unactivated ketones76. 
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PhCOMe 

PhCOMe + ZCI, PhCOCH2ZCI, - (phCOCH,),ZCI, (28) 

Tec l2 (29) b MeCOCH,COMe -t TeCI, - 
0 

MeCOCH2COMe + SeCI, - (30) 
Me 

0 0 

t 

T e c h  
PhC( =CH,)OSi Me,- (PhCOCH 2)2 TeCI + ClSi Me, (32) 

(33) 
PhC(=CH,)OSiMe, + p-EtOC6H,TeCl3 + p-EtOC6H,TeC1,CH,COPh + CISiMe, 

Morgan and Elvins'' studied the interaction of TeCI, with several unsym- 
metrical ketones and claimed, for example, the formation of (PrCOCH,),TeCI, from 2- 
pentanone. This regiochemistry is, however, erroneous and O ' B ~ i e n ~ ~  has recently shown 
by NMR studies that the correct structure is (MeCOCHEt),TeCI,. O'Brien also 
isolated the compound 17 from the condensation of acetone with TeC1,. The structure of 17 
was verified by an X-ray analysis (the C-Te distance is 2.15A and the 0-Te distance is 
2.44A) and it was concluded that acetone did first condense to 4-methyl-3-pentene-2- 
one(mesityl oxide) (18), which is subsequently attacked by TeCI, at one of the y-methyl 
groups. 

Bis(benzoylmethy1)tellurium dichloride, (PhCOCH,),TeCl,, is sensitive to light and 
has been considered7' for imaging purposes in photographic processes. The products 
from equations (29) and (34)'9 are also of interest in this respect. 

The solution photochemistry of ( PhCOCH2),TeCl, has been studied in detail by 
Marsh and coworkers" who found that the compound undergoes facile fl-cleavage of 
the C-Te bonds and an intramolecular Norrish Type I1 photoelimination reaction as the 
sole photochemical processes. Te and acetophenone are the two major photoproducts 
formed during photolysis of (PhCOCH2),TeCI, at 313 nm in degassed hydrogen atom- 
donating solvents, while photolysis in degassed solutions of benzene or acetonitrile yields 
Te and PhCOCH,CI as principal photoproducts. In addition smaller amounts of 1,2- 
dibenzoylethane and acetophenone are produced. 

In view of the interesting properties found for (PhCOCH,),TeCI, and related 
compounds it is surprising to find that (PhCOCH,),Te is not reported in the literature. 
Attempts7' to prepare this divalent Te compound by sulphite reduction failed, due to C- 
Te bond cleavage. On the other hand Ajello found8' that the Se isologue, 
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(PhCOCH,),SeCI,, can be successfully reduced by zinc powder in CS,, a method 
introduced by Kunckell and Zimmermann72. Pyrosulphite reductions are also possible”. 
Ajello also reported that (PhCOCH,),Se with hydrazine yielded the seven-membered 
compound 19. 

Me 

(17) (18) (19) 

Very little seems to be known about reactions between aldehydes and tetravalent Se and 
Te reagents, and defined Se- or Te-containing products have not yet been published in 
spite of extensive studiesE3 of the reactions of SeOJHCI with aldehydes in the area of 
analytical chemistry. However, very recently”’ the formation of 2,6-dialkoxy-3,5-dialkyl- 
1,4oxaselanacyclohexane 1,l-dichlorides by reaction of aliphatic aldehydes with SeO, in 
alcohols containing aqueous HCI has been reported. 

An interesting distinction between SeC1, and TeCI, in their reactions with acetyl- 
acetone has already been observed by Morgan and  coworker^'^*'^. Thus SeC1, will attack 
the CH, group to yield what was finallys7 identified as the diselenetane shown in equation 
(30), while TeCI, will attack the Me groups yielding the cyclic tellurium dichloride shown 
in equation (29). The structures given in the original papers for these two products were 
erroneous and were later corrected (e.g. the diselenetane by NMR studies)86 and 
finally verified by X-ray cry~tallography’~-~~. 

1,5-Substituted acetylacetones will also give products of type 20. In fact only when the 
carbon atoms 1 and 5 do not bear any hydrogen atoms will TeCI, attack the CH, group. 
Thus, dibenzoylmethane yields the unstable compound 21. 

0 
PhCOCH(TeC1,)COPh 

TeC$ (21) E (20) 

R R Z ~ ~ = ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~  I 

(23) 

O n :  

(22) 

Finally, it might be mentioned that attempts have been madeg5 to explore the unique 
regiochemistry in the product 20b (from the reactions of derivatives of acetylacetone with 
TeCI,) for synthetic purposes. However, attempted coupling reactions (e.g. with degassed 
Raney nickel) gave a disappointingly low yield of the desired cyclopentan-1,3-diones 22 
and the major isolated products had the structure 23. Further experiments in this area, e.g. 
with silylated reactants, would be of interest. 

The outcome of the reactions between Se reagents and 1,3-diketones is strongly 
dependent on the specific structures as underlined by equations (35) and (36). In none of 
these reactions were diselenetanes o b ~ e r v e d ~ ~ - ~ ~ .  The formation of 1 -chlorocyclohexan- 
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1,3-dione probably proceeds via the selenium dichloride indicated in equation (35). This 
chlorine insertion reaction is closely related to the transformations (RSeR + Br, + RBr 
and RSe(0)R + HBr + RBr) reported by Krief and coworkersg9. 

MeOH X I  

Acetic anhydride and TeCI, in a 6:l molar ratio in chloroform yield 
bis(carboxymethy1)tellurium dichloride and CH,(TeCI,), (equation 37), as discovered by 
Morgan and coworkers'OO*'O'. The primary condensation products are most likely 
derivatives of acetic anhydride. Hydrolysis to the acid derivative (HOOCCH,TeCI, has 
also been isolated in some experiments) occurs during isolation of the products. 

I ,  TcCI, 

MeCOOCOMe ------tCl2Te(CH,C0OH), 2 .  n20 + CH,(TeCI,), (37) 

The ability of tellurium tetrachloride to  react with homologues of acetic anhydride 
diminishes rapidly with increasing size of the hydrocarbon chain. Whereas trichlorotellu- 
ropropionic acid has been obtained in the reaction with propionic anhydride and identified 
as the ditelluride, the reaction with butyric and isovaleric anhydrides causes reduction of 
tellurium tetrachloride and formation of unidentified productsI0'. 

Reduction of CH,(TeCI,), yields 1,2,4,5-tetratelluracyclohexane (24)' oo*'02. The 
structure of 24 is supported'" by mass spectrometry, NMR data and "'Te Mossbauer 
spectroscopy. The interesting compound CH,(TeCI,), has recently been prepared in 
better yields by W ~ d l ' ~ ~ . ' ~ ~ ,  who has also used this compound for the preparation of 
some interesting conducting polymers (CH,Te,),. For further details see the chapter on 
Se/Te-con taining polymers. 

C. Reactions of ZX, and RZX, with Alkenes and Acetylenes 

1.  Reactions with alkenes 

Selenium and tellurium tri- and tetra-halides undergo addition reactions with alkenes 
to  form three principally different addition compounds 25-27 as shown in equation (38), 
The regio- and stereo-chemistry are not indicated in this simplified scheme but will be 
discussed separately. 
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527 

(27) 

In the Se series, no examples of compound 25 seem to be isolable from selenium 
tetrahalides and olefins. However, these compounds are undoubtedly formed as reactive 
intermediates during the preparation of compounds 26. The reaction of SeBr, with 
benza la~etone '~~ affords products where the unstable 1 : 1 adduct 28 has undergone a 
cyclization reaction (equation 39). The formation of benzoselenopheno[2,3-b] ben- 
zoselenophene (29) from SeOCl, and 1,l-diphenylethylene provides a more complicated 
example of a similar series of reactions'06-'08. 

PhCH=CHCOR + Seer, [PhCHBrCH(SeBr3)COR] + 

(29) 

On the other hand, compounds of the type 25 are quite stable in the Te series. Tellurium 
tetrachloride and cyclohexene yield the crystalline adduct 30'09-' ' . S' imilar addition 
compounds are obtained from ethene' '', pr~pene"~ ,  E -  and Z-2-butene, 1 -decene, 
cyclopentene, cyclooctene' 13.' and 1,5-cyclooctadiene1' '. Tellurium tetrabromide and 
ethene the 1 : I adduct BrCH,CH,TeBr, (31). 

ac' TeCI, 

Compounds 26 in the Se series are readily available via several methods. 
Diselenium dichloride, Se2CI2, and ethene produce a bis(P-chloroalky1)selenium 

dichloride 32 as shown in equation (40) I " , '  I * .  This process does involve several steps, 
including the formation of SeCI, (equation 41), which is probably the active selenating 
agent. Diselenium dichloride is then functioning as a chlorinating agent to give the 
observed product (equation 42). The described procedure is useful only for a limited 
number of olefins and often results in formation of bi@-chloroalkyl)selenides' 19*'  or 
mixtures with the corresponding selenium dichloride' *. 
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2 CH,=CH, + 2 Se,CI, + (CICH,CH,),SeCI, + 3 Se 
(32) 

Se,CI, + SeCI, + Se (41 1 
sc 2CI 2 

SeCI, + 2CH,=CH, +(CICH,CH,),Se-32 
- 2 S e  

Selenium oxychloride behaves in a similar way to diselenium dichloride towards olefins. 
Selenium dioxide is a by-product in this process (equation 43)12'. 

2 CH,=CH, + 2 SeOCI, + 32 + SeO, (43) 
The most general method for the synthesis of compounds 26 uses selenium dioxide in 

aqueous hydrochloric or hydrobromic acid, respectively, for the generation of SeCI, and 
SeBr,38*' 2z- '  24. The synthesis of bis(2-chlorocyclopentyl)selenium dichloride (33), exem- 
plifies this process (equation 44). 

(33) 

Ethene, propene, I -hexene, styrene, allyl chloride, allyl bromide, methallyl chloride, 
methallyl bromide, vinyl chloride, vinyl acetate, cyclohexene' 24 as well as methyle- 
necyclobutane, allylbenzene and allyl phenyl ether' 25*' 2 6  have been treated analogously 
with SeCI, and/or SeBr,. 

The reaction of SeCI, and SeBr,, respectively, with olefins under non-aqueous 
conditions represents another method of obtaining compounds 26. Thus, styrene and 
SeCI, afford compound 34 in high yield (equation 45)12'. Ethene, p r ~ p e n e ' ~ " ' ~ ~ ,  E- and 
Z-2-butene' 30, 1 -hexene, I-pentene, c y c l o h e ~ e n e ' ~ ~  and vinyl chloride' I 9  yield similar 
products with SeCI,. SeBr, gives addition compounds with ethene',' and allyl 
bromide' 1 9 .  

(45) 

One problem with these reactions is the halogenating properties of selenium 
tetrahalides. Uemura' 31,1 32 has observed chlorination of cyclohexene, cyclooctene and 
norbornene with SeCI, and Migalina'33 has similarly observed halogenation of a series of 
styrenes using SeCI, and SeBr,. 

Compounds 26 are not so well represented in the Te series, but a few examples are 

butene135 and cyclohexene"'*'23 to give normal 1 :2-addition compounds. A 1,4-addition 
is observed for butadiene"' which yields compound 35. However, under slightly different 
reaction  condition^'^^ (refluxing acetonitrile instead of CCI, at 30-60 "C), a 2,5- 
dihydrotellurophene 36 is obtained as the only product. The latter is probably a 
cyclization product of the former (loss of 1,4-dichloro-2-butene). 

2 PhCH=CH, + SeCI,-+ (PhCHCICH,),SeCI, 

(34) 

known. Tellurium tetrachloride can be combined with ethene' ' 2 *123 ,  propene' "* '  34 , I -  

The unsaturated acid 37 undergoes internal lactonization 'during 
TeCI, to give a symmetrical bis-adduct 38' lo .  

the reaction with 
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Similar cyclizations are observed when y- and 8-hydroxy olefins are treated with 
tellurium dioxide, TeO,, in acetic acid containing lithium chloride (this system might be 
viewed as a source of TeC14)137. The oxidative cyclization of 2-allylphenol is shown in 
equation (46). These adducts are nice crystalline compounds. The NMR spectra do 
indicate coordination between 0 and Te. 

Tellurium tetrabromide forms the symmetrical adduct (BrCH,CH,),TeBr, (39) with 

mrOI3 MeSeCI, 

ethene' 16. 

NO2 

(40) (41) 

The few known compounds 27 in the selenium series were all prepared by Garratt and 
coworkers138-140. They added 2,4-dinitrophenylselenium trichloride (40) and b- 
methylselenium trichloride (41), respectively, to simple olefins like propene, 2-methyl- 
propene, E- and Z- 1 -phenyl- 1 -propene, E- and Z-Zbutene, 3-methyl-1 -butene and 3,3- 
dimethyl-1-butene. Mixtures of compounds resulting from Markownikoff and anti- 
Markownikoff addition were frequently obtained, as shown for the addition of 40 to 2-1 - 
phenyl- 1 -propene (equation 47). 

SeCIZAr 

40 + phxr __+ L h f t "  
Ar = 2,4-dinitrophenyl 

Various aryltellurium trichlorides were added to olefins to obtain compounds 27 in the 
Te series. Phenyl-, 4-phenoxyphenyl-, 4-ethoxyphenyl- and 1 - and 2-naphthyl-tellurium 
trichloride, respectively, yielded compounds 42 with c y c l ~ h e x e n e ~ ~ ~ ~ '  lo.  

+ zhHck (47) 
H CI Me ArSeCIZ Me 

TeC12Ar 

(XCI 
(42) 

2-Naphthyltellurium trichloride was similarly allowed to react with propeneI4l, E- and 
Z-Zbutene, 1 -decene, cyclopentene and cyclohexene114. Lactonization was again obser- 
ved when the unsaturated acid 37 was treated with a series of aryltellurium trichlorides 
(equation 48)'09*110. 
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Ph 

UemuraI4' allowed aryltellurium tribromides to react with a series of olefins in different 
alcohols to obtain (8-alkoxyalkyl)aryltellurium dibromides. A typical example is shown in 
equation (49). When the solvent was changed to aqueous tetrahydrofuran or aqueous t- 
butanol a hydroxy group could be similarly introduced in the 8-position. 

(49) 
MeOH 

PhTeBr, - 
cyclohexene 

Both selenium and tellurium tetrahalides undergo addition reactions with diolefins to  
give heterocyclic products. Thus, n ~ r b o r n a d i e n e ' ~ ~  gives compounds 43 using either 
SeBr, or TeBr, (equation 50). Bicyclo(3,3, I)nona-2,6-diene (44) similarly affords com- 
pound 45 with SeCI, and SeBr4I4, and TeCI, added to 2,2'-bicyclopentene to  give 
compound 4614'. 

X 
(44) (45) 

x = CI, Hr 

(43) 
Z = Se, Te 

TeC12 clmc' 
Selenium tetrachloride generated in aqueous medium gives a selenophene derivative 47 

with butadienelZ3. The analogous reaction with TeCI, (generated from TeO, and 
HCl(aq.)) apparently does not work. As already mentioned, TeCI, and butadiene form 
I ,  1 -dichloro-2,5-dihydrotellurophene (36) in acetonitrile' 36. 

An unusual selenathietan, 48, has been claimed as the product from divinyl sulphone 
and SeBr4'46. 

"'j-.. Br 

(47) (4) 
1,SHexadiene forms an addition compound 49 with either diselenium dichloridelZ0 or 

selenium tetrachlorideL4'. This material was first erroneously formulated as a seven- 
membered compound 501 24. 
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(49) (50) 

Migalina and isolated the Te isologue of compound 49 from the reaction 
of TeC1, with 1,5-hexadiene in ethyl ether. However, during a recent reinvestigation of this 
reaction'49, products 51 and 52 were isolated. This is the first example of a Te-induced 

TeC$ " ' 7 9 -  TeCI, 

(51) (52) 

carbon-carbon bond formation in reactions with olefins. The 1,6-diolefins 53 undergo 
addition reactions with selenium and tellurium tetrahalides to  form six-membered 
heterocyclic compounds (equation 51)147.'48*' 5 0 .  

(53) Z = Se, Te 
X = C1, Br Y = 0, S, NH, NMe 

However, when TeC1, and diallyl sulphide were allowed to interact in acetonitrile, only 
one double bond was involved in the reaction, yielding the zwitterionic compound 54 
(equation 52)149. 

n+ 
S(CH2CH=CH2)2 + TeCI, C T e C l ,  (52) 

CI 

(54) 

A series of N-acyldiallylamines behaved similarly' 5 1 .  Treatment with TeC1, and/or 
TeBr, afforded a series of zwitterionic oxazolines 55 (equation 53). This is another 
example of an internal cyclization during the addition of a tellurium tetrahalide to an 
unsaturated system. 
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2. Reactions with acetylenes 

Selenium and tellurium tetrahalides undergo addition reactions with acetylenes to give 
two different addition compounds 56 and 57 (equation 54); the regio- and stereo- 
chemistry of these reactions will be discussed separately. 

J. Bergman, L. Engman and J.  Siden 

(56) (57) 

No compounds of structure 56 seem to have been isolated from the reaction of selenium 
tetrahalides with acetylenes. However, they were undoubtedly formed as intermediates 
during the preparation of compounds 57. They were also postulated as intermediates in 
the synthesis of benzo(b)selenophenes according to equation (55)152*'53. 

Several examples of compounds 56 have been isolated in the Te series. Phenyl- and 
diphenyl-acetylene, respectively, yield compounds 58a and 58b when treated with 
TeC1,'54-' 56 .  A series of alkylphenylacetylenes has given similar resultslS6. 

phXR CI TeCI, 

(58) 

(a) R = H  
(b) R = Ph 

Compounds of the principal structure 56 have also been postulated as intermediates in 
the synthesis of benzo(b)tellurophenes from phenylacetylenes and tellurium dioxide in 
acetic acid containing a lithium halide (equation 56)' 5 7 * ' 5 8 .  

A 
4-RC6H,C=CH + Te(OAc),X,, 4 ~-RC,H,CX=CHT~(OAC)X~-~ + 

R 

(56) 
Examples of compound 57 can only be found in the Se series. Thus, acetylene 

was combined with SeC1, and SeBr,, respectively, to  afford compounds 59a and 
59b123*' 2 4 9 1 2 7 .  Phenylacetylene gave an analogous 

x>=(" "Mx, 
H Sex2 

(59) 

(a) X = CI 
(b) X = Br 



14. Tetra- and higher-valent (hypervalent) derivatives 533 

3. Regio- and stereo-chemistry of the adducts 

Although a considerable number of compounds of the different structures 25-27 and 
56-57 have been synthesized, surprisingly little is known about the regio- and stereo- 
chemistry of the additions. Consequently, the following conclusions have been arrived at 
from relatively few experimental observations. 

Concerning the regiochemistry of the additions of selenium tetrahalides and alkyl- and 
aryl-selenium trihalides, both Markownikoff and anti-Markownikoff addition has been 
observed. Equation (47) describes the non-regiospecific addition of 2,4dinitrophenylse- 
lenium trichloride to 2- 1 -phenyl-1-propene' 38. Mixtures of isomers were similarly 
obtained when selenium tetrahalides were allowed to react with allylic  halide^"^ and ally1 
benzene"'. The addition compounds 27 from selenium tetrahalides and terminal olefins 
have always been formulated as Markownikoff a d d u ~ t s " ~ ~ ' ~ ~ ,  e.g. compound 34127. By 
the use of modern spectroscopic methods, Garratt has shown that terminal monosubsti- 
tuted olefins give products 60 and 61 of anti-Markownikoff addition under kineticcontrol 
as shown in equation (57)l6O. Subsequent rearrangement allows the isolation of the 
thermodynamically more stable Markownikoff adduct 62. 

~ CI,Se(CHRCH,CI), 

(60) CI,Se(CH,CHCI R 1, (57) 
/ 

2 RCH=CH, f SeCI, 

RCHCICH,SeCI,CHRCH,CI 

(61) 

The stereochemistry of the addition of SeC1,130 and alkyl-139 and aryl-selenium'38 
trichlorides, respectively, to different olefins has been studied. A stereospecific anti 
addition was observed in all cases. 

Tellurium tetrachloride and organyltellurium trihalides always yield products of 
Markownikoff addition with olefins. However, the few examples of compounds 25-27 
include only terminal or symmetric 1,2-disubstituted olefins' " 9 '  14,134. 

Concerning the stereochemistry Moura Campos and Petragnani' ' have postulated a 
conventional anti addition mechanism as operative for both TeCI, and aryltellurium 
trichlorides. This mechanism has recently been confirmed for the addition of 2- 
naphthyltellurium trichloride to various olefins' 14. The oxytellurations described in 
equation (49) also occur anti-specificaIIy142. 

However, tellurium tetrachloride usually gives mixtures of syn and anti addition 
products when the reaction is carried out in chloroform. If a radical inhibitor (p-  
benzoquinone) is added in catalytic amount, the syn addition can be highly promoted. A 
more or less concerted syn addition mechanism (equation 58) is therefore postulated for 
the TeC1, addition, competing with a non-specific radical process (equations 59-61)' 14. 

TeCI, - 'RC13 + %I (59) 
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The few studies of addition reactions of SeC1, with acetylenes do not indicate the regio- 
and stereo-chemistry of the reaction. However, the reaction described in equation (55) has 
necessarily to involve an anti addition to allow cyclization to the benzo(b)selenophene 
system'52.' 53. 

have recently shown that the addition of tellurium 
tetrachloride to acetylenes is a syn process. This conclusion is based on a halodetelluration 
of the primary addition compound 63 which gives predominantly Z-dihaloalkenes 64 
(equation 62). 

Uemura and coworkers' 

CCI, I,/CH,CN 
P h C E C R  + TeCI, __* 

NBS/AICI, /CCI, 
TeCI, 

(63) (64) 

X = Br, I 

On the other hand, equation (56) does indicate that an anti addition might also occur 
under certain reaction conditions, to allow cyclization to a benzo(b)tellurophene' 57-158. 
When Sadekov' 5 5  heated compound 58b (unknown stereochemistry) in refluxing 
trichlorobenzene, the benzo(b)tellurophene derivative 65 was isolated. 

111. PREPARATION AND PROPERTIES OF R,Z 

As early as 1888 Marquardt and Michaelis161 made an unsuccessful attempt to prepare a 
tetraorganyltellurium compound. They treated TeC1, with Et,Zn, which yielded Et,TeCl. 
This telluronium salt when heated with Et,Zn gave Et,Te and butane. 

The first tetraorganyltellurium compound, Ph,Te, was prepared according to equation 
(63) by Wittig and Fritz'62 in 1952. Tetraphenyl tellurane could also be prepared from 
Ph,TeCI and PhLi. An excess of PhLi is necessary in these reactions, which does 
indicate the pentacoordinated species, Ph5Te- Li +, as an intermediate. 

Ph,TeCl, + 2 PhLi + Ph,Te (63) 

(67) 
(a) Z = Se 
(b) Z = T e  
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Ph,Te melts at 104-106°C with decomposition, but is apparently much more stable 
than Ph,Se because treatment of Ph,SeBr with PhLi gives Ph,Se and biphenyl. These 
facts can, however, be explained if Ph,Se is postulated as an unstable intermediate (cf. also 
equation 8). This postulate has further been substantiated by subsequent work by 
Hellwinkel and F a h r b a ~ h ' ~ ~ ,  who prepared, by treating compound 66 with 2,2'-di- 
lithiobiphenyl, compound 67a, which underwent ring-opening on treatment with water 
and KI  to give 2,2'-biphenylylcne-2-biphenylylselenonium iodide (68). 

Hellwinkel and Fahrba~h '~ '  also prepared compound 67b by reacting 2,2'-bipheny- 
lylene dilithium with THOCH,),, Te(OCH,), or TeCI,. Compound 67b, which crystal- 
lized as yellow needles and melted at 214°C is much more stable than tetraphenyltel- 
lurium. However, heating to 260 "C for 30 min leads to decomposition yielding 
dibenzotellurophene, biphenylene and tetraphenylene (equation 64). 

0 0  

0 0  
67b = OJJQ + Q p Q  + 8 

(64) 

The chemistry of the less stable Se isologue 67a parallells that of 67b. Attempts to 
introduce, with MeI, a fifth group to the spirocyclic Te compound 67b, resulted in a ring- 
opening which was interpreted in terms of a pentacoordinated intermediate or transition 
state (equation 65)'63. 

Another indication of a positively charged pentaorganyltellurium transition state or 
intermediate was found in the reactions of tetrabutyltellurium with methyl iodide 
(equation 66). In this reaction a high yield of trimethyltelluronium iodide was obtained 
and this has been explained by a series of electrophilic exchange processes involving 
pentacoordination around TeI6,. 

Me1 

Bu,Te+ I-  + BuLi+Bu,Te- (Bu,Te+Me)l- 

-Bu I 3 M e l  M e  1 

-Bu,TeMe-Me,Te-Me,Te+ 1- +C,H6 (66) 
- 3 Bul 

Reactions of related interest are given in equations (67), (68) and (69). The first- 

Me3Te4 I -  + 2, 2'-dilithiobiphenyl d p e M e 2  - 8 (67) 

0 0 
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TePhZ + BPh, 
m i - P h  + BPh, - A 

r.1. 
Ph,Te + t-BUSH - Ph2Te(SBu-l)2 Ph$ + t-BuSSBu-f 

mentioned is due to H e l l ~ i n k e l ' ~ ~  and the others are due to McWhinnie9. Mechanistic 
details of the decomposition of tetraorganyltellurium species have recently been discussed 
by Glover164, who also discussed the related reaction (70). 

also heated Ar4Te with known aryl-radical scavengers such as furan and 
styrene and found that the product pattern did not differ significantly from the neat 
reaction (Ar,Te + A). It was concluded therefore that the decomposition of R,Te is a 
symmetry-allowed concerted process and has an analogy in the reaction of tri- 
arylsulphonium salts with optically active alkyllithium reagents (equation 71). This 
reaction proceeds via the tetravalent Ar,SR* intermediate which does decompose with 
retention of configuration at R. 

Ar3S+ + R*Li -+ Ar,S + ArR* (71) 
The results of Glover's radical-scavenging experiments contrast with those from cross- 

over experiments. Thus, thermal decomposition of mixtures of Ph4Te and p-To1,Te in 
vacuo or in toluene under nitrogen gave, together with the expected symmetrical diary1 
tellurides and biphenyls, extensive amounts of 4-methylbiphenyl and phenyl 4-methyl- 
phenyl telluride. Since no aryl radicals could be trapped in these experiments it was 
proposed that the unsymmetrical products arose by a rapid random interchange 
(equation 72) of aryl ligands prior to decomposition. Analogous non-radical ligand- 
exchange reactions have been reported for organo-lead and -mercury compounds (cf. also 
equation 19). 

R' R' L- R"-TT- I ,,*" R2 
.-- R'-E 

R' 
I R' I 
R' R2 

IV. TETRAVALENT ORGANO-SELENIUM AND -TELLURIUM COMPOUNDS 
WITH Z-0, Z-S OR Z-N BONDS 

Selenoxides (R,SeO) have been studied intensely due to their importance in synthetic 
procedures and recent are available. This chemistry will therefore not be 
reproduced here. Some recent interesting entries do include the selective oxidation'67 of 
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RSH to RSSR and RSR to the corresponding sulphoxides and the introduction of 
R,Se(OCOCF,), as an oxidant in organic chemistry by Marino and L a r ~ e n ' ~ ~ . ' ~ ~ .  

Tellurium oxides (R,TeO), on the other hand, have been relatively neglected. This class 
of compounds and the closely related compounds, R,Te(OR),, can be prepared using 
methods already established in the Se series as exemplified in equations (73a) and 
(73b)65,' 70,'71. Alcock and Harrison172 have recently determined the X-ray structure of 
Ph,TeO. The compound is monomeric. 

O H  - 
R,TeX, R,TeO 

All the known telluroxides, R,TeO, are white solids. The water-soluble compounds give a 
basic solution, presumably due to formation of R,Te(OH),. In this connection it is 
interesting to note that the of the oxides increases in the series sulphoxide, 
selenoxide, telluroxide. 

Telluroxides have recently been used for synthetic purposes. Engman and Caval 74 
found that bis(p-methoxypheny1)telluroxide did function as a mild catalyst for a variety of 
aldol condensations. 

Lee and Cava175 and later also Uemura and Fukuzawa176 studied the elimination of 
alkenes from telluroxides (equation 74). 

PhTeBr,CHMeCH,R- PhTe(O)CHMeCH,R + RCH,CH=CH, + RCH=CHMe 

Sadekov and coworkers177 have recently found that Ar,TeO in i-PrOH reacts with 
formic acid at 60°C and with trichloroacetic acid at room temperature to give 
Ar,Te(OCOR), in high yields. The product from trichloroacetic acid, Ar,Te(OCOCCI,),, 
can be used as a source of dichlorocarbene as indicated in equation (75). 

OH - 

H 1 0  (74) 

CClZ (75) 
A 

Ar2Te(OCOCCI,), ___) Ar2TeC12 + COB -I- 
cyclohcrem 

Telluroxides, notably An,TeO, have recently been shown to be particularly mild and 
selective oxidants for a number of substrates'78.179. Phosphines can be oxidized to their 
corresponding oxides, while thiols are converted to disulphides. Oxidation of acyl 
hydrazines produces hydrazides in high yields, whereas aryl hydrazines affords arenes and 
symmetrical and unsymmetrical tellurides. Of particular significance is the fact that 
An,TeO does not react with a number of fairly easily oxidized substrates such as simple 
phenols, enamines and amines and heterocycles such as pyrrole and indole. 

Although a few tetraalkoxytelluranes, e.g. (MeO),Te, had already been prepared by 
Meerwein'" in 1929, their chemistry had not received much attention until the recent 
work by Denney ''I although PaetzoldI8' had studied a number of simple tetraalkoxyse- 
lenanes in the early '70s. Generally speaking, (RO),Se is much less stable than (RO)4Te 
and decomposition according to equation (76) is much more pronounced for the Se 
compounds. Thus (EtO),Te is a distillable colourless liquid, while (EtO),Se will readily 
decompose (above 0 "C) according to equation (76). However, it is well-known that 
electronegative groups do often stabilize hypervalent molecules and consequently 
Se(OCH,CF,), and related compounds are relatively stable distillable liquids181*183. 
Some preparative methods for various (RO),Se are given in equations (77)-(SO). 

(RO),Z -, (RO)2Z0 + ROR (76) 
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SeCl, + PrOH + 4 Et,N -+ Se(OPr), + Et,NH+ C1- (77) 

0 

SeCI, + 2 Ag2C20, lo>{lo + 4 AgCl (78) 
0 0  

0 0 

Se(OMe), + 4 ROH + Se(OR), + 4 MeOH 
PhSeBr, + 3 NaOMe + PhSe(OMe), 

(79) 
(80) 

Tetraalkoxyselenanes are stabilized when the central atom is incorporated in a five- 
membered ring. Thus compound 69a is a relatively stable crystalline solid'". The P M R  
spectrum of 69a at room temperature shows'".' 84 a single resonance. Upon cooling the 
spectrum becomes quite complicated and many lines can be observed. Addition of 
(diethylamino)trimethylsilane, a known acid and water scavenger, led to an extremely 
complicated but symmetrical ambient spectrum centred at 6 4.07. 

Compound 69b was also prepared as a crystalline solid. The PMR spectrum had 
resonances at 6 1.20 and 1.25 for hydrogens of non-equivalent pairs of Me groups. The 
I3C-NMR spectrum of 69b at room temperature showed two resonances at 6 24.40 and 
24.70, assignable to  pairs of non-equivalent Me group carbons. A singlet for the 
quaternary carbons appeared at 6 81.40. At - I12"C, the ',C-NMR spectrum of 
compound 69b exhibited two absorptions separated by 76 Hz at 6 79.0 and 82.8 for non- 
equivalent quaternary carbons. 

The low-temperature ' ,C-NMR spectrum is consistent with a static trigonal- 
bipyramidal, TBP, or nearly TBP structure. When the compound is warmed, a 
reorganization process occurs rapidly on the NMR time-scale which renders the 
quaternary carbons equivalent but not the pairs of Me group carbons. This process most 
probably involves axial-equatorial switching of the rings with the lone pair remaining in 
an equatorial position. 

The acid-catalysed process (equation 81) which renders all of the groups equivalent 
undoubtedly involves 70a and 70b in equilibrium with 69a and 69b, respectively. Switching 
of an equatorial position of the rings by ionization, rotation and ring-closure renders trans 
groups equivalent. This process, coupled with intramolecular ligand reorganization, 
which renders cis groups equivalent, leads to all of the various groups becoming 
equivalent. 

The crystal structure of 69b reveals it to be a distorted TBP with the distortion away 
from the lone pair. The apical 0-Se bond length is 1.871 A and the equatorial 0-Se 
bond length is 1.77A. The angle 0-Se-0 in the rings is 85.7", while the 0-Se-0 
angle between the two equatorial oxygens is 109.6'. 

(69) 

(a) R = H 
(b) R = M e  

(70) 

(a) R = H  
(b) R = Me 
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The Te analogues of 69a and 69b have also been studied and similar conclusions about 
ring-switchings and structures have been drawn18'. 

Tetravalent organic selenium and tellurium sulphides have not been greatly studied and 
part of the field is still controversial. The first compound of the general structure R,ZS, 
namely 71, was reported in 1982 by Detty and Murray'85. Compound 71 was isolated in 
low yield when compound 72 was treated with two equivalents of the Lawesson reagent 73 
in benzene at room temperature for 17h. The product 71 was a sharp-melting (153.5- 
155 "C) purple-black solid, whose spectral and analytical data agreed with the formulation 
71. In the transformation 72 -P 71 Te has been sulphurated directly by S, presumably from 
73. 

S S 

S 

Compounds of thegeneral structureTe(SR), and Se(SR), havealso been studied186-'88 
for some time. Formulae 74-77 are some specific examples claimed in the literature. 
Compound 74 was obtained by oxidation of meso-dimercaptosuccinic acid dimethyl ester 
with SeO, in methan~l '~ ' .  Similar reactions were later studied188 by Czauderna and 
Samochocka; however, the evidence for the structures is only supported by elemental 
analytical data. Clearly NMR studies would be of interest in this area. 

(74) (75) 

Te(SPh), "f> s s  

(76) (77) 
Compounds 75 and 76 were first claimed by Nakhdjavan and KlarlE6 who treated the 

thiols or dithiols with TeCI, at low temperatures ( -  8 "C for 76). The products were 
relatively unstable and 76 was claimed to decompose around 100°C. However, very 
recently Stukalo and co~orkers" '~ reported that the products described by Klar' 86 are in 
fact equimolar mixtures of diary1 disulphides and bis(ary1thio)tellurium. This decom- 
position (equation82)tookplaceevenat - 60 "C.Thecompound(PhS),Tewasobtainedas 
low-melting (64-67 "C) orange prisms. The same type of product mixture was obtained 
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with the tetraalkoxytellurane, (CHF,CF,CH,O),Te, as reactant'*'. 
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TeCI, + ArSH +[(ArS),Te] + ArSSAr + (ArS),Te (82) 
Ready formation of disulphides upon treatment of thiols with tetravalent organotel- 

lurium compounds was also reported by Wieber and Kaun~ ige r '~ '  (equation 83). 

Ar,Te(OEt), + HSCH,CH,SH + Ar,Te + (SCH,CH,S), (83) 
Stukalo and coworkers'*g also reported that treatment of (ArS),Te with Me1 at room 

temperature yielded ArSSAr and Me,TeI,. This was interpreted in terms of decom- 
position (ArS),Te into ArSSAr and elemental Te, which will then add Me1 oxidatively to 
yield the observed product. However, we think that a reaction pathway as outlined in 
equation (84) is more likely. 

Me1 
(ArS)*Te 5 [ (A6,2Te<r]  [MeTel] + ArSSAr Me2Te12 + ArSSAr 

(84) 

The interaction of TeX, with dithio ligands (dithiocarbamates and xanthates) has been 
studied by Huseby and Klar'90-196. In many cases the formation of complexes with 
interesting structures have been observed. Oxidation-reduction (i.e. formation of 
disulphides) is common in this area too. Interaction of Et,NCSSH with TeBr, and TeC1, 
gives Br,Te(S,CNEtz), and CITe(S,CNEt,),, respectively. Simplified structures are 
represented by 78 and 79. 

Br 

(78) (79) 

2-Mercaptobenzothiazole and TeCI,, yield' the interesting complex 80. 

(80) 
Organic Te and Se compounds containing Te-N or Se-N bonds had hardly been 

investigated at all until around 1975. Although the adduct Me,TeI,. nNH, had been 
reported in old literature (see Ref. 3, p. 190) the first well-defined compounds with Te-N 
bonds were reported by Russian w ~ r k e r s ' ~ ~ , ' ' ~ ,  who prepared diary1 tellurimides 
(equation 85) and tellurium diimide species (equations 86a and 86b, where X = CI or F). 

Ar,TeO + RSO,NH, + Ar,Te=NSO,R 
TeX, + RN(SiMe,), + RN=TeX, 

RN=TeX, + RN(SiMe,), -+ RN=Te=NR 
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The compounds ArSO,N=TeF, react with N-trimethylsilylmorpholine in benzene 
solution to produce'98 the Te derivative 81. The Te-N bonds in the compounds 
Ar,Te=NSO,R and RN=Te=NR are readily hydrolysed by hot water producing 
TeO, and the amide. Chlorolysis, yielding TeCI,, is also possible. 

The N-trifluoroacetyltellurimides 82 can be isolated in two forms 82a and 82b with 
quite different melting points (80-81 "C for the syn form and 168-169°C for the anti 
form)'99. An X-ray structure investigation is available for An,Te=NTosZo0. 

(Morpholino),Te=NTos 

(81) 

(824 (82b) 

Ogura and coworkersz0' prepared diorganyl tellurimides according to equation (87) 
and used the product to prepare olefins (equation 88), with yields in the range 66-93%. 

TH F 

RCH,CH,TePh + TOSNC~Na-RCH,CH,Te(=NTos)Ph (87) 

(88) 
THF 

rellur 
RCH,CH,Te(=NTos)Ph -RCH=CH, + PhTeNHTos 

Only a few organoselenium compounds of the type Ar,Se=NR had been prepared'" 
before 1974 (cf. compound 66), but since then the development has been rapid203-2'4. Of 
particular importance is probably the discovery that TosN=Se=NTos could effect 
allylic amination''* of olefins and 1,2-diamination of 1,3-dienes207. 

Derkach and coworkersZ1l have studied the interaction of PhSO,N=Se=NSO,Ph 
with aromatic aldehydes, dimethylformamide, dimethylsulphoxide, Ph,PO and PH,SeO. 
The reactions are exemplified by equation (89). PhCON=Se=NCOPh was found to be a 
less active reagent and only dimethyl sulphoxide reacted with it (equation 90). 

PhSO,N=Se=NSO,Ph + 2 PhCHO +2 PhCH=NSO,Ph + SeO, (89) 

PhCON=Se=NCOPh + 2 Me,SO -2  Me,S=NCOPh + Se0, (90) 

Treatment of MeCON=Se=NCOMe with aldehydes (ArCHO) resulted in the 
unexpected formation of ArCH(NHCOMe),, which seems to require the presence of 
moisture (equations 91 and 92). 

MeCON=Se=NCOMe + ArCHO + ArCH=NCOMe + SeO, (91) 

ArCH=NCOMe - ArCH(NHCOMe), (92) 
H PO 

MsCONHz 

Treatment of ArSeSeAr with ArCONCI, will result in a cleavage reaction (equa- 
tions 93-95) yielding 84, possibly via the hypervalent intermediate '. N-Acylarene- 
seleninimidoyl chlorides (84) are readily hydrolysed (e.g. by moisture) to the correspond- 
ing amides and areneseleninic acids. 
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[ArCOt!JCl 

CI 
I 

ArSeSeAr + ArCONCI2 ---m ArSeSeAr 

(83) 

83 d ArSeCl + ArSe=NCOAr 
I 
CI 

(84) 

2 ArSeCl + ArCONCl, + 84 + ArSeCI, 

(93) 

(94) 

(95) 
Compound 84 undergoes 1,4-cycloaddition (equation 96) with styrene to yield a new 

type of Se heterocycle, 5,6-dihydro-4-selena- I ,  3-oxazine (85) as colourless prisms2 
Compound 85 shows relatively high conductivity, which indicates that the ionic form 85b 
might be preferred. Compounds of the type RN=Se=NCOR give similar adducts with 
suitable alkenes2Izb. 

A wide range of arylaminoselenium dichlorides can be prepared" by the interaction of 
ArSeCl with N-chloroimides, N-chloroimidic esters, N-chloroketimines and related 
compounds (equation 97). The same compounds can also be prepared from ArSeCI, and 
R,NSiMe, (equation 98). ArTeCI, can be similarly used as a reactant214. 

ArSeCl f R,NCl+ Ar(R,N)SeCl, 
ArSeCI, + R,NSiMe, + Ar(R,N)SeCI, 

V. TETRAHALOORGANYLTELLURATES (IV) 

Tetrahaloaryltellurates(1v) can be readily ~ b t a i n e d ~ ~ * ~ ' ~ - ~ ~  ' by equation (99). The 
reactants are simply mixed in, for example, dry CHCI, and the crystalline product 
collected after a reflux period of 4 h in chloroform. A wide range of cations (e.g. Me,N+, 
Ph,Te+, Ph,As+, Ph21+) have been employed. 

ArTeX, + Y+X- + Y +  + (ArTeX,)- (99) 
The ionic nature of the tetrahaloaryltellurates is evident from reactions with ion 

exchange resins and by conductivity m e a ~ u r e m e n t ~ ~ * ~ ' ~ .  The salts are fairly soluble in 
water albeit not completely stable, as aryltellurium oxohalides start to separate after 
ca. 20h (equations 100 and 101). The operation of equation (100) also explains the 
formation of PhTeCI,CH,COMe on attempted recrystallization of PyH+(PhTeCI,)- 
from acetone',. 

ArTeX,-=ArTeX, + X-  
ArTeX, $. H,O + ArTe(0)X + 2 HX 
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As would be expected, exchange reactions, such as (102), can be readily performed. 
Br 

( P h , T e ) + ( P h T e C I , ) - a  (Ph,Te)+(PhTeBr,)- (102) 
CI - 

Sometimes tetrahaloaryltellurates(1v) are obtained, due to  redox processes, in con- 
nection with the preparation of dihaloaryltellurates(n). Thus, addition of bromine to  
ArTeTeAr in the presence of R,PBr leads to  the formation of (R,P)+(ArTeBr,)- and 
(R,P)+(ArTeBr,)-. The results are explained by equations (103)-( 106). 

Br, + Ar,Te, --t 2 ArTeBr 
ArTeBr + R,PBr + (R,P)+(ArTeBr,)- 

ArTeBr + Br, + ArTeBr, 
ArTeBr, + R,PBr + (R,P)'(ArTeBr,)- 

Whether a pure tellurate(n) or tellurate(1v) or a mixture thereof is obtained apparently 
depends on a delicate balance involving the relative stability and solubility of the Te(n)- 
versus the Te(1v)-containing salt in a particular system. 

The first aliphatic tetrahalotellurates(1v) were prepared' more than 50 years ago, 
although their true nature was not revealed until 1967 by E i n ~ t e i n ' ~ .  No systematic 
studies of the chemistry have been reported. 

%-; -+ 

H 2 N k -  TeCI, 

c H 3 + 0 ) V R C , 4  RO 

(86) (87) 

(a) R =  H 
(b) R = C O M e  

Recently Bergman and coworkers151 have reported a new type of tetrahalotellurate 
readily formed when, for example, MeCON(CH,-CH=CH,), in MeCN is treated with 
TeCI, (or TeBr,) at 25 "C. The product 86 is quickly formed in an exothermic reaction. The 
structure of 86 has been elucidated by X-ray analysis. The four CI atoms are all equatorial 
and nearly coplanar, in other words the structure is similar to that of 9. Compound 86 will 
readily dissolve in water at 25 "C. Concentration of the solution after 1 h will yield crystals 
of the ring-opened and hydrolysed product 87a. The surprisingly facile hydrolysis is 
explained in terms of an equilibrium between a tetrachlorotellurate(1v) and the 
corresponding tellurium trichloride followed by intramolecularly catalysed hydrolysis as 
indicated in equation (107). 

CI' 

-CI '  
- 070 

M e f ~ f e c 1 4  87b H20, CI 

HZO 
06 ___) 

HO 

(107) 

Considering the ready and exothermic formation of 86 from TeCI, and 
MeCON(CH,CH=CH,), it is tempting to assume that tetrahalotellurates might also 
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play a role in the reaction of other alkenes with TeCI,. One example is the interaction 
between TeCl, and 1,s-cyclooctadiene which yields an unstable adduct, assigned 
structure 88a with a highly reactive C-Cl bondll5. Attempted recrystallization of the 
adduct from ethanol resulted in the formation of 88b, whose structure was proven by X- 
ray analysis' I 5. a TeCI, 

(89) 
(a) X = CI 

(88) 

(b) X = OEt 

It now appears possible that the formulation 89 of the adduct might better explain its 
properties. Anyhow, further studies of the problem should be rewarding. 

Compounds with zwitterionic (90) structures related to 89 can be obtained (as already 
discussed in Section ILC) by interaction of diallyl ether, diallyl sulphide and diallyl 
selenide with TeCI, (equation 52)z'9.  In this connection a series of compounds, 91, 
recently obtained by Detty, is also of interest"'. 

Ph. 

(91) 
X = Br, CI 

VI. HEXAVALENT SELENIUM AND TELLURIUM COMPOUNDS 

A. General Aspects 

Although the pertellurane, Te(OMe),, readily preparedzz1 from Te(OH), and diazo- 
methane, has been known since 191 6, comparatively little systematic research (except for 
selenones and tellurones which are treated separately) has been done in the field of 
hexavalent Se and Te compounds. Attempts'63 to prepare compound 92 by treatment of 
Te(OMe), with 2,2'dilithiobiphenyI resulted in the tetravalent compound 67b, and there 
are n o  compounds known with six carbon atoms bonded to one Te or Se atom. 
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Recently the interesting acids HOTeF, (available via equation 108 or 109) and 
(HO),TeF, have been prepared. Esters (e.g. MeOTeF,) are known but no derivatives 
(such as MeTeF, or PhTeF,) with C-Te bonds have yet been described222. Some 
interesting derivatives based on HOTeF, or HOSeF, do  include Te(OTeF,), and 
C(OSeF,),. It is of interest to note that Te(OTeF,), can be sublimed at 110 "C and will 
melt at 242 "C as a stable molecule with a molecular weight of 1567. 

Te(OH), + 5 FS0,H + 5 H,SO, + HOTeF, 
3 SeO,F, + 4 HF -+ 2 HOSeF, + H,SeO, 

MeOTeF, + C,H,N- C,H,NMe+ -OTeF, 

(108) 
(109) 

(1 10) 
- 4 O O C  

The-hydrolysis of TeF, as well as the solvolysis of Te(OH), in H F  have been 
investigated and practically all the intermediate species (HO),TeF, -= have been 
d e t e ~ t e d ~ ~ ~ - ~ ~ ' .  As is evident from the structure of 93, isomerism should be possible for 
(HO),TeF, and indeed cis and trans forms of this composition have been isolated. 
Derivatives, such as trans- and cis-(Me,SiO),TeF, are also k n o ~ n ~ ~ ~ - ~ ~ ~ .  Methano- 
l y s i ~ , ~  1-236 and aminolysis of TeF, have also been s t ~ d i e d ~ ~ ' - ' ~ ~ .  During this study 
Fraser and Meikle236 found that MeOTeF, is a fairly strong alkylating agent (equation 
110). TeF, and MeCONHCH,CH,OH similarly give the oxazoline salt 94. Recently 
Shack has reported2g0 that both TeF,OCI and TeF,OF react with fluoro olefins to 
form TeF,Ocontaining fluorocarbons. 

Depending on the conditions, TeF, reacts with (Me,Si),NH yielding Me,SiNHTeF, or 
the explosive cis-(Me,SiNH),TeF,. The interesting compound O=C=NTeF, (m.p. 
- 95 "C, b.p. 39 "C) has been prepared according to equation (1 1 I). Another interesting 
conversion yielding the orange crystalline CI,W=NTeF, is given in equation (1 12). 

( 1 1 1 )  

(1 12) 

(Me,SiNH)TeF, + COF, -+ O=C=NTeF, + Me,SiF + H F  
(Me,SiNH)TeF, + WCI, -+CI,W=NTeF, + Me,SiCI + HCI 

Compounds of the general structure R,TeX, are scarce in the literature and the first 
compound of this sort, trans-(C,F,),TeF,, was obtained together with other compounds, 
(C,F,),TeF, and trans-C,F,TeCIF,, upon treatment of (C,F,),Te with CIF. The 
compound trans-(C,F,),TeF, was not isolated but was identified by its I9F-NMR 
spectrum. trans-C,F,TeCIF, was isolated as a colourless liquid. The same research group 
had earlier also described240 the Se isologue, trans-C,F,SeCIF,. 

It is not known if other fluorinating agents, e.g. XeF,, can be used to convert say 
Ar,TeF, into Ar,TeF, (cf. Refs. 60-65). Michalak and Martin5,241 have recently 
synthesized the pertellurane 96 as outlined in equations ( 1  13a) and ( 1  13b). 

7% 
Me 

Me--!--o\ 
1. MeMgBr - 2. Ma @rMg PCI, - (113a) 
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Me 
intramolecular 

96 BrF, . &i/F F oa ____* 6o OC,  ' day' 

Me 

(96) (97) 

The trans-pertellurane 96 is converted to the thermodynamically more stable cis isomer 
97 by an intramolecular twist mechanism, a polytopal rearrangement. The detailed 
geometry of 97 has been established by a complete X-ray crystallographic study. 

Non-dissociative isomerizations are well established in a few cases for derivatives of 
transition metals2423243. In connection with the now established non-dissociative 
isomerization 96-97, it is of particular interest to  note that the S isologue of 96 will 
undergo a dissociative, acid-catalysed isomerization to the isologue of 97. Nothing has yet 
been published about the Se isologues, although a detailed of the S isologues is 
available. 

Factors which might lower the activation barrier for non-dissociative isomerizations 
include the presence of low-lying empty orbitals on the central atom. The Te atom of 96 
will provide empty 4 f  and 5 d orbitals, not available in the S isologue, which may be low 
enough in energy to contribute significantly to the bonding, perhaps more in the transition 
state than in the ground state. Substitution of the much larger Te atom of 96 for S could 
also lower the energy of activation for the isomerization by introducing ground-state 
strain resulting from the incorporation of the longer bonds to  octahedral Te into the five- 
membered rings of 96. The longer bonds to Te may also reduce steric crowding between 
substituents in the transition state for the transformation 96 + 97 relative to  that for anon-  
dissociative process. 

8. Selenones 

Diorganyl selenones, R,SeO,, have been known for almost 90 years and their chemistry 
has been reviewed several times244-246. Unfortunately, the early literature contains 
several erroneous structures which have been corrected only recently. Despite this 
confusion, selenones are, although little studied, a fully respectable class of compounds 
available via several synthetic routes. 

The simple dialkyl selenones 98 are best prepared by ozonation of the corresponding 
dialkyl s e l e n ~ x i d e s ~ ~ '  (equation 1 14). 

0 0 
II 
II 

b RSeR II 4 
RSeR 

0 

(98) 

R = Me, Et , Pr, Bu 

Attempts to oxidize dimethyl selenide directly to  the selenone, using either hydrogen 
peroxide or potassium permanganate, were unsuccessful248. On the other hand, 
selenacyclohexane- 1,1 -dioxide (99) was obtained by perhydrol treatment of the cor- 
responding ~elenide"~. 
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Diary1 selenones have been obtained by oxidation of the corresponding selenide or 
selenoxdie with a variety of oxidants. RebaneZ5O prepared several substituted diphenyl 
selenones, 100, using either peracetic acidZ5' or hydrogen peroxide as the oxidant. One 
noteworthy property of this reaction is the fact that perhydrol is only capable of oxidizing 
the selenides to  selenoxides when R = 3-C1, 4-CI or 4-Br. 

0 
II 
II 

RC6H4- Se- C&,R 

0 

(100) 
R = H , 4-Me, 4-OMe, 3-13, 4-CI , 4-Br 

Potassium permanganate was similarly used for the preparation of 4,4'-dicarboxy- 
diphenyl s e l e n ~ n e ~ ~ ~ ,  3,3'-dicarboxydiphenyl selenoneZs3, diphenyl  ele en one'^^, 1,l'- 
dinaphthyl and 2,2'-dinaphthyl selenone, 5 5 .  

Dostal 2 5 6 9 2 5 7  has prepared diary1 selenones in low yield by direct selenonation of 
aromatic compounds with selenium trioxide, SeO,, in liquid sulphur dioxide (equation 
1 15). The main products in these reactions were the arylselenonic acids. 

0 
II 

It 
2 PhR + Se03 + RC,H,-Se-C,H,R (1 15) 

0 

R = H,Me,CI,Br 

ReichZs8 has recently prepared the alkyl aryl selenones lOla and l O l b  by m- 
chloroperbenzoic acid oxidation of the corresponding selenides between 0 "C and room 
temperature. Y a g ~ p o l s k i i ~ ~ ~  has similarly prepared the trifluoromethyl derivative lOlc 
using trifluoroperacetic acid as the oxidant. 

0 

Ph-Se-R 
II 
II 
0 

(101) 
(a) R = Me 

(b) R = i-Bu 

(c) R = CF3 

The early literature described the preparation of methyl 2-naphthyl selenone (102) by 
two different methods (equation 1 16)255. 

0 
Me1 KMnOa 

I I  
2-NaphSe0,Na- 2-NaphSeMe -2-NaphSeMe 
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The alkylation of a seleninate represents a rarely used method for the preparation of 
selenones. It is apparently not always possible to  predict if the alkylation is going to occur 
on Se or on 0. Backer and Winterz6' gave a selenone structure 103 for the cyclization 
product of the sodium seleninate 104. However, Lindgren261 has recently shown 
that alkylation occurs on 0 instead of Se to give the live-membered compound 105 
(equation 117). 

The addition products formed from selenium dioxide and a series of butadienes were 
originally formulated as cyclic selenones 106, by analogy with the well-established sulphur 
dioxide addition to give sulphones262. A reinvestigation by has shown that the 
products d o  in fact have a cyclic seleninic ester structure 107 (equation 118). 

RS R 
+ SeO, 

R 

( 107) 

The IR and Raman spectra of selenones have beep s t ~ d i e d ~ ~ ~ * ~ ~ ~ * ~ ~ ~  as well as their 
mass spectral behaviourZ5'. The tendency of selenones to  form mixed crystals with 
sulphones, sulphoxides and selenoxides was early r e c o g n i ~ e d ~ ~ ~ . ~ ~ ' .  The behaviour of 
certain selenones in disulphonic268 and chlorosulphuric acid269 has also been 
investigated. 

Until recently, very few chemical reactions have been carried out with selenones. 
Y a g u p o l ~ k i i ~ ~ ~  observed a haloform-type decomposition of a series of aryl trifluoro- 
methyl selenones under very mild basic conditions (equation 119). 

It has also been foundz70*z71 that diary1 selenones undergo a reaction with N -  
sulphinylarenesulphonamides to form Se,Se-diaryl(-N-(ary1sulphonyl)selenoximines 
(equation 120). 
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0 
II 

Ar$eO, + ArZSOzNSO 2 Ar;Se=NSO,Ar' ( I 20) 
ReichZs8 has studied the thermal behaviour of simple selenones. Methyl phenyl 

selenone rearranges at ca. I O O T  to give a methyl seleninate (equation 121). 

J 
PhMeSeO, * PhSe(=O)OMe (121) 

I oooc,cDcI, 

When /$hydrogens are present, as in the selenone 108, an elimination occurs to give an 
olefin (equation 122) (2-methoxypropene is required as a trap for electrophilic Se species). 

0 
II 

II 
0 ( 108) 

C6Dg.I O O ° C  

CH2=C(Me)OMe 
CH,=CHCMe,Ph (122) PhSeCH,CH,CMe,Ph 

The stereochemistry is shown to be syn  by the observation that the threo deuteriuni- 
labelled selenone 109 gives only the cis-dideuterio and cis-diprotio olefins (equation 123). 

(1W 
The excellent leaving-group properties of selenones in S,2 displacements have recently 

been used for some synthetic applications. Towards dimethyl sulphide compound lOla is 
approximately three times as reactive as methyl iodidezs8 (equation 124). The cleavage of 
dimethyl selenone by HCI was observed early by Paetzold and BochmannZ4'. 

MczS 

CD,OD,3 5'C 

HCl(aq.1 

PhMeSeO, + PhSe(=O)O- + Me3S+ ( 124) 

MezSeOz - MeCl + MeSe(=O)OH 

Shimizu and K u ~ a J i m a ~ ~ ~  have developed a synthetic sequence for the synthesis of 
oxetanes, involving a selenone as a leaving group. In this process 3-(phenylseleno)-2- 
propenal (110) is attacked by a Grignard reagent and the resulting alcohol oxidizqd with 
two equivalents of m-chloroperbenzoic acid (MCPBA) to a selenone. On treatment with 
sodium hydroxide in aqueous methanol (Michael attack by methoxide), good yields of 
isomeric oxetanes can be isolated as outlined in equation (125). 

RMQX R 1. MCPBA 
P h S e A C H O  A P h S e q  

OH 2. NaOH. MeOH 



550 J. Bergman, L. Engman and J. Siden 

The vinyl selenones 111 and 112 have been shown to undergo fragmentation on 
treatment with bases273. The former, after Michael attack by alkoxide, gives an ethylenic 
ketone (equation 126) and the latter (a more hindered tetrasubstituted olefin) directly gives 
an acetylenic ketone (equation 127). 

-Erh II 

0 

C. Tellurones 

Diorganyl tellurones, R,TeO,, the Te analogues of the well-known sulphones and 
selenones, are ill-defined substances. Although reported in the literature since 1920, their 
existence has been questioned in two more recent review 

Vernon276 oxidized dimethyl telluride with hydrogen peroxide and claimed to have 
isolated dimethyl tellurone (113), an insoluble, white, amorphous powder. This compound 
possessed all the characteristics of a peroxide; thus it had explosive properties and 
oxidized halogen acids to  the corresponding halogen. It is therefore highly probable that 
Vernon's compound was a 'hydroxyperhydrate' (1 14) instead of the purported tellurone. 
This type of structure for the hydrogen peroxide oxidation product was first suggested by 
Balfe and coworkers277. 

0 OH 
I 
I 

Me-Te-Me 
I I  
II 

Me - Te - Me 

0 OOH 

(113) (114) 

Diethyl telluride278, telluracyclohexane (115)27y, phenoxtellurine (116)280 and tellu- 
roisochroman (117)281, respectively, have all been submitted to perhydrol treatment in 
order to obtain the corresponding tellurones. These products were probably also of the 
'hydroxyperhydrate' type. 

(115) (116) (1 17) 

The first definitely characterized diorganyl tellurones were prepared only recently by 
C a ~ a " ~ . ~ ' ~ ,  using sodium periodate as the oxidant. The telluroxides 118 and 119, 
respectively, were oxidized in aqueous methanol to  give the corresponding tellurones 120 
and 121. 
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0 

An2Te=0 
I1 

AnTeCI2Hz5 

(118) (1 19) 

0 

An 2Te0 
II 

II 
AnTeCl,Hz5 

0 

(120) (121) 
An = 4-MeOC6H, 

55 1 

The role of tellurones in organic synthesis has of course been very little explored. 
However, the tellurone 120, when thermolysed in refluxing toluene for 40 h, gives a 
mixture of I-dodecene (55%) and I-dodecanol ( I  5 7 0 ' 7 5 .  These products are probably 
formed via the rearrangement product 122. 

0 
II 

(122) 

AnTeOC12Hz5 

The mild oxidizing properties of tellurone 121 have recently been investigated282. Thus, 
benzenethiol was oxidized to diphenyl disulphide and hydroquinone converted into p -  
benzoquinone. Benzylic alcohols could be converted to the corresponding carbonyl 
compounds, e.g. veratryl alcohol (123) was oxidized to veratraldehyde in 79% yield. On the 
other hand, hydrobenzoin (124) was cleaved by the tellurone to  give benzaldehyde in 79% 
yield. 

CH,OH 

@OMe OMe 

(1 23) ( I  24) 

Uemura283*284 ha s recently discovered an oxidative procedure for cleavage of 
C-Te bonds with introduction of a methoxy group (equation 128). 

3-5 eq. MCPBA/MeOH 

ROMe (128) 
P RTe C, H 

1-2 eq. MCPBA/MeOH 
RTe (= 0 )  C, H, 

These reactions probably involve the formation of a tellurone 125 and its m- 
chloroperbenzoic acid adduct 126. A preformed tellurone 125 required treatment with 
excess m-chloroperbenzoic acid to give a good yield of the ether ROMezS5. 
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HO WC(=O)C6H4CI-m 
0 

I1 \ /  
C H TePh C H TePh 

2 5 ~ 1  
0 

l 2  2 5  I1 
0 

(1 25) (126) 

VII. HIGHER-VALENT COMPOUNDS CONTAINING Te-Te 
OR Se-Se BONDS 

Although ditellurides of the type RTeTeR are well known, related hypervalent com- 
pounds such as RTeX,TeX,R are rare and the only reasonably well-characterized case 
has been reported by Schulz and KlarZa6, who isolated, by treatment of the corresponding 
ditelluride with iodine, compound 127, as a lilac-brown diamagnetic powder which 
decomposed at 145- 1 50 "C. 

2-PhC6H,TeI,-TeI,C,H,Ph-2 

(127) 

Recently Zingaro and coworkers287 have obtained evidence and Iz5Te-NMR 
data) for the formation of the ditellurone 128 together with 129 and ArTeSeTeAr from the 
oxidation of ArTeTeAr with SeO,. 

(128) (129) (130) 

No published data are available about hexaaryl- or hexaalkyl-ditelluranes, but in 
connection with studiesza8 of the interaction of PhLi and PhMgBr with elemental Te a 
compound with elemental analytical and mass spectrometric data in agreement with the 
formulation 130 could be obtained in low and varying yields. Attempts t o  reductively 
couple Ph,Te+CI- to  Ph,TeTePh, failed. 

Reich and coworkers have recently reportedza9 the first example of an observable 
selenolseleninate ester (131). The compound is moderately stable at - 50 "C ( L ~ , ~  I h). 
The cyclic selenolseleninate 132 was also prepared by oxidation of the corresponding 
cyclic diselenide with m-chloroperbenzoic acid. The P M R  spectrum of 132 is particularly 
characteristic, showing AB quartets for the CH, protons and two singlets for the 
diastereotopic Me groups. 
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1. INTRODUCTION AND GENERAL FEATURES 

Over the last decade the chemistry of S e r e  organic compounds has been developed 
greatly and various books, reviews and advances, have appeared 1-6. The synthetic, 
theoretical and physicochemical aspects are the subjects mainly reviewed, with the 
reactivity of these compounds being insufficiently covered leading one to think that little 
work has been done in this area. Although the synthetic difficulties and instability of the 
compounds sometimes limit or preclude obtaining quantitative reactivity data, careful 
examination of the literature reveals that much work has been done. 

The reactivity of organic compounds containing Se and Te discussed in this chapter is 
mainly confined to  those reactions in which Se and Te are not the primary centres of the 
reaction. Those reactions in which the attack occurs on the heteroatom or in which bonds 
to the heteroatom are broken, are considered only marginally. 

In Section I1 the electronic, steric and biological effects of groups of atoms containing Se 
and Te are discussed in terms of the so-called substituent constants. The tangled subject of 
a and a-like substituent constants is introduced to  facilitate understanding. All substituent 
constants of Se and Te-containing groups are, to  the authors’ knowledge, collected for the 
first time. 

Section I11 reports the ability of Se and Te to  transmit electronic effects from a remote 
substituent to the reaction centre. The electronic transmission is usually quantified in 
terms of p reaction constant, the physicochemical meaning of which has given rise to 
contro~ersy’-~. The present position in this area is briefly and critically summarized. All 
relevant p reaction constants are, to  the authors’ knowledge, collected for the first time. 

The reactivity of heterocyclic compounds containing Se and Te is discussed in 
Section IV. Because of the variety of heterocyclic systems, the data are discussed 
according to  reaction type. 

Section V reports the directing and activating effects of well-known functional groups 
containing Se and Te. 

In all sections particular emphasis is given to  the comparison with 0 and S analogues. A 
comparative study is fundamental for evaluating the influence of the basic parameters of 
the chalcogen atom (mass, electronegativity, polarizability, possibility of utilizing d 
orbitals, etc.) and the molecule (geometry, resonance energy, etc.) on the chemical 
reactivity. 

This work is not encyclopaedic, but most of the pertinent literature up  to March 1983 . .  

has been covered. 

II. SUBSTITUENT CONSTANTS FOR SELENIUM- AND TELLURIUM-CONTAINING 
GROUPS 

A. The Substituent Constant 

A variable substituent S attached to  a skeletal group G of a SGW compound affects the 
chemical or physical phenomena of the molecule measured at the reaction site W. The 
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substituent constant is an empirical parameter of substituent S defined relative to a 
standard substituent and to a standard property under well-defined conditions. This 
constant, which is usually denoted by the letter a, in principle depends only on the nature 
of the substituent and measures the effect of the substituent in the process concerned. 

This approach is very interesting because it should permit correlation of a vast amount 
of data, calculation of chemical data from those reactions for which experimental data are 
not available and collection of mechanistic information. 

The problems arise when one attempts to investigate the nature of the effect of the 
substituent (field, inductive, resonance, steric, etc.) and to find compounds and reactions in 
which only one effect is operative. 

The result has been a proliferation of substituent constants denoted by subscripts and 
superscripts of the letter a and other symbols. To facilitate the reading of the following 
sections, the problem is briefly examined. More details can be found in specialist 
rep0rts'O-l z. 

The substituent constant on a quantitative basis was first stated by H a m ~ n e t t ' ~ ~ ' ~  as a 
measure of the electronic effects of meta (a,,,) and para substituents (a,) on the dissociation 
of benzoic acids in water at 25 "C. Hydrogen was taken as reference with a zero value. The 
am value is a measure of polar effects (inductive and/or field) of the substituent and a,, is a 
measure of the polar effect including no important resonance interaction between the 
substituent and the reaction centre. A positive or negative value of the a constant indicates 
an electron-withdrawing or an electron-releasing capacity of the substituent, respectively. 
The difference (a, - a,,,) has been used as a measure of conjugative interaction of the 
substituent. 

The Hammett a values are able to correlate many rate and equilibrium data10*'1~15-'6 
and many physical measurements10*' ', but deviations are observed by para substituents 
which can enter into direct resonance interactions with the reaction site in the transition 
state. By using the Hammett procedure, two new sets of substituent constants were 
defined"*" (a; and a;) when the substituent interacts with a positive or a negative 
charge developed in the transition state. Strong electron-donating groups have high 
negative values of a,' (- 0.5 to - 1.5) and strong electron-withdrawing groups have high 
positive a; values (0.4 to 1.3). When there is no important resonance interaction between 
the substituent and the reaction centre, at and a- should in principle have the same value 
as the Hammett a constants. The differences (ad - ap) and (a; - a,) have been used as a 
measure for the conjugative ability of the substituent. 

By observing that in the ionization of benzoic acids a cross-conjugation effect occurs 
between an electron-donor substituent and the carboxyl group, Taft defined'* 0: and a; 
substituent constants based on the ionization of phenylacetic acids, a reaction in which the 
reaction centre is insulated from the R electrons of the benzene ring. By using a different 
procedure Van Bekkum and  coworker^'^ defined analogous a; and at constants. a" and 
a" should therefore be free of the mesomeric component and should be a measure for the 
inductive effect of the substituent depending on its para or meta position on the benzene 
ring. 

Hammett treatment fails for ortho substituents probably because of the interplay of 
steric, polar and mesomeric effects. A separation of the effects was proposed by Tartz0 who 
defined a set of a ortho values (ao, a,*) as a measure of the polar effect of the substituent. 

A aI scale based on the reactivity of rigid alicyclic and aliphatic systems and reflecting 
only inductive effects was defined by Taft". The inductive constant a, of the substituent is, 
in principle, independent of the method of determination and of the position of the 
substituent with respect to the reaction site. In an attempt to divide the inductive and 
resonance contribution of the substituent, Taft definedz2 the resonancecontribution a, by 
equation (1): 

a, = o,, - a1 (1) 
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Consequently, am can be expressed by equation (2): 
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a,,, = 01 + 0.33 UR (2) 

Thetwo fundamentalassumptionsin theTaftapproachare:(i)thea,,: a,anda, valuesareon 
the same scale and ( i i )  the inductive effect of the substituent 1s the same from both 
positions. An additional problem is that aR depends on the nature of the reaction. In a first 
attempt to overcome the problem, new rnesomeric constants, called a:, were definedz2 by 
using a; constants (equations 3) and the at constants were expressed by equation 4. 

a;; = a; - 0 1  

at = a1 + 0.5 a: 
(3) 
(4) 

Equation (3) was then refined by ExnerZ3, assuming that aI and a;; d o  not contribute 
equally to a; (equation 5). 

r J :=Oi-  1.1401 (5) 

A complete aR reaction dependence was then recognizedz4 and by using the 0; and a,’ 
values, a; and a: constants were defined for electron-withdrawing and electron-donating 
groups which entered into direct resonance interaction with the reaction site in the 
transition state. 

Another attempt to divide the overall electronic contribution of the substituent into 
inductive and resonance contributions is that by Swain and Lupton2’. This approach 
however is not substantially different from Taft’s and the symbols 9 and a replace aI and 
aR respectively. 

Further limitedly successful substituent constants which, like those recorded above, d o  
not take into account the steric effects, are the 0* constantsz6 which have practically the 
same meaning as a, constants and the F (field) and M (mesomeric) quantities derived by 
Dewar and Grisdalez7 using a semiempirical approach. 

Substituent constants which are claimed to measure only the steric effect of the 
substituent (E,) were defined by Taft using acid-catalysed hydrolysis of esters in aqueous 
acetonez8. The methyl group is taken as reference ( E ,  = 0) and the E ,  values approximate 
the size of the group. Another set of steric constants, called Ea has been definedz9 by using 
the hydroboration reaction. 

We designate all the above recorded substituent constants as normal substituent 
constants because they refer to  a group which replaces the hydrogen atom of benzene or of 
a heterocyclic ring, and in order to  distinguish them from replacement substituent constants 
and special substituent constants30. The replacement substituent constants denoted as a,, 
or aa refer to  the electronic effects of a heteroaromatic system considered as a substituted 
benzene” or to a substituent fused on to benzene ring3’. For instance if the selenophene is 
viewed as an endocyclic substituted benzene, the Se atom is considered as a substituent 
replacing the -CH=CH- moiety in the benzene ring and aar-selenienyl and 
are calculated as depending on the site (0: or j) of the reaction. The oar depends on the 
reaction and therefore a,, a:, a:r, etc. have also been defined. 

A new set of a constants is defined when the concept of the replacement is extended to 
other aromatic rings besides that of benzene. These are known as special substituent 
constants30. Examples are or calculated3z for the protonation of arenes taking the a- 
position of naphthalene as reference and she, calculated33 for the ionization reaction of N -  
ethyl-2-aminoheteroarenes by using N-ethyl-2-aminopyridinium chloride as reference. 

Two methods may be employed to evaluate the substituent constant. In the first 
procedure a single reaction is chosen as a standard and the 0 constant is determined from 
the rate (or equilibrium) constant of this reference reaction. Sometimes chemical 
difficulties preclude this possibility and other reactions or physical methods (‘H-, ’ 3C- 
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and "F-NMR, IR, UV, E1,J are used. This and the dependence on solvent and 
temperaturelo*' ' further complicate the jungle of substituent constants. In the second 
procedure the substituent constant is derived from a statistical analysis of the available 
data for that substituent in a wide spectrum of related reactions. The most suitable 
statistical treatment is that based on the application of the extended selectivity 
r e l a t i ~ n s h i p ~ ~  in which the Q constant is obtained from the slope of a plot of log k,/kH 
against the p constants for several similar reactions. 

A Hammett-like relationship was developed in biology to correlate physical properties 
of molecules and their ability to penetrate biological membranes' Thechosen property 
is the lipid-aqueous partition coefficient P which represents the relative lipophilicity (now 
called hydrophobicity) of biologically active organic compounds. Most partition 
coefficients are obtained in an n-octanol-water system which is generally accepted as 
standard for a biological lipid-water system. Other lipid solvent-water systems are 
sometimes used. By using log P as a measure for the hydrophobicity of a whole molecule, 
the hydrophobic (lipophilic) substituent constant n is defined according to equation (6): 

= log P, - log P H  (6) 

where PH and P, are the partition coefficients of the reference and substituted compounds 
respectively. Positive and negative n values indicate that the substituent facilitates the 
penetration of the molecule to the n-octanol phase or to water, respectively. A dependence 
of n value on  the reaction system was observed, especially for strongly electron-donating 
and electron withdrawing substituents. 

Only a limited number of substituent constants for Se and Te having organic groups are 
listed in the specialist reports'-4. In the following section the constants available in the 
literature are reported without discrimination as to their origin and reliability. Where 
possible, a comparison with analogous 0 and S substituent constants is made. 

B. Bivalent Selenium- and Tellurium-containing Groups 

The substituent constants of groups containing bivalent Se and Te are reported in 
Table 1 with the corresponding data for 0 and S for comparison. The Q value of the group 
without heteroatom is also reported to estimate the electronic contribution of the 
heteroatom. 

The SeMe and TeMe groups show - I and + M effects. The electron-withdrawing 
inductive effect increases from TeMe to OMe by a factor of two, while the electron- 
donating resonance effect increases about eight times. I3C-NMR  investigation^^^-^^ 
confirm the weak electron donor character of TeR and SeR groups and show that the 
degree of p-n interaction decreases as the size of R (Me, Et, i-Pr) increases. 
The increase of the + M effect in the order TeMe < SeMe < SMe < OMe was also 
observed39 in the cyanohydrin equilibrium with substituted benzaldehydes, in the UV 
absorption spectra of substituted benzoic acids and more recently in the calculated40 
mesomeric moments of telluroanisole (0.18 D), selenoanisole (0.25 D), thioanisole (0.5 D) 
and anisole ( 1 . 1  D) and in the I3C-NMR chemical shifts of the para carbons of 
cha lc~genoaniso les~~.  A theoretical treatment of the connection between the size of the 
heteroatom and its mesomeric effect has been published42. The Q,, and Q, values show that 
the + M effect prevails over the - I effect. A comparison with the Me group shows that the 
presence of the chalcogen atom increases the electron-withdrawing power of the group 
according to  the electronegativity of the heteroatom and that the Te atom does not change 
the releasing mesomeric effect of the group. 

The SeCF, group shows a - I effect of the same magnitude as the SCF, group but lower 
than that of OCF,. In contrast to  the OCF, group, the SeCF, and SCF, show a - M 
effect owing to the involvement of the d orbitals of S and Se atoms in the conjugation. The 
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T A B L E  I .  Substituent constants for groups containing bivalent calcogen atoms 

Substituent UP urn UP 61 

TeMe 
SeMe 

SMeh 
OMeh 
Meh 
SeCF, 

SCF,h 
OCF3h 
CF,h 
SeCN 
SCNh 
CNh 
TePh 
SePh 

SPhh 
OPhh 
Phh 
Se-c-C6Hl 
S -C-C~H~I  
O - C - C ~ H , ~  
c-C6H, 
SeCH,CH=CH," 
SCH,CH=CH," 
OCH,CH=CH2" 
SeCH=CH," 
SCH =CHI" 
CH=CHIh 
SeCH=CHCI" 
SCH=CHCI" 
SeC =CPh" 

SCECPh" 
C E C P h h  
SeC6H,N02 

P(Se)(3-FC,H4), 
P( Se) Ph , 
P(S)PhIh 
P( O)Ph, 
PPhZh 
NCSe"" 
NCS"" 
Se- 
S-  
0-  

P(Se)(4-FC6H4)2 

0.04" 
-0.15' 

0.01 
0.070 
0.0 1 ' 
0.0 

- 0.27 
-0.17 

0.38' 
0.45' 
0.50 
0.35 
0.43 
0.66" 
0.52 
0.66 
0.34P 
0.1 34 
0.429 
0.13 

- 0.32 
- 0.01 

- 0.22 
0.15 
0.12 

- 0.25 
0.21 
0.20 

- 0.02 
0.26 
0.24 
0.05 

- 0.03 
0.20 
0.16 

0.47 
0.53 
0.19 
0.31 
0.20 

- 0.98' 
- 1.21' 
- 1.86' 

0.05' 
0.09d 
0.11 

0.15 0.04 
0.12 

- 0.07 
0.32' 0.531 
0.44' 0.58' 
0.40 0.64 
0.40 0.25' 
0.54 0.65 
0.61" 
0.41 0.60 
0.56 0.88 

0.13' 

0.17 0.29' 
0.25 
0.06 0.11 

-0.15 
0.2 1 
0.19 
0.09 
0.26 

0.00 
0.28 
0.31 

0.14 0.39 
0.41' 

0.29 0.63 
0.38 0.68 
0.11 0.26 

-0.71h 

0.124 
0.1Sd 

0.19 
0.25 

- 0.05 
0.28' 
0.42' 
0.44 
0.55 
0.41 
0.58" 
0.55" 
0.56 
0.38p 
0.24' 
0.37h 
0.30 
0.39 
0.10 
0.38" 
0.31" 
0.26" 
0.02 

0.21h 

0.22 

0.42" 
0.47" 
0.36" 
0.40 
0.27 
0.17 

-0.16h 

- 0.08" - 0.10' 
-0.14' -O.lSb 0.13' -0.12' 

-0.24 -0.24 0.20 -0.18 
-0.63 -0.41 0.26 -0.51 
-0.07 -0.10 -0.04 -0.13 

0.04' 0.29' 0.12' 
0.10' 
0.12' 0.00 0.35 0.18 

-0.14 0.17 0.38 0.00 
0 0.01 0.38 0.19 

-0.05 0.36 0.19 
0 0.07 0.51 0.19 

- 0.04p 
-0.19" 

- 0.19 
-0.31" -0.36' 0.34 -0.35 
-0.10 -0.10 0.08 -0.08 

-0.13 -0.10 

0.27h 

0.00 0.12 0.05 

0.10" 
0.1 1" 
0.09' 0.13y 
0.09" 0.1 1 
O.llx 0.12 0.31 0.24 

-0.01x -0.01 

- 0.33 
- 0.60h 
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weaker electron-accepting conjugation of the SeCF, compared to the SCF, group has 
been explained by suggesting4, that the more diffuse 4d orbitals of Se have a smaller 
tendency towards (p-d)n conjugation than the 3d orbitals of S. The analysis of values of 
dipole moments of p-SeMe- and p-SMe-substituted anilines supports this h y p ~ t h e s i s ~ ~ .  
Indeed when the SeMe group is present the interaction dipole moment (pint = 0.43 D) is 
lower than when the substituent SMe (pint = 0.68 D) is present. A comparison with the 
CF, group shows that the contribution of S and Se atoms is small and therefore it is not 
surprising that the SeCF, group does not show an electron-donating effect even when a 
nitro group is present in the para position of the benzene ring44. Consequently o,, and om 
have the same values. 

The behaviour of the SeCN group is the same as that of the SeCF, group but the - I 
and - M effects are stronger as a consequence of the electronic effects of the cyano group 
compared with those of the trinuoromethyl group. 

The SePh and TePh groups, like the P h  group, show an electron-withdrawing 
inductive effect ( - I) and a push-pull resonance effect ( + M and - M). T h e o r e t i c i a n ~ ~ ~ , ~ ~  
generally invoke only a polarization effect to explain the stabilization of the incipient 
carbanion in the transition state by a bivalent Scontaining group, but the lower value of 
0; of the SePh group with respect to  that of the SPh group does not agree with this 
hypothesis. A larger effect would be expected for the larger and more polarizable Se atom. 
Therefore a conjugative interaction, in which the d orbitals of the larger Se atom are less 
effective than those of S in overlapping with the p orbitals of C, must be invoked. From 
measurements of the hydrolysis rates of aryl vinyl selenides, McClelland and L e ~ n g ~ ~  
have calculated a u,' value of - 0.47 for the SePh group which is higher in absolute value 
than that of the Ph group (0,' = - 0.18)48 and lower than those of SPh (u,' = - 0.54)47 
and OPh (0,' = -0.62)47. The chalcogen atoms stabilize an adjacent carbonium ion 
centre, but the type of electron donation is supposed to depend on the nature of the 
heteroatom4'. Dipole moment data49 show that when strongly electron-donating or 
electron-withdrawing substituents are present in the position para to  SePh and TePh the 
push-pull resonance effect is markedly exalted. 

The cyclohexylseleno group has the expected - I effect but in the series the order is the 
reverse of that expected on the basis of the inductive effect of methylchalcogen groups. 

The allyl-, vinyl- and chlorovinyl-seleno groups have a - I effect and a weak + M effect 
(up - om, negative). 

The Se atom markedly reduces the electron-withdrawing effect of the phenylethynyl 

Footnotes to Table I 

"From I9F-NMR, Ref. 51. 
From I'C-NMR, Ref. 52. 

'From ionization of benzoic acids in 30% EtOH at 
25 "C, Ref. 39. 
dRef. 53. 
'Ref. 35. 
'From ionization of benzoic acids in 50% EtOH at 
25"C, Ref. 54. 
From methyl hyperfine splitting of I-phenyl-1.2- 

orooanesemidones. Ref. 55. - .  
hFrom compilations of Exner (Ref. 10 and 11) and 
Hansch (Ref. 35). 
From ionization of benzoic acids in 50% EtOH, Ref. 
53. 
'From ionization of anilinium ions, Ref. 43. 

'From 'H-NMR chemical shifts of amino group, Ref. 

From the ionization of p-substituted p'- 

From I9F-NMR of fluorobenzenes, Ref. 53. 

i 3 .  
dimethylaminoazobenzenes in 25% EtOH at 25"C, 

Refs. 15, 56. 
"Ref. 57. 
"Ref. 58. 
PFrom I9F-NMR. Ref. 49. 
'Ref. 59. 
'Refs. 60, 61. 
' From integrated IR intensities, Ref. 62. 
' From ionization of phenols, Ref. 63. 
" From dissociation of acetic acids in H,O at 25 "C, Refs. 
58, 64. 
"From the half-wave reduction potential of nitroben- 
zenes in DMF. Ref. 65. 
"'From polarographic and spectrophotometric data of 
p-nitrophenyl phenylethynyl chalcogenides. Ref. 50. 
'Ref. 67; these values were incorrectly66 labelled 0;;. 

YFrom "C-NMR, Ref, 66. 
' From the half-wave reduction potential of nitro- 
phenyldichalcogenides in DMF, Ref. 68. 
""From UV data, Ref. 104. 
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group, probably as a consequence of a larger conjugative interaction with the benzene ring 
than with the ethynyl bond". 

On the other hand, the Se atom greatly increases the negligible Ph-P I[ interaction and 
the electron acceptor effect of the PPh, group. Examination of the sequence of 
phosphine chalcogenides indicates that the effect is due to a concordant action of - M and 
- I effects of the heteroatom. 

The negatively charged Se atom shows a strong electron donor power in the para 
position, which increases in the order Se- < S- < 0- as expected on the basis of the + M 
effects. 

C. Tetravalent Selenium- and Tellurium-containing Groups 

In compounds containing Se(iv) and T~(Iv) (selenuranes and telluranes), the chalcogen 
atoms have a valence shell of ten electrons. These compounds are usually classified as 0- 

selenuranes (0-telluranes) and n-selenuranes (n-telluranes) depending on whether four of 
the five valence electron pairs of the heteroatom form four D bonds (1) or one electron 
pair forms a IT bond with a neighbouring element of the second period (2). Theoreti~al '~*'~ 

(2) 
Z = T e , S e , S  

Y = 0,C.N 

(1) 

TABLE 2. Substituent constants for Se(1v)- and Te(1v)- 
containing groups 

Substituent 0" 6, a1 (5R a': 

TeCI," 
TeBr," 
TeMeCI,' 
TeMeBr," 
Te Me1 2a 

Te(Ph)CI," 

Te(Ph)Br," 

SeOCF,' 

SOCF,' 
SeO,CF,' 
S02CF,e 
TiMeRr 
SkMeRf 
$Me/ 

0.66 
0.62 
0.56 
0.59 
0.62 
0.59 
0.73' 
0.60 
0.59' 
0.86 0.81 
0.63' 
0.80 0.74 
1.21 1.08 
1.04 0.88 

0.55 0.11 
0.51 0.1 I 
0.50 0.06 
0.53 0.06 
0.58 0.04 
0.52 0.07 
0.68 
0.54 0.06 
0.5Zb 0.07 
0.76 0.10 

0.67 0.13 
0.96 0.25 
0.73 0.31 

-0.11 
0.13 
0.20 

"From I9F-NMR data. Ref. 51. 
From I9F-NMR data, Ref. 69. 

'From I9F-NMR data, Ref. 70. 
"ram UV data, Ref. 71. 
"From IYF-NMR data, Ref. 71. 
'From "C-NMR data, R=C--(CO),C,H, for Te and 
C--(CO)Z(CH),CMe, for Se, Ref. 52. 
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and experimental data74-76 show that the configuration of a-selenuranes and -telluranes 
is that of a slightly distorted trigonal bipyramid in which the more electronega- 
tive ligand occupies the axial position. Whereas diorganotellurium dihalides are 
monomeric in the solid phase and in solution, trihalotelluranes have a dimeric or 
polymeric structure in the solid state and the Te atom is p e n t a c ~ o r d i n a t e ~ ~ - ~ ~ .  K- 

Selenuranes and -tellwanes have the same tetrahedral configuration" in oxides (2; Y = O) 
and a trigonal pyramid structure with the heteroatom at the apex in ylides'' (2; Y = C). 
The u constants for Se(1v)- and Te(rv)-containing groups are reported in Table 2. 

I9F-NMR data showsL that the trihalotelluro groups exhibit a strong - I effect in 
agreement with the strong deshielding effect of the TeC1, group (almost equal to that of the 
nitro group) on the ring protons of trichlorophenyltelluri~m~~. Dipole moment data of a 
series of trichlorophenyltelluriums show an absence of mesomeric and interaction 
moments indicating that the p and d orbitals of Te are not conjugated with the K orbitals of 
the P h  ring73. The calculated value for aR should therefore be seen as the result of the 
arbitrary choice in the separation of inductive and mesomeric effects (equation 1). By 
using for aI a coefficient greater than unity, the aR value is reduced. Theoretical 
calculations7 explain the electronic properties of the TeC1, group. 

Replacing a halogen atom in the TeX, group (X = C1, Br, I) with Me or Ph, the electron- 
withdrawing power of the group is reduced by 5-15% and appears to depend on the 
nature of the halogen.The values op = 0.73 and oI = 0.66 for the Te(Ph)CI, group are 
probably printing errors because they conflict with the values of 0.59 and 0.52 reported by 
the same authors using the same t e c h n i q ~ e ~ ' . ~ ' .  19F-NMR data show that Te(R)X, 
groups (R = Me, Ph;  X = CI, Br, I) d o  not exhibit electron-donating mesomeric properties. 
However, experimental and calculated69 dipole moments of substituted diaryldihalotel- 
luriums show that when a + M substituent (i.e. NMe,) is present in the para position, the 
Te(R)X, group has a - M effect probably via d--R conjugation. 

The SeOCF, and SeO,CF, groups exhibit a marked enhancement of the electron- 
withdrawing inductive effect in respect to  the SeCF, group. The effect is related to  the 
number of 0 atoms. The SeO,CF, group is one of the most powerful electron acceptors. 
The presence of 0 also influences the conjugative effect, indeed the low ap - a,,, value 
increases on passing from SeCF, (mean value N 0.03) and SeOCF, (0.05) to SeO,CF, 
(0.13). SeOCF, and SeO,CF, exhibit a higher - 1 and lower - M effect than the 
analogous S-containing groups. This has been ascribed to the greater contribution 
of resonance structures in which a high positive charge is present on the Se atom. 
The higher values of the group of SeOCF, (4.13 D) and SeO,CF, 
(5.3 D) with respect to  SOCF, (3.88 D) and SO,CF, (4.32 D) and the lower 
interaction moment of compounds with electron-donating substituents (p-NH,- 
C6H4SeOCF, =0.97 D,  p-NH,C,H,SOCF, = 1.11 D ;  p-MeC,H,SeO,CF, =0.18 D, 
p-MeC,H4S0,CF3 = 0.78 D) support this h y p o t h e s i ~ ~ ~ ~ ~ ~  

The opposite conjugative electron-withdrawing effect of the selenonium and tellu- 
ronium groups has been ascribeds2 to the greater difference in energy of the non-occupied 
Te d orbitals and the benzene 2p orbitals in comparison to  Se and S. 

The electronic effects of the TeMeF,, Te(Ph)(NCS), and Te(Ph)F, groups have also 
been investigateds4 by the "F-NMR technique. These substituents interact with the K 

system of the benzene ring by an inductive mechanisms4. 

D. Heterocyclic Rings as Substituents 

Literature data concerning the electronic effects caused by the substitution of a H atom 
of the benzene ring with a heterocyclic ring having Se or Te are limited to 2-selenienyl and 
2-tellurienyl The data are reported in Table 3 with the pertinent data of 2- 
fury1 and 2-thienyl for comparisons6~88~'g. The a*  constants refer to  the polar effect of the 
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TABLE 3. Substituent constants for heterocyclic groups containing a chalcogen atom 

F. Fringuelli and A. Taticchi 

Substituent o m  UP o m  UP U* 61 OR 

2-Tellurien y l 0.06" 0.03" O.IOb 0.25b 
0.124 0.21" 

2-Selenien yl 0.06" 0.04" 0.16* 0.22' 0.85' 0.15' -0.14' 

2-Thien yl' 0.09' 0.05' 0.11' 0.19' 0.93d 0.12' -0.10' 
2-Furyl' 0.06# 0.02' O.llh 0.2Ih 1.08' 0.09' -0.08' 
5-Me-(2-selenienyl) - 0.03' 

0.09' 0.OlCJ 0.15" 0.20" 

5-Et-(2-selenienyl) - 0.02' 

S-Br-(2-selenienyl) 0.12' 
5-1-(2-seIenienyl) 0.1 1' 
5-Ac-(2-selenienyl) 0. IS' 

5-CI-(2-selenienyl) 0.13' 

5-N02-(2-selenienyl) 0.24' 

"From 'H-NMR, Ref. 85. 
bFrom ionization of phenols in 30% EtOH at 2 5 T ,  Ref. 85. 
'From ionization of benzoic acids in 50% EtOH, Ref. 86. 

Ref. 90. 
'From ionization of benzoic acids in 50% EtOH at 25 "C, Ref. 88. 
'From ionization of phenols in 30% EtOH at 25°C. Ref. 88. 
'From ionization of benzoic acids in 30% EtOH at 2 5 T ,  Ref. 89. 
*From ionization of phenols in 30% EtOH at 25 "C, Ref, 89. 

'For additional u values see Ref. 30. 

From the alkaline and acid hydrolysis of 2-ethoxycarbonyl oflive-membered heterocycles in 62% acetone at 25 "C, 

From ionization of biselenienylcarboxylic acids in 50% buthylcellosolve, Ref. 87. 

C4H3Z group and were calculatedg0 from rate constants of C,H,ZCOOEt (Z = Se, S ,  0) 
hydrolysis taking ethyl acetate as reference according to the Taft procedure". 

The 2-selenienyl and 2-tellurienyl groups exhibit an inductive electron-withdrawing 
effect like 2-fury1 and 2-thienyl. The a* values reflect the order expected on the basis of the 
electronegativity of the heteroatoms. The surprising opposite order of a, values has been 
explaineda6 by invoking the magnitude and direction of dipole moments and confor- 
mational effects. In the absence of important resonance interactions with the reaction site 
an electron-releasing effect is observed from conjugative positions (negative values of 
(ap - 6,) and aR). The a; value and the difference (a; - up) show that 2-selenienyl and 2- 
tellurienyl easily delocalize a negative charge and that the latter appears to  show a 
stronger effect than 2-fury1 and 2-thienyl. The electronic behaviour of the selenienyl is 
markedly influenced by a group at C(5). The ability of heteroaromatic rings containing Se 
and Te to delocalize both positive (+ M effect) and negative ( -  M effect) charges is 
ascribable to  the polarizability of the heteroatom which can release its p electrons or 
accept electrons into its free d orbitals. The degree of effect is probably related to  the 
resonance energy of the heteroaromatic ring. 

E. Replacement Substituent Constants 

The so-called replacement substituent constants have been calculated for a large 
number of heterocyclic groups' I .  However, their use is questionable both from the point 
of view of nomenclature and the concept of the constant. 

The terms aaa-sclenienyl, uaa-tcllurienyl etc. should be used 89 to indicate the effect caused by 
the substitution of a hydrogen atom of the benzene ring with C4H,Se or C,H,Te groups 
(see Section 1I.D) and not used to measure the effect caused by the replacement of the 
CH=CH moiety of the benzene ring with Se or Te atoms. 
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TABLE 4. Replacement substituent constants for chalcogenaryl groups 

Substituent" Heterocyclic groupb 

Te 

Se 

S 

0 

-N =CH -Se - 

-N=CH-S- 

-N&H -0- 

Tellurophene a, 

Selenophene aa 
(7,' 

0.' 

4 
Thiophene a, 

d 
Furan 0, 

0.' 
Benzoselenazole a: 

Benzothiazole a: 
0.l 

Benzoxazole uz 
u.3 

- 

- 

- 

0.23' 

0.62' 0.6W 0.55d 0.28' - 0.48 - 0.22h 
- 0.92' 

-0.24' - 1.16h 
- 1.28' - 1.29 - 0.99 - 0.88' - 0.43' 
> -0.53' 
0.71' 0.67' 0.36' 0.05' - 0.28" - 0.21' - 0.9Zh 
- 1.15' -0.79' -0.38' 
I .04' 0.61' 0.28' 0. I Om - 0.29ht8 - 0.79h 
- 1.26j -0.93' -0.51' 
I .9" 1.2" 
1.8P 
1.6" 1.3" 
1 .6p 
1.4" 1.2" 
I .7P 

Substituent which replaces the CH=CH moiety of the benzene ring or which is fused on the benzene ring. 
bFrom which the substituent constant is derived. 
'From the ionization of n-carboxylic acids in H,O at 25T, Ref, 91. 
"From statistical analysis, Ref. 92. 
'Ref. 31. 

Ref. 99. 
#Ref. 100, the value has been calculated erroneouslys7. 

From the ionization of E- and Z-a,p-diarylacrylic acids in 80% 2-methoxyethanol at 25 "C, Ref. 93. 
i From the ionization of poro-substituted chalcones in AcOH-H,SO, Ref. 94. 
J From a protodemercuriation reaction, Ref. 95. 
*From acid protodedeuteriation, Ref. 98. 
'By an extended selectivity relationship, Ref. 96. 
"Ref. 101. 
"From 'H-NMR, R d  91. 
From IR data, Ref. 97. 

p From alkaline deuteriodeprotonation reaction, Ref. 97. 
q Ref. 30. 

The a,, values reported in Table 4 question the concept of the constant and its electronic 
meaning. The polar constant a,, sometimes has a high degree of variation for the same 
substituent and appears to exhibit both an electron-releasing and an electron- 
withdrawing inductive effect. The effect is also strongly dependent on minor changes in 
polarity of the solvent. Significant examples are the am.sclcnicnyl values of -0.22 and 
- 1.16 calculatedg3 from the ionization of E- and Z-a-phenyl-/?-(2-selenienyl)acrylic acids. 
However, it has been observedg3 that the greater electron-donating effect of the Se in the 
Z-isomer conflicts with stereochemical data indicating that the carboxyl group is twisted 
out of plane and therefore a minor conjugation is possible. 

The a: values obtained by the extended selectivity relationshipg6 are more reliable, but 
deviations are observed in this case also. 

In the authors' opinion the replacement substituent constants are the result of an 
incorrect application of the Hammett equation and should be viewed with caution. 

F. Special Substituent Constants 

The cher constants for chalcogenazidinium salts are reported in Table 5. Their use is 
very limited and discrepancies in values are o b s e r ~ e d ~ ~ * ' ~ ~ .  In the authors' opinion these 
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T A B L E  5. Special substituent constants for chalcogen heteroarenes 

Compound uhrt 

2-Amino-3-ethylbenzoselenazolium-BF4 4.9 8"-' 
2-Amino-3-ethylbenzothiazolium-BF4 4.92" 4.89'.' 
2-Amino-3-ethylbenzoxazolium-BF4 5.73" 4.33' 

"From ionization of azidinium salts in water at ? 5 T ,  Ref. 33. 
From the reaction rates of azidinium salts with I-(p-sulphophenyl)-3- 

methylpyrazolin-5-one in water at 25 "C, Ref. 102. 
'From the reaction rates of azidinium salts with I-(m-sulphophenyl)-3-methyl-5- 
aminopyrazole in water at 40 "C, Ref. 102. 

values are also the result of an arbitrary extension of the Hammett equation and therefore 
their physicochemical meaning is questionable. 

G. Hydrophobic Substituent Constants 

Substituent constants of chalcogen atoms containing groups for structure-activity 
correlations are reported in Table 6. The hydrophobic substituent constant R of the SeMe 
group is slightly higher than that of SMe but opposite in sign to  that of the O M e  group. 
This indicates that when going from 0 to Se the molecule's movement into the organic 
phase is facilitated. A comparison with the Me group shows that the Se atom increases the 
hydrophobic character. This is also evident from the R constant of the SeCH,COOH 
group when compared with that of the S and 0 analogues. As the chain is lengthened 
(Me, Et, Pr) the hydrophobic character increases. 

TABLE 6. Hydrophobic substituent constants for 
chalcogen-containing groups" 

Substituent K Substituent K 

SeMe 0.74 SePr 1.82 
SMe 0.61 SPr 1.61 
O M e  - 0.02 O P r  1.05 
Me 0.56 Pr 1.55 
SeEt I .28 SeCH,COOH - 0.08' 
SEt 1.07 SCH2COOH - 0.25' 
OEt  0.38 OCHZCOOH -0.87 
Et 1.02 CH,COOH - 0.72 

Values taken from Ref. 35 and 103. 
bCalculated from the partition coeficient". 

111. SUBSTITUENT EFFECTS INVOLVING SELENIUM AND TELLURIUM 

A. The Reaction Constant 
Structure-reactivity relationships are usually expressed by single- or dual-parameter 

equations. The most popular treatment of the first type is that proposed by Harnmettl3 
(equation 7 )  for side-chain equilibria ( K )  or rate ( k )  reactions of para and meta-substituted 
benzenes. K O  or k,  refer to the unsubstituted parent compound and o is the substituent 
constant defined by ionization of para- and meta-substituted benzoic acids in water a t  
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25 "C (ap, a,,,) assuming the reaction constants p = 1 (see Section 1I.A). 
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log K I K ,  = pa or log k lk ,  = pa (7) 

The Hammett equation has been extended'".'' to physical data ('H-, I9F- and I3C- 
NMR, El j2 ,  IR, UV etc.), to other substrates besides that of benzene and to other reactions 
determining new types of a constants (o+,a-, etc., see Section 1I.A). A more general 
Hammett-like equation (equation 8) can be written, where AQ is the substituent effect on 
equilibria, kinetic or physical data and a is any type of substituent constant (a,,,, oP, a+, a-, 
etc.) which correlates AQ. The p constant is the reaction constant which is independent of 
the substituent, depending only on the reaction or physical measurement and experi- 
mental conditions (solvent, catalyst, temperature). 

A Q  = pa (8) 

The p constant is a measure of the sensitivity of the reaction to the substituent effects 
and of the transmission of the electronic effects from the substituent to the reaction centre. 

In equilibrium processes p is the result of the difference between the p values of the direct 
and inverse reaction and therefore its value is positive or negative depending on the 
considered direction of the reaction. If in the ionization equilibria the acid is on the left, the 
p value is positive. 

For side-chain solvolytic reactions of aromatic substrates in which a positive 
delocalizable charge is developed in the rate-determining step and in electrophilic 
aromatic substitutions, the sign of p is negative. The value of p is positive in aromatic 
nucleophilic substitution and in other rate processes in which a delocalizable negative 
charge is developed in the rate-determining step. 

The best known dual-parameter equations used for correlating equilibrium, kinetic and 
other physical data of aromatic substrates are those proposed by Taft", Swain-Lupton2' 
and Y u k a w a - T s ~ n o ' ~ ~ .  The first two (equations 9 and 10) are those almost exclusively 
used in Se and Te organic compounds. The regression parameters pI and f ,  pR and r should 
respectively be a measure of the relative importance of polar and mesomeric effects 
transmitted from the substituent to the reaction centre. 

Two serious criticisms have been made about the use of these equations. The first is 
statistical in nature"'. The significance of regression parameters of a multiple linear 
regression depends strongly on the number of points and on the width of the range 
covered. Therefore when a limited number of substituents are used, or there is multi- 
collinearity between the two substituent constants, the regression parameters p,, f , p R  and 
r have no meaning. This was made clear by Taft himself24 who suggested a minimal set of 
substituents; nevertheless many of the correlations reported in literature commit this 
error. 

The second criticism is one of ~ o n c e p t ' ~ ~ .  Supporting statistics show that within a given 
type of reaction the regression parameters of the dual parameter equations (9) and (1 0) are 
not significantly different from those expected on the basis of the Hammett p constant 
and of the correlation between the proper set of Q constants. Equations (9) and (10) cannot 
therefore distinguish between a different blend of polar and resonance contributions even 
when the aromatic system is changed but the reaction remains the same. 

The use of both single- and dual-parameter equations in 'H-NMR spectroscopy has 
been criticisedLo6-' l o  be cause there is no clear theoretical relationship between the 
shielding mechanism and the chemical reactivity parameters and other effects, in addition 
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to electronic effects, influence the chemical shifts. Wiley and Millerio6 have stated: "H- 
NMR correlations which depend solely on the reactivity constants (a, F, 9) are 
theoretically deficient and we would discourage their use. The introduction of additional 
terms, e.g. to correct for substituent magnetic anisotropy, appears to be essential, but the 
merits of such a hybrid approach are doubtful.' This criticism can be extended to other 
spectroscopic parameters. 

Finally it must be recalled that the goodness of a correlation, and therefore of the 
regression parameters p, p,, f, pR and r ,  cannot be established solely on the basis of the 
value of the correlation coefficient, The use of appropriate statistic tests is absolutely 
necessaryLo5. 

B. Electronic Transmission Through Heterocyclic Systems 

Transmission of the substituent electronic effects through selenophene (3; Z = Se) and 
tellurophene (3; Z = Te) rings has been determined4*9'*' ' fo r the ionization reaction in 
water at 25 "C of 4- and 5-substituted selenophen-2-carboxylic acids (4; Z = Se) and 5- 

(3) (4) 

substituted tellurophen-2-carboxylic acids (4; Z = Te). By plotting the pK, values 
against the Hammett u constants excellent linear correlations are obtained. The p 
values are reported in Table 7 with those for the ionization of substituted thiophen-2- 
carboxylic acids4*"' (4; Z = S) and furan-2-carboxylic acids4*' l 3  (4; Z = 0). A com- 
parison shows that the furan ring is the most sensitive to structural change and that 
selenophene, tellurophene and thiophene behave similarly. Analogous results are 
obtained" in the ionization reaction of 2,2'-biselenienyl and 2,2'-bithienyl-5'-substituted 
5-carboxylic acids (5; Z = Se, S) in water-butylcellosolve. The p values (Table 7) show that 

(5) (6) 

TABLE 7. Transmission of substituent effects in the ionization of a- 
cnrboxylic acids of chalcogenic heterocycles 

a-Carboxylic acids p" Solvent T(T) Ref. 

Teliurophen- 1.20 H,O 25 4,91 
Selenophen- 1.23 H,O 25 1 1 1  

1.76 H,O/BCb 20 87 
Thiophen- 1.23 H,O 25 4,112 

1.71 H,O/BC 20 87 
Furan- 1.40 H,O 25 4,113 
2,2'-Biselenienyl- 0.50 H,O/BC 20 87 
2.2'-Bithienyl- 0.56 H,O/BC 20 87 

'Calculated by using the Hammeu u constants and ph', values determined 
potentiometrically. 

Butylcellosolve in I : I v/v mixture. 
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the transmission through the biselenienyl and bithienyl systems is the same ( p  = 0.50 and 
0.56) and very similar to that of the biphenyl system'14 (0.59), but markedly lower than 
that through the corresponding monocyclic compounds 4 ( p  = 1.76 and 1.71). 

Quantitative information on the ability of the selenophene ring to transmit the 
substituent electronic effects was obtained through a study"5 of the protonation of 5- 
substituted 2-acetylselenophenes (6) in an aqueous solution of H,SO, by 'H-NMR 
spectroscopy and by IR investigation116 of the proton acceptor power of compounds 6 in 
the incomplete acid-base interaction with phenol in tetrachloroethylene. In the first study 
the correlation between the values of pK = H, (half-protonation) and the electrophilic u+ 
constants gives a p value of 3.35 which compared with those of 5-substituted 2- 
acetylthiophenes"' ( p  = 3.34) and substituted acetophenones'" ( p  = 2.49) indicates that 
the two heterocyclic rings once again exhibit the same sensitivity to structural changes but 
transmit the substituent effects more efficiently than the benzene ring. The d orbitals of Se 
and S are invoked"' to justify the higher transmission ability. In the second study the 
association constants K,, and the shifts Av(0H) of the stretching vibrations of the hydroxy 
group of phenol occurring in the hydrogen bond formation, were correlated with the up 
and 0: constants. Although the statistical analysis does not give clear information' 16, the 
correlation with 0,' constants was preferred because it seems to take better account of the 
conjugative interactions of the substituent and the carbonyl group. The values of - 0.64 
(Kas vs. u:) and - 0.08 (Av vs. 0;) compared with those calculated for the substituted 
acetophenones under the same experimental conditions (- 0.36 and - 0.09) seem to 
confirm the higher sensitivity of the selenophene compared to the benzene ring to the 
electronic effects of the substituent. However, these results" 5 * 1  ' should be regarded with 
suspicion because of the type and limited number of substituents used in the correlations. 

The transmission ability of selenophene and tellurophene rings has also been 
determined" in the side-chain solvolyses of l(2-heteroary1)ethyl acetates (7; Z = Se, Te 
and 8; Z = Se, Te) in 30% ethanol by the k(Me)/k(H) reactivity ratios. The values of the 
ratios are 23 and 12 for the derivatives of selenophene and tellurophene, respectively. If the 

Me 

(7) R =  H 
(8) R = Me 

k(Me)/k(H) ratios are considered an estimate of the transmission through the individual 
ring system, it may be concluded that the selenophene transmits the electronic effects of the 
substituent better than the tellurophene. A comparison117 with the k(Me)/k(H) ratios of 
the analogous derivatives of furan and thiophene (160 and 70, respectively) shows that the 
transmission ability decreases in the order furan > thiophene > selenophene > 
tellurophene. The transmission across the selenophene ring has also been de- 
termined ' ' * in the solvolyses of 5-substituted 2-chloromethylselenophenes (9). A p value 
of - 6.42 can be calculated from the regression analysis between the log of the reaction 
rate constants and u' values. 

The sensitivity of the benzoselenazole system to structural changes has been eva- 
luated' l 9  by 'H-NMR spectroscopy. The chemical shifts of the 2-Me protons of a number 
of 5- and 6-substituted 1,3-benzoselenazoles (10) have been correlated with Hammett's u 
constants using u, values for the substituents bonded at C(5) and up values for those 
bonded at C(6). The value ofthe pconstant is 6.72 and is very similar to those obtained''9 
for 5- and 6-substituted 2-methyl-I ,3-benzoxazoles (p = 6.82) and benzothiazoles 
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(p  = 7.31). The chemical shifts of the 2-Me protons are strongly dependentttg on the 
nature of the chalcogen atom, but the p values for the three benzoazoles show that the 
heteroatom does not play an important role in the transmission of electronic effects, most 
of which are therefore transmitted across the N atom. 

C. Electronic Transmission Through Selenium and Tellurium Atoms 

The transmission of electronic effects of the substituents through the -Te- and 
-TeX,-(X = CI, Br) bridges has been investigated by Sadekov and coworkers'20-12' 
by measuring the thermodynamic basicity constants of p -  and m-aryl [p- 
(dimethylamino)phenyl]tellurides (1 1) and corresponding dihalotelluranes (13, 14) and 
the "F-NMR chemical shifts of p-aryl Cp-fluorophenyl]tellurides (15) and corresponding 
dichlorotelluranes (16). The results of single-parameter correlations using 0, uo and u' 
constants indicate that the Hammett CT constants generally give the best correlation. 
Examination of the pconstants reported in Table 8 show that the Te in tellurides is able to 
transmit the electronic effect better than the Te in the telluranes by a factor of 2.3-4 and 
that I9F chemical shifts are more sensitive than pK, values. 

m- or p-RC,H,-Z-C,H,NMe,-p 

(12) Z = Se 

m- or p-RC,H,TeX,C,H,NMe,-p 
(11) Z = T e  

p-RC6H4TeC6H4F-p p-RC,H,TeCI,C,H,F-p 

(13) X = C1 
(14) X = Br 

(15) (16) 

Transmission through a -TeX,- bridge is mainly of the inductive type, but through 
the -Te- bridge a contribution of polar resonance structures 17 and 18, with the 
participation of the vacant d orbitals of Te, is possible. Dipole moment data seem to 
support this h y p o t h e s i ~ ~ ~ . ~ ~ .  The "F chemical shifts of 15 and 16 were also elaborated by 

TABLE 8. Hammett p constants for the transmission of 
substituent effects through Se and Te bridges 

Compound Bridge P O  Ref. 
~ 

11 
15 
28 
13 
16 
14 
19 
20 
21 
22 
21 

-Te- 0.776 120 
3.83 122 

- 19.3 136 
-TeC12- 0.335 121 

0.984 I22 
-TeBr2- 0.251 121 
-Se- I .47 127 

0.35 60 
- 1.55 47 
- 1.05 x 133 
- 18.7 I36 

a Hammctt 0 constants were used except for 20 and 22 (sec text). 
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TABLE 9. Taft p ,  and pR constants for the transmission of substituent effects 
through chalcogenic bridges" 

515 

Constantb Bridge Ref. 
-Te- -TeC12- -0- -S- 

PI 3.18 1.14 3.84 4.77 122, 123, 124 
PR 3.06 1.1 I 5.07 5.90 122, 123, 124 

'From I9F-NMR data of 15, 16 and 0 and S analogues. 
0, and uR were used in the dual-parameter equdtion. 

the Taft equation and comparison of p ,  and pR values (see Table 9) with those obtained 
from p-fluorodiphenyloxides' 23 and p-flu~rodiphenylsulphides'~~ seems to indicate that 
Te is less able to transmit the electronic effects of the substituents than 0 and S. 

The transmission through the -Se- bridge has been investigated in a variety of 
compounds and reactions (Table 8). The first studies were by Litvinenko and cowork- 
e r ~ ~ ~ * ~ ~ ~  who measured the k(H)/k(NO,) reactivity ratios of selenides (12; R = p-NO,, H) 
in the reactions with picryl chloride and p-nitrobenzyl chloride. At 25 "C the k(H)/k(NO,) 
ratios for the two reactions are 22.2 and 17, respectively and are higher than those for 0 (16 
and 12.1) and lower than those for S (30.6 and 23.8) analogues. Further studieslZ6 
extended to other bridging groups have pointed out the following decreasing order of 
transmissivity: NMe > NH > S > Se > 0 > CH,. 

The log of the rate constants for alkaline hydrolysis of aryl selenoesters (19) in 70% 
aqueous acetone gives a good linear correlation with the Hammett Q constants' ,'** '*. The 
value of the reaction constant (p = 1.47) is the same as that found'" for 0 (p = 1.46) and 
S (p = 1.46) analogues. Although the selenoesters (19) are more reactive than the analogous 
esters and thioesters, the Se atom exhibits the same power for transmitting electronic 
interaction as 0 and S. Parallel lines are also obtained in the correlations of carbonyl 
frequencies of 19 and 0 and S analogues with 0 values confirming the previous  result^"^. 
Analogous results are obtained in the ionization reaction of para- and meta-substituted 
aryl chalcogenacetic acids (20). The pK, values correlate6' with Bekkum's 0" substituent 
 constant^'^, where possible, and otherwise with the Hammett 0 values, and give a p value 
of 0.35 for substituted phenylselenoacetic acids (20; Z = Se) which is similar to that 
calculated for phenoxyacetic acidslZ9 (20; Z = 0) (0.30) and phenylthioacetic acids60 (20; 
Z = S) (0.32), but lower than that for phenylacetic a ~ i d s ' ~ ~ * ' ~ '  (0.49), and higher than that 
of j?- arylpropionic acids'32 (20; Z = CH,) (0.21). Chalcogen atoms have therefore a lower 
insulating effect than that of a methylene group. The similarity of transmission of 
electronic effects of chalcogen atoms is probably the result of an interplay between the 
increase in the polarizability of the heteroatom and the increased distance of the 
substituent from the reaction centre going from 0 to Se60. 

p-RCsH4SeC(=O)CH2CH,Ph m- or p-RC6H,-Z-CH,COOH 

Differences in the electronic transmission through -Se-, -S- and -0- bridges 
are also observed in the acid-catalysed hydrolysis of aryl vinyl chalcogenides. The 
mechanism of the reaction of aryl vinyl selenides (21) has been studied by McClelland and 
Leung4'. The rate-determining step of the reaction is the proton transfer to the olefinic 
bond (equation 11) and the reaction products are acetaldehyde and benzoselenols which 
quickly convert to diselenides under the reaction conditions. The Hammett p constant of 
selenides ( -  I .55) is smaller than those of sulphides (- 1.84) and ethers (- 2.00). The 
ability to transmit the substituent effects to an adjacent positive reaction centre therefore 

(19) (20) 
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appears to be largely determined by the degree of the electron-donating character of the 
chalcogen atom. 

n+ + 
ArSeCH=CH,- ArSeCHMe + + ArSH + MeCHO (1 1) 

slow 

(21) 

In aryl allyl chalcogenides (22; Z = 0, S, Se) and aryl cyanoselenides a linear 
dependence between the V,,,,,, (cm-') of the K-band in UV spectra and a, has been 
found'33. One-parameter regression analysis shows that the power of transmission 
of a chalcogenic bridge in allyl compounds decreases in the order -Se-(p = 
- 1.05 x > - S - ( p  = - 0.83 x lov4) and is higher 
than in the cyanoselenides ( p  = - 0.71 x 

>-O-(p = - 1.03 x 

The transmissivity of the -Se- bridge has been evaluated'34 and compared with 
those of -Se-Se-, -CH2- and -CH2 -CH, - bridges by measurements of half- 
potential of diferrocenyl compounds 23-26. The values E ; / ,  and IT;/, of the first and 
second half-wave potentials and their differences A E , / ,  are reported in Table 10. 

Fe (23) Z = Se, n = 1 
(24) Z = Se, n = 2 
(25) Z = CH,, n = I 
(26) Z = CH,, n = 2 

Fe 

Assuming13' the A E , , ,  value as a quantitative estimate of the electronic interaction 
between the two ferrocene moieties, the order of decreasing power of transmission is: - 
Se- > -Se-Se > -CH,- > -CH2-CH,--. A field effect should not be important 
since the C-Se and Se-Se bonds are much longer than the C-C bond and therefore 
the increased interaction between the ferrocene moieties in 23 and 24 is probably due to an 
inductive effect which is transmitted more efficiently from the more polarizable Se atom. 

The ability of transmission of -Se- and -Te- bridges has been compared'36 by 
'H-NMR investigation of the complexes 27 and 28 of n-cyclopentadienylnickel tri-n- 
butylphosphine with meta- and para-substituted phenyl selenides and phenyl tellurides. 
Good linear correlations are observed between the cyclopentadienyl proton chemical 

TABLE 10. First and second half-wave poten- 
tials of bridged diferrocenes" 

Compound E',,2 E y / 2  AEl,2 

23 0.46 0.68 0.22 
24 0.53 0.67 0.14 
25 0.39 0.56 0.17 
26 0.37 0.37 0.00 

In acetonitrile except for 25 for which MeCN (90% 
EtOH) was used. For references see text. 



15. Directing and activating effects involving Sepe  577 

(27) Z =Se 
(28) Z = T e  

shifts and the Hammett o constants. The p values for Se and Te ligands are - 18.7 and 
- 19.3, respectively, and the comparison with the p value of - 17.9 for the S IigandI3' 
shows that the order of transmission of the substituent electronic effects through the 
heteroatom-Ni bond increases in the order -4- < -Se- cc -Te-. 

The electronic transmission in n-tellurane system has been evaluated' 38 by single- and 
multi-parameter correlations between the thermodynamic basicity constants of tellu- 
ronium ylides (29) and Xu, Za", Xu', Xu,, XU,, etc. 

The Xu" constants seem to give the best one-parameter correlation (p  = 0.958) but the 
results should be used cautiously. 

0 

(29) 

Hammett-like correlation between the basicity constants of para-substituted diphenyl- 
selenoxides and Xu* has been used142 to evaluate the transmission in n-selenuranes. The p 
constant (- 0.89) is very similar to that calculated for analogous sulphoxides ( -  0.92), 
indicating that the two heteroatoms have the same transmission ability. 

The sensitivity of the Se-halogen bond to electronic effects has been e ~ a l u a t e d ' ~ ~ - ' ~ '  
by determining the dissociation constants of symmetrically and unsymmetrically 
disubstituted diphenylselenium dibromides (30; X = Br) and symmetrically disubsti- 
tuted diphenylselenium diiodides (30; X = I, R' = R2). These compounds dissociate in 
CCI, solution to give diphenyl selenides (31) and halogen (equation 12). The pK values of 
the dissociation constants plotted against the Hammett cr constants give p values of 2.1 
and 0.7 for dibromides and diiodides, respectively, indicating a higher sensitivity of the 
Se-Br bond as compared with the Se-I bond to electron density. 

D. Substituent Effects in Electrophilic and Nucleophilic Aromatic Reactions 

The k(Me)/k(H) reactivity ratios for all chalcogen heterocycles (3; Z = Te, Se, S, 0) and 
their 2-Me derivatives have been determined in our laboratories" 7 * 1 4 3  by kinetic and 
competitive procedures in two electrophilic substitution reactions (see Section IV.A), i.e. 
formylation and trifluoroacetylation. The values are summarized in Table 11. If the 
k(Me)/k(H) ratios are considered as estimates of the sensitivity of the heterocyclic ring to 
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TABLE I I .  k(Me)/k(H) reactivity ratios for electrophilic sub- 
stitution of five-rnernbered chalcogen heterocycles 

Ring Formylation" Trifluoroacetylationb 

Tellurophene 620 500 
Selenophene 300 280 
Thiophene 290 380 
Furan 880 I700 

" B y  COCI,-DMF iii CHCI, at 20 C. 

see text. 
By trifluoroacetic anhydride in dichloroethane at 75 "C. For references 

substituent electronic effects the following order is observed: furan > tellurophene > 
thiophene > selenophene. The order is different from that observed"' in side-chain 
reactions in which a delocalizable positive charge is developed in the intermediate 
carbocation (see Section 1II.B) indicating that parallelism between the two classes of 
reactions is not always possible (see Section 1V.A). The different order may be the result of 
concomitant factors such as the charge distribution, the position of transition state along 
the reaction coordinate and the interaction between the substituent and heteroatom"'. 

The sensitivity of selenophene (3; Z = Se) to substituent electronic effects in electrophilic 
and nucleophilic reactions has been determined by mercuriation'44 of 2-substituted 
selenophenes and by piperidino-debr~rnination'~' of 2-bromo-3-nitro-5-substituted 
selenophenes, respectively. The reaction constants p are reported in Table 12 together 
with those calculated for the analogous t h i o p h e n e ~ ' ~ ~ ~ ~ ~ ~ .  The sensitivity of the 
selenophene ring to structural changes is high (high p values) and is the same as that of the 
thiophene ring. 

A theoretical study of the sensitivity of selenophene, selenopheno[2,3-b]selenophene 
and selenopheno[3,2-b]selenophene rings to the electronic effect of substituents bonded 
at C(2) has been reported by Konar and  coworker^'^^. Localization energies were chosen 
as reactivity indices and calculations were performed for the aromatic compounds and 
their C-protonated form (a complex). The theoretical values correlated with Swain- 
Lupton S a n d  9 constants seem to indicate a dominant resonance effect for the a-position 
of five-membered rings and a more efficient transmission of resonance effect at C(5) 
through the [3,2-b] system than through the [2,3-b] system. 

TABLE 12. Reaction p constants for electrophilic 
and nucleophilic substitutions at selenophene and 
thiophene rings 

Piperidino- 
Ring Mercuriation" debrominationb 

Selenophene - 5.77 (25 "C) 3.1 5 (20 "C) 
- 5.80(35 "C) 
- 5.14(50 "C) 

- 5.60 (50 "C) 
Thiophene - 5.86(35"C) 3.21 (20°C) 

'Log of rate constants vs. uf ,  Ref. 144. 
Log of rate constants vs. u - ,  Refs. 145, 146. 
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E. Substituent Effects on Ring Protons and Carbons of Heterocyclic 
Systems by NMR Spectroscopy 

The proton and carbon chemical shifts of substituted compounds relative to parent 
unsubstituted ones (A6 = AH{ or ACi where i indicates the position of proton and carbon 
and j that of the substituent) are frequently related to the electronic effects of the 
substituents by u or 0-like constants".' '. In Se/Te organic compounds P and W Swain- 
Lupton constantsz5 are the most used. The regression constants f and r (equation 10) 
have been calculated for 2- and 3-substituted se l en~phenes '~** '~~ ,  2-substituted tellur- 
~phenes'~',  2- and 3-substituted benzo[b]selen~phenes'~~, benzo[b]telluro- 
phenes"', 2-substituted selenophen0[3,2-b]selenophenes'~', 2-substituted seleno- 
phen0[2,3-b]seIenophenes'~' and para-substituted 4-aryl-1,2,3-selenadiazoles' ". Some 
examples are summarized in Table 13. One-parameter regressions between Ad and 0,' 

have been calculated for 2-substituted selenophen0[3,2-b]selenophenes'~~. Theoretical 
considerations discourage the use of reactivity constants in 'H-NMR correlations and 
supporting statistics question the meaning of dual-parameter equations (see Section 
1II.A). 

Another approach is to correlate the relative chemical shifts of a substrate S,[AS(S,)], 
against those of another substrate S,, [AS(S,)], by equation (13). The straight line 
of the regression should pass through the origin, but deviations are observed. The 
regression constant A can be viewed ( B  should be zero) as the ratio of the transmis- 
sions of the substituent effect of the two substrates. The constant A has been deter- 
mined for the couples selenophene-thiophene' 53.'54, selenophene-tellurophene' 53-1  54, 

tellurophene-thiophene' 54, selenophene-benzo[b]selenophene I 50, tellurophene- 

TABLE 13. Regression constants (f and r )  and intercept ( i )  of 
the Swain-Lupton equation for substituted heterocyclic rings 
containing Se and Te" 

A6 (Compound)b f r  1 Ref. 
~ 

AH; (Te) 

AH:(Se) 

AH; (BTe) 

AH: (BSe) 

AH: (Se) 

AH: (BTe) 

AH: (BSe) 

AC; (Se) 

AC: (Se) 

AC; (2,3-SeSe) 

AC: (3,2-SeSe) 

~ 

0.51 2.97 -0.07 

0.34 2.67 0.00 

0.33 2.49 0.04 

0.28 2.13 0.12 

0.57 3.23 0.02 

0.17 4.20 0.33 

0.49 3.28 0.22 

- 5.7 46.6 4.0 

-3.7 61.7 2.3 

2.0 4.9 -0.3 

7.5 15.2 0.86 

~~ 

150 

148, 149 

I50 

1.50 

148, I49 

I50 

I50 

148, I49 

148, I49 

147 

147,151 

"Data for other positions of proton, carbon and substituent are 
reported in the cited references. 
'Te = tellurophene, Se = sclenophene, BTe = benzo[b]tellurophene, 
BSe = benzo[b]selenophene, 2,3-SeSe = selenopheno[2,3-b]seleno- 
phene, 3,2-SeSe = selenopheno[3,2-b]selenophene. 
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TABLE 14. Relative shifts of 2-substituted tellurophenes, selenophenes and furans vs. those of 
2-substituted thiophenes" 

~~ 

Relative proton chemical shift Relative carbon chemical shift 
A4Si) A W J  A B A W , )  W%) A B 

AC:(Te) AC:(S) 1.18 1.73 

AC:(Se) AC: (S) 1.11 - 0.62 

ACi(0) AC:(S) 0.81 - 5.05 

AH: (Te) AH:@) 1.23 -0.16 AC; (Te) AC: (S) 1.10 - 0.99 

AH: (Se) AH:@) 1.11 -0.08 AC; (Se) AC:(S) 1.17 - 1.57 

AH$ (0) AH$(S) 1.16 0.16 AC: (0) AC; (S) 1.22 -0.11 

AH: (Te) AH:@) 1.64 0.04 AC; (Te) AC: (S) 1.04 - 0.86 

AH: (Se) AH:@) 1.06 0.01 AC:(Se) AC:(S) 1.18 - 0.43 

AH: (0) AH:@) 1.07 0.19 AC:(O) AC:(S) 1.28 - 0.75 

AH: (Te) AH:@) 1.16 -0.02 ACi(Te) AC:(S) 1.25 - 0.45 

AH: (Se) AH:@) 1.02 0.00 AC:(Se.) AC:(S) 1.14 - 0.50 

AH: (0) AH:(S) 0.68 0.10 AC:(O) AC:(S) 0.58 0.28 

"Te = tellurophene, Se = selenophene, S = thiophene, 0 = furan; A and B are the regression constant and the 
intercept. respectively, of equation (13); data taken from Refs. 153 and 154. 

benzo[b]tellur~phene~~~, selenopheno[3,2-b]selenophene-thieno[3,2-b]thi0phene~~' 
and dibenzylchalcogenides-dibenzyldichalcogenides' 5 5 .  The data relative to 2-substituted 
five-membered heterocycles are summarized in Table 14. Except for a few cases n o  
significant differences are observed in the slopes with values near to unity. Therefore the 
four rings transmit the substituent effects by the same mechanism and with practically the 
same intensity, 

A6(St) = A.A6(S,) + B ( 1  3) 
The coupling constants J(H-H) and J(Se-H) of 2- and 3-substituted selenophenes 

but generally poor have also been correlated with Swain-Lupton 9 and 99 
correlations are obtained. 

F. Miscellaneous 

The sensitivity of the seleninic group (-Se0,H) to  substituent effects has been 
evaluated by the correlation157~1s8 between the ionization of,p- and m- 
benzeneseleninic acids determined in water a t  25 "C and the Hammett u constants. The p 
value (p  = 1.0) indicates that in aromatic systems the seleninic group has the same 
sensitivity as the carboxylic group. 

Kristian and Suchar16' found a linear correlation between the vibration frequencies of 
the isoselenocyanogroup (-NCSe) of p- and m-substituted phenyl isoselenocyanates and 
Hammett's u constants. The reaction constant ( p  = - 16.14 in chloroform) is solvent- 
dependent and is markedly lower than that for the isothiocyanates (p  = - 36.60 in 
chloroform). The result agrees with the greater mesomeric interaction of the isothiocyano 
group with the aryl ring. 
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Correlations with Q constants were also found in the base-catalysed decomposition 
of 4-aryl-I,2,3-selenadia~oles'~~ (p  = 2.4) and in the ionization reaction of 5,6- 
substituted 2, I ,  3-benzo~elenadiazoles'~~. 

IV. REACTIVITY AND DIRECTING EFFECTS IN HETEROCYCLIC SYSTEMS 

Organic compounds of Se and more particularly Te are sometimes unstable in mineral 
acids and sensitive to light. They give complexes at the heteroatom and undergo carbon- 
heteroatom fission with nucleophilic reagents. Hence the study of their reactivity is 
difiicult, and most of the available reactivity data are qualitative. Quantitative data refer 
mainly to five-membered rings and will be discussed first. When necessary, a comparison 
with analogous compounds of 0 and S is made. 

A. Electrophilic Aromatic Substitutions 

The behaviour of selenophene (3; Z = Se) and tellurophene (3; Z = Te) in electrophilic 
substitutions is similar to that of other aromatic systems. The electrophile is directed mainly 
or exclusively to the 2-position (a-position) as in furan (3; Z = 0) and thiophene 
(3; Z=S). The .:/j ratio of selenophene in the acid-catalysed protode- 
deuteriation reactiong8 (MeOH-H,O, 20°C) is > 5  x lo3 and only the a-isomer is 
observed in sulphonationI6*, h a l ~ g e n a t i o n ' ~ ~ . ~ ' ~ ,  mercuriation' 'O, trifluoroace- 
tylation'66, acetylation'64, formylation'65, chl~romethylation'~~ and aminomethy- 
lationt7'. Nitration17' gives 15Xofthe 3-nitroderivative(fl-isomer)so that thea:flratio is 
similar to that found for thi~phene"~. Tellurophene is a ~ e t y l a t e d ' ~ ~ . ' ~ ~ ,  formy- 
lated'43*165 and triflu~roacetylated'~~-'~~ exclusively in the a-position. Bromination 
gives 1 , l  -dibromotellurophene174. 

An electron-donating or -withdrawing substituent present at the 2- or 3-position does 
not change the orientation and the electrophilic substitution still proceeds mainly or 
exclusively at the free a-position181. An exception is nitration with fuming HNO, and 
concentrated H,S04 of 2-substituted selenophenes containing strong electron- 
withdrawing groups (i.e. CHO, COOH, CN, COMe, S0,CI). In this case the reaction 
occurs175q181 mainly at the 4-position (6040%). The preference for the a-position may be 

TABLE 15. Rates of tellurophene, selenophene and furan relative to thiophene 

Electrophilic substitution" k(TeMk(S) k(Se)/kW k(O)/W) 

Bromination, Br,, AcOH, 25 "C 47.56 I2W 

Bromination, Br + 
4Sb 

Chlorination, CI,, AcOH, 25 O 6Sb 48.7' 

Trifluoroacetylation, TAA, DCE, 75 "C 46.4* 7.33d 140' 
Acetylation, Ac,O, SnCI,, DCE, 25 "C 7 . S d  2.28d 1 l.9* 
Protodemercuriation, HCI, EtOH, 70 "C 2.2f.i 2.3'3' 

Formylation, COCI,, HCONMe,, 30 "C 36.8d 3 H d  I07* 
Protodedeuteriation, MeOH-H,O, H+, 20 "C 1 O8.h 1,se.j 

"Te = tellurophene, Se = selenophene, S = thiophene, 0 = furan, TAA = trifluoroacetic anhydride, DCE 
= 1,2-dichloroethane. 
bRef. 164. 'Ref. 96. dRef. 165.eRef. 166. 

bk(Se)/k(S)=6-10, Ref. 167. p. 24. 

j Partial cleavage of the furan ring occurs, Ref. 96, p. 267. 

Ref. 95. @ Ref. 98. 

It has k e n  assumedg6 that the reaction proceeds via preliminary coordination of Hg with the heteroatom. 
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rationalized in terms of the relative stabilities of Wheland intermediates as models for the 
transition statesg". 

The a-reactivity data for selenophene and tellurophene relative to thiophene are 
reported in Table 15. Both compounds are more reactive than thiophene. A comparison 
with furan was in three electrophilic reactions: trifluoroacetylation, acetylation 
and formylation. In all three reactions the reactivity sequence is: furan > tellurophene 
> selenophene > thiophene. This order is the reverse of that of ground-state aromati- 
cities' 76 and suggests that the relative differences of ground-state energies play a more 
important role than the relative stabilities of intermediate carbocations in determining the 
reactivity scale. The activation parameters of the formylation of compounds 3 support this 
ob~erva t ion '~ ' .  The activation entropy has the same value in all four reactions and the 
activation enthalpies are linearly correlated both with localization energies and empirical 
values of resonance. The constancy of entropy suggests that the transition states of all 
chalcogenides 3 lie in a similar position along the reaction coordinate. 

Recent' 7 7  theoretical calculations of electron density distribution of the intermediate 
carbocations show that the n charge on the heteroatom decreases in the sequence 
selenophene > thiophene > furan both for a- and P-substitution and is greater for P- than 
for a-substitution (Table 16). This supports the previous hypothes i~ '~ '  that in elec- 
trophilic substitutions the a:P ratio can be explained by the relative stabilities of 
carbocation intermediates, and that the relative rates of chalcogenides 3 are not 
determined only by the relative stabilities of the intermediates. 

Reactivity and substituent effects of the 2-selenienyl group in electrophilic substitution 
reactions have also been s t ~ d i e d ~ ~ . ' ~ '  in compounds 32, 34 and 36. In all cases a- 
substitution at  the selenienyl group was the prevalent reaction for giving the correspond- 
ing 33, 35 and 37 compounds. 

( 3 2 ) ~ = ~ ;  z = s  (36)  R = H 

(33) R = CH0,OMe; Z = s (37)  R = COMe 

(34)  R = H j 2 = Se 

( 3 3 )  R = CI,Br,1,NO2, 

COMe ; 2 = Se 

TABLE 16. I[ Charge distribution of Wheland intermediates of electrophilic sub- 
stitution reactions" 

H an 
0 0.248 -0.007 0.368 -0.093 0.297 
S 0.277 0.010 0.374 -0.038 0.260 
Se 0.312 0.019 0.345 -0.027 0.250 

0 0.394 0.399 0.008 - 0.017 - 0.044 
S 0.600 0.288 0.019 0.146 - 0.073 
Se 0.638 0.249 0.024 0.141 -0.058 

'Data from Ref. 177. 
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A N  atom in the five-membered ring markedly reduces the reactivity of the ring. When it 
is in the a-position, as for example in 1,Zchalcogenazoles (usually called isochalcoge- 
nazoles) (38; Z = 0, S, Se, Te), the directing effect of the aza group appears to prevail over 
that of the chalcogen atom and the electrophile attacks in the 4 -po~ i t ion '~~ .  
Protodedeuteriation of 3,5-dimethylisotellurazole (39; Z = Te) and 3,5-dimethylisosele- 
nazole (39; Z = Se) occurs at the free position and the former is more reactive than the 

(38) R' = R2 = H 

(39) R' = R2 = Me 

(40) R' = C& , R2 = Me 

latter'79. Attacks at the 4-position have also been observed in nitration, bromination and 
chlorosulphonation reactions' 7 9 .  The nitration of 3-methyl-5-phenylisoselenazole (40; 
Z = Se) also gives 3-methyl-5(p-nitrophenyl)isoselenazole indicating that the a- 
isoselenazolyl is a para-directing g r o ~ p ' ' ~ .  The attack of the electrophile in 1,3- 
selenazoles (41) occurs in the 5-position as in the 0 and S analogues as a consequence of 
convergence of the directing effects of the aza group and the chalcogen atom204. The 

(41) (42) 
reactivity of the 5-position has been comparedzo4 to that of the pura and meta positions of 
the benzene ring in the nitration of 2-benzamido-4-phenylselenazole (42), which is first 
nitrated in the 5-position and then a second NOz group enters in the meta position of the 
phenyl ring of the benzoyl group under more drastic conditions. A third NOz group is 
directed to the para position of the Ph ring bonded at C(4). The high reactivity of the 5- 
position in selenazoles has also been observed in bromination and azo-coupling 
reactionszo4. 

The reaction products 44, 45 and 47 of nitration of 2-selenienyl-2-selenazole (43; 
Z = Se), 2-thienyl-2-selenazole (43; Z = S) and 3-selenienyl-2-selenazole (46) indicate 
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that the reactivity of 2-selenazole is even less than that of thiophenelEO. When two N 
atoms are present, as in 1,2,5-selenadiazole (48; Z = Se), the compound is unreactive to 
hot fuming nitric acid and the 1,2,5-selenadiazolyl group is ortho-para directing'82. 
Bromination with Br, and nitration using 99% HNO, of 49 gives 50 and 51, respectively. 

(49) R' =RZ = H 
(50) R' = Br, R2 = H 

be/ (51) R' = NO,, R2 = H 
(52) R' = R 2  = NOz 

N N  n N N  $:2 

'2' 

(49) 

By using a 1:2 v/v mixture of concentrated HNO, (99%) and H,SO, (94%), 52 is 
obtainedIE2. Competitive nitration (99% HNO,) and bromination reactions show that 49 
is less reactive than S and 0 analogues [k(S/Se) = 3.5 and k(O/Se) = 1.5 for nitration and 
k(S/Se) = 7 for bromination]. The higher reactivity of 3-phenyl-l,2,5-thiadiazole has been 
related to the higher delocalization of ~ e l e c t r o n s ~ ~ ~ .  1,2,5-Telluradiazole (48; Z = Te) has 
recently been synthesized206, but easy decomposition by aqueous acid obstructs the study 
of its electrophilic substitution. 

(53) 

Benzo[b]selenophene (53; Z = Se) and benzo[b]tellurophene (53; Z = Te) are less 
reactive than the parent compounds and undergo preferential electrophilic substitution 
on the heterocyclic ~ i n g ' ~ ~ - ' ~ ' .  The a :8  ratio depends on the nature of the electrophile 
and the experimental conditions. The isomer distributions in the acetylation and 
trifluoroacetylation reactions of 532 = Te, Se, S, 0) are reported in Table 17. Nitration of 
benzo[b]selenophene with concentrated HNO, in AcOH at 20°C gives a mixture of a- 
and 8-mononitro adducts with a ratio of 1:7. At 70°C only 2,3- 
dinitrobenzo[b]selenophene is obtainedzo5. The monobromination of benzo[b]seleno- 
phene occurs185 preferentially in the 8-position with a a:fi ratio of 25:75. The reaction 
goes through a tribromide intermediate and an isotopic effect is observedIE5. Further 
bromination gives 2,3-dibromobenzo[b]selenophene. A third Br atom is directed in the 
benzene ring at C(6). The bromination'85s'86 of benzo[b]tellurophene (Scheme 1) gives a 
1,l-adduct which is then brominated exclusively in the a-position. Bromination in the 8- 

TABLE 17. Isomer distributions in the acetylation and trifluoroacetylation of 
benzo[h]-fused five-membeted chalcogen heterocycles. 

Electrophilic reagent 
Compound MeCOCI/AICI," Ac,O/CF, COOHb 

a B a B 
Benzo[b] tellurophene 100 0 76 24 

Benzo[b] thiophene Predominant 35 65 
Benzo[b]selenophene 90 10 65 35 

Benzo[b]futan Predominant 73 21 

' Refs 96 and 185 
Ref. 186. 
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position occurs neither in halogenation of 53 (Z = Te) nor of its 2-bromo derivative. 3- 
Halobenzo[b]tellurophenes are obtainedIE6 by the reaction of telluroindoxyl (54) with 
CCI, or CBr, in the presence of triphenylphosphine (Scheme I), and by refluxing 
phenylacetylene with TeOz in acetic acid in the presence of lithium halide"'. 

x' 'x (54) 
a:  X,(X=CI, Br); h :  X, in excess or SOzCI,; c: NzH,; d: CX,/Ph,P; e :  

Ph,PCHCO,Et/KOH/A 

SCHEME I 

When a substituent is present in the u- or P-position of benzo[b]selenophene (53; 
Z = Se) the electrophile is directed to the adjacent free position independently of the 
electronic nature of the s u b ~ t i t u e n t ' ~ ~ * ' ~ ~ .  If both the a- and p-positions are substituted, 
electrophilic substitution occurs185*189 in the benzene ring prevalently at C(6). It is useful 
to observe that the nitration of dibenzotellurophene (55) occurs mainly in the para 
position with respect to the heteroatomZo7. 

a?o 
@&JI - R 

(55) 

The isosters of phenanthrene 56-58 are more reactive than the parent benzo[b] 
compounds and electrophilic substitution occurs in the u -po~ i t ion '~~ .  The 

(56) Z' = S, 2' = Se 
(57) Z' = Se, Z2 = S 
(58) Z' = Se, 2' = Se 
R = NOz, COMe, Br, CHO 
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benzo[b)seleno system affects the a:B reactivity of the fused N-methylpyrrole ring in 59 
and 60. The a :p  ratios of the acetylation reactions of 59 and 60 are 66:34 and 42:58, 
respectivelyLg1. 

The benzo fusion further decreases the reactivity of the selenazole and selenadiazole 
rings and electrophilic substitutions occur on the Ph ring. The 3- and 2-positions of 1,2- 
benzisoselenazole (61) and benzoselenazole (62), respectively, are unreactive to  electro- 

philic substitutions. The nitration (H,SO,-KNO,) of 61 occurs a t  C(5) or C(7) and two 
mononitro derivatives are obtainedz0*. The same orientation is observed in the bromi- 
nation reaction (Br,-H,SO,-Ag,SO,) but the 4,5- and 4,7-dibromides and the 4,5,7- 
tribromide are also isolatedzo8. By nitration of 62 under mild conditions substitution at  
C(6) occurs209~210 while under more drastic conditions a 4,6-dinitro derivative is 
obtained. In the detritiation r e a c t i ~ n ’ ~ ~ * ~ ~ ~  the reactivity order of 62 and its 0 and S 
analogues decreases in the order 0 > S > Se. In the sulphonation2’ 1*212 and haloge- 
nation21 2-2 I 4  of 2,1,3-benzoselenadiazole (63) the electrophile is first directed to C(4) and 
4,5- or 4,7-disubstituted products are obtained under more drastic conditions. 

Pyridine fusion also decreases the reactivity of the selenophene ring towards the 
electrophiles and the directing effect is opposite to that of benzo fusion and does not 
depend on the relative position of the N and Se atoms. Nitration and bromination of 
seIenopheno[2,3-c]-, [3,2-c]-, [2,3-b]- and [3,2-b]-pyridines 64-67 give p-nitro and p- 
bromo  derivative^'^^*'^^*. The .:/I ratio of deuteriodeprotonati~n~~~ of 67 is ca. as 
in the S analogue and higher than that for furo [3,2-b]pyridine ( a : p  = 

N Nm m: 
(65) [3,2-C] (64) p, 3 - 4  

*Most of the literature uses the prefix ‘selenopheno’. IUPAC Rules of Nomenclature and Chemical 
Abstracts prefer the prefix ‘selenolo’. 
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The fusion with a-phenyl-N-methylpyrrole increaseslg6 the electrophilic reactivity of 
the selenophene ring and substitution occurs in the a-position. The rate constants 
of acetylation of selenopheno[2,3-b] compounds 68-70 relative to  selenophene are 8.1,4.3 
and 0.89, respectively. Compounds 68-70 are more reactive than analogous thieno 
compounds and the heterocyclic fusion increases the reactivity of thiophene more than 
that of selenophene. 

McCOCl /SnC(, 

25 'C/CHCI, Ph A K i C O M e  Se Ph A m  
(68) Y = N M e  
(69) Y = 0 
(70) Y = S 

The reactivity of selenophene decreases when fused with the pyrazole ring but the 
directing effect does not changeI9'. Vilsmeier formylation and bromination of 
selenopheno[3,2-b]pyrazole (71) gives only a-substituted derivatives and the reactivity of 
71 is higher than that of 72. 

Me)TJ Y N  z - MeJTl 'N 2 R 

I I 
Me Me 

(71) Z = Se 

(72j 2 = s 
R = COMe. Bi 

A recent quantitative study on the electrophilic substitution reactions of 
selenopheno[3,2-b]thiophene (74), selenopheno[3,2-b]selenophene (79, seleno- 
pheno[2,3-~]thiophene (76) and selenopheno[2,3-b]thiophene (77) has been re- 

TABLE 18. Isomer distributions (%) in electrophilic substitutions of 
selenophenothiophenes 74. 76 and 77" 

Compound 
74 76' 77 

Reaction C(2) (25) C(4) C(6) C(2) C(5) 

Formylation 21 1 3  60 40 45 55 
Acetylation 44 56 
Chlorination 0 100 
Brominationb 0 100 13 87 

"Ref, 198 and references cited therein. 
b20% of the 2,s-dibromo derivative is present 
'Ref. 199. 
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ported by Gronowitz and c ~ w ~ r k e r ~ ' ~ * - ~ ' ' .  The isomer distributions for 74, 76 and 77 
are reported in Table 18. Compounds 74 and 77 give predominant substitution in the 
selenophene ring while in 76 the formylation occurs exclusively on the thiophene ring. The 
high selectivity of the halogenation is probably ascribable to a primary attack of the 
halogen at the Se ring atom. The reactivity of 74 and 75 relative to  73 and to thiophene and 
selenophene has been studied in three electrophilic substitution reactions, namely 
acetylation, formylation and chlorination, by means of competitive experiments. The 
overall reactivity (Table 19) follows the order 75 > 74 > 73 > thiophene and the ratios 
increase in the series acetylation < chlorination < formylation. Positions 2 and 5 (Table 
20) of 74 are more reactive than the a-positions of 73 and the parent five- 
membered compounds. Quantum-mechanical calculations substantially agree with the 
experimental data ''13 -"'. 

Isoxazole fusion increases the reactivity of the /I-position of the selenophene ringz0'. 
Nitration with KN0,-H2S04 (conc.) and H-D exchange of 78 occur preferentially at 
C(3) as in the thieno analogues. 

(78) 

Hori and coworkers2", in the course of their studies on the chemistry of selenoxan- 
thylium salts, reported the nitration of 9-phenylselenoxanthylium perchlorate (79; 
Z = Se). 

TABLE 19. Relative reactivities of 74 and 75 in electrophilic substitutions' 

Relative reactivity Acetylationb Formylation' Chlorinationd 

k(SSe)/k(SS) 1.69 4.59 4.19 
k(SeSe)/k(SS) 2.81 14.3 10.5 
k(SeSe)/k(SSe) I .66 3.12 2.50 

k(SeSe)/k(S) 8.35 63 5 

k(SeSe)/k(Se) 3.66 123 

5.02 204 139 
347 

k(SSe)/k(S) 

k(SSe)/k(Se) 2.20 39.4 

Ref. 198; S = thiophene, Se = selenophene; SS = 73, SSe = 74, SeSe = 75. 
SnCI,/Ac20 in dichloroethane at 20°C. 

'DMF/POCI, at 20°C. 
"N-Chlorosuccinimide in acetic acid at 20°C. 

TABLE 20. Partial reactivities of the 2- and 5-positions of 74 
in electrophilic substitutions" 

Partial reactivity Acetylationh Formylation' 

k(SSe-Z)/k(SS-2) 1.46 2.41 
k(SSe-5)/k(SS-2) 1.89 6.70 

k(SSe-Z)/k(S-2) 4.34 I07 
k(SSe-S)/k(SSe-2) 1.29 2.78 

k(SSe-S)/k(Se-2) 2.46 57.5 

O-'See Table 19. 
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c10,- 

(79) 

L 

Se S 0 

1 eq. 4* 40 55.5 18.2 
d 

3' 60 44.5 81.8 

4' ,4 44.5 54.5 

3', 4 55.5 45.5 

5 ag. 
- 

SCHEME 2 

With HN0,-H,SO., (1 eq. HNO,) theelectrophile is directed exclusively on the phenyl 
ring giving a mixture of 4'- and 3'-derivatives in the ratio I : I .5 (Scheme 2). By using 5 eq. 
HNO,, 4',4- and 3',4-dinitro compounds are obtained in the ratio 1 : 1.25. The S 
analogue (79; Z = S) gives similar results but the 0 analogue (79; Z = 0) behaves 
differently. The reactivity decreases in the order -St = > -Se+ = > -0' = . The 
reaction indices calculated from SCF-MO computation agree with experimental datazo3. 

8. Nucleophilic Aromatic Substitutions 

Quantitative data on nucleophilic substitutions in selenophenes were first reported by 
Italian w ~ r k e r s ~ ' ~ . ~ ~  '. The kinetic constants of the reactions of compounds 80 

with piperidine follow the order expected on the basis of the leaving-group type. The 
relative reactivities of 81 and 82depend on the nucleophile and solvent. With piperidine81 
is more reactive than 82 [k(81)/k(82) = 7.5 in dioxane-water and 620 in benzene], but with 
sodium thiophenoxide in methanol a reverse reactivity is observed [k(81)/k(82) = 0.891. 
Comparisonwith S analogues shows that selenophenes are about 1.2-10 times more 
reactive both with piperidine and sodium th i~phenoxide '~~* '  18. The greater reactivity of 
selenophene compared to thiophene, both in nucleophilic and electrophilic reactions, may 
be explained by the lower aromatic character and greater ability of the selenophene ring to 
delocalize both negative and positive charges of intermediate'6s*' l6v2I6 carbon ions. 

The second-order rate constants for the reaction at 130 "C between 4- and 5-chloro- 
2,113-benzoselenadiazoles (83; Z = Se) and MeONa have been determined and com- 
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pared’’’ with those of S and 0 analogues. Compound 83 (5-CI, Z = Se) is more reactive 
than 83 (4-C1, Z = Se) and both are more reactive than chlorobenzene. The activation 
effect depends on the chalcogen atom and decreases in the order Se(13.7) > S(5.2) > 
O(3.46). The relative reactivities [k(Z)/k(S); Z = O,S,Se] of 4- and 5chloro derivatives 
decrease in the order 0 > Se 2 S and 0 > Se > S, respectively. 

The reactivities of the 2-position of benzoselenazole (62) and the 3-position of 1,2- 
benzisoselenazole (61) towards nucleophilic attacks are very different. While 62 does not 
give Cicibabin a m i n a t i ~ n ~ ~ ~ * ~ ’ ~  with NaNH,, 61 reactszo8 with KNH, in liquid NH, to 
give the corresponding 3-amino derivative in fair yield. A Me group at C(2) in 62 is on the 
other hand activated and reacts with aromatic aldehydes to  give styrene 
 derivative^^^^*^ *. 

Nucleophilic substitution data on heteroaromatic compounds having Te atoms are not 
abundant. An example18’ is the reaction of 2-aryl-3-chlorobenzo[b]tellurophenes with 
Et ONa in refluxing EtOH to give the corresponding ethoxy derivatives. 

C. Meisenheimer Complexes 

Selenophenes, 2-methoxyselenophenes, thiophenes and 2-methoxythiophenes 3,5- 
disubstituted with NO, and CN groups (84) give stable Meisenheimer 
(equation 14). The equilibrium and rate constants for the formation and decomposition of 
complexes 85-92 are reported in Table 21. 

The complexes 85,87 and 89 are thermodynamically more stable than the analogous 

R 1 4 R 3  + -0Me kt k- 1 R’ dR3 OMe kl / k-l = KI (14) 

(84) Z = Se, s 
3 (a) RI = R‘ =  NO^, R = H 

(b) RI = NOp,R2 = CN, R3 = H 

(C) R1 = CN,R2 = NOp, R3 = H 

(d) R’ = R2  = NOp, R3 = OMe 

(85) Z = Se (87) z = Se 

(86) 2 = S (88) Z = S 

02N*Nop NO2 

(93) R = H 
(94) R = Me0 

(89) 2 = Se (91) = Se 

(90) z = s (92) Z = S 
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TABLE 21. Ratios of equilibrium constants and rates for the formation and 
decomposition of selenophene and thiophene Meisenheimer complexes 
with methoxide ion in methanolic solution at 25°C (equation 14) 

Compounds“ Equilibrium Decomposition Formation 

0 

A B  K ,(A)/K ,(B) k -  ,(A)/k- I @ )  ~ , ( w o ( B )  

85 86 68 2.8 x lo-’ 1.8 
81 88 113 1.9 x lo-’ 2. I 
89 90 72 1.5 x lo-’ 1 . 1  
86 88 6.7 3.5 20 
86 90 125 5 x 10-2 6.2 
85 87 4 5 20 
85 89 I I8 9 x 10-2 10 
91 92 20 13.3 x lo-’ 2.5 
91 85 I00 3.6 x 3.1 
92 86 400 0.6 x 2.7 

“Data from Ref. 224 and 225; A and B indicate the complexes listed on 
p. 590 k - ,  i n s - ’ ,  k, in M-’ s - I  . K ,  i n M - l .  

At 20 “C. 
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adducts of thiophene, 86, 88 and 90, and can be isolated as stable potassium salts. The 
presence of two methoxy groups has a stabilizing i n f l u e n ~ e ~ ’ ~ . ~ ~ ~  and therefore 91 and 92 
are more stable than 85 and 86 respectively. The complexes 85 and 91 are about 2500- and 
300-times more stable than the benzene adducts 93 and 94, respectively, and the reason 
has been discussed in terms of geometrical differences2’,. The stability also depends on the 
electron-withdrawing power of substituents and on their position in the five-membered 
ring225. 

The rates of formation of selenophene complexes are only a little higher22 than those of 
the corresponding thiophene adducts, confirming the higher reactivity of selenophenes 
towards nucleophilic  reagent^'^^,^'^.^' ’. The presence of a NO, group in the B-ortho-like 
position influences the rate of methoxide ion attack more than when the NO, group is in 
the a-para-like position225. This is in agreement with Spinelli’s suggestion that the 
structure of the transition state coming from an attack at  C(2) is affected more by a change 
in the orlho-like position than in the para-like position to the reaction centre226.227 

The rates of decomposition of 85, 87 and 89 are lower than those of 86, 88 and 90, 
re~pect ively~~’.  S ~ r p r i s i n g l y ~ ~ ’  the decomposition rates of 87 and 88 are lower than those 
of the corresponding 85 and 86. 

D. Addition Reactions 

The Diels-Alder reaction has sometimes been used to estimate the aromaticity of 
heterocyclic compounds on the assumption that the less the ring is aromatic, the easier is 
the formation of the Diels-Alder adduct16’. 

Selenophene, thiophene and furan give 1 : 1 adducts with maleic anhydride but the first 
two compounds require more drastic reaction conditions than the third in agreement with 
their greater aromatic character’67. Quantitative data on the rate of cycloaddition of 
tetracyanoethylene oxide to selenophene, thiophene and furan have been reported by 
Gronowitz and Uppstrom22M. The order of reactivity (furan > selenophene > thiophene) 
is the opposite of the order of ground-state aromaticityL76 and is the same as that observed 
in the electrophilic substitution  reaction^'^^*^^^. 

Benzo[c]selenophene (95,96) gives Diels-Alder adducts more easily than selenophene. 
With tetracyanoethylene the reaction occurs in the heterocyclic ring and is very fast229 in 
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(95) (96) 

agreement with the poor aromatic characterz3' of the compound. 'H-NMR data and 
theoretical analysis230 indicate that the structure 96, in which 6 K electrons are delocalized 
on the heterocyclic ring, is more representative than the ortho quinoidal one (95). 

The rates of quaternarization of benzoselenazole (62) and 2,1,3-benzoselenadiazole (63) 
have been determined23'.232 by means of a competitive method using Me,SO, in 
sulpholane and have been compared with those of S and 0 analogues. Benzo fusion 
decreases the reactivity of parent five-membered compounds and the order of activation 
by the chalcogen atom in 62 and 63 is Se = S > 0 and Se > S > 0, respectively. 

The 2- and 4-aryl-substituted selenochromylium salts 97 and 98 direct the nucleophile 
R- (H-, Ph-, PhS-, Ac,CH-, etc.) into para and ortho positions of the heterocyclic ring 
like their 0 and S analogues and give 99 and 100 re~pect ively '~~.  The orientation does not 
depend either on the electronic nature of the aryl substituent or the type of n u c l e ~ p h i l e ~ ~ ~ .  

4 mAr + x -  

a Ar 

X = C104, BF4 j 2 - A r  

x = C104 , BF4 j 4-Ar  

Ar 

Se '  R 

(99) (1W 

The unsubstituted selenochromylium cationlo' behaves in a more complex manner. 
The preferential site of addition seems to be the 2-position, but addition at C(4) and 
substitution also occur234. 

m c104- 

(101) (102) 

When the nucleophile is O H -  the first reaction product of 101 is the a-pseudobase 102 
which is converted in the opened desmotropic form in the medium of the reaction238. 

Selenoxanthylium salts 103 and 104 react with several nu~leophiles~'~~~~'~~~~. 9- 
Phenylselenoxanthylium perchlorate (104) reacts with various nucleophiles [NaOH, 
LiAIH,, MeOH, CH,(CN),, CH,Ac,] to  give the addition products 105. Compounds 103 
and 104 react in the same way with Grignard reagents to give 9-Me and 9-Ph derivatives 
106 and 107, but with PhLi the reaction takes place exclusively or predominantly a t  the Se 
atom. The compound 104 gives only236 109, and the compound 103 gives a mixture of 10s 
(87%) and 110 (13%). The reaction of 104 with organometallic reagents (PhLi, PhMgBr, 
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+ clod 

(106)R = H (103) R = H (105) R Ph 

(1w) R = Ph (104) R = Ph R‘ = H,OH,OMe, 

CH(CNI2, CH(Ac& 
PhLi 

MeMgBr) has been investigated by ESR spectroscopy and a radical mechanism has been 
Stackhouse and coworkers237 report that 108 and 109 are not 

selenoanthracenes but oligomers of undetermined composition. 

E. Side-chain Reactions 

It is usual to consider complete parallelism between aromatic electrophilic substitutions 
and sidechain reactions in which the formation of a carbocation is the ratedetermining 
step96,239. The first-order rate constants for the solvolysis of 1-(2-teIlurienyl)- and 142- 
selenieny1)-ethylacetates (7; Z = Se, Te) and their S and 0 analogues 7 (Z = S, 0) in 30% 
ethanol (Table 22) showLL7 a reactivity order (Te > 0 > Se > S )  which is different from 
that (Table 15) found’ in electrophilic substitutions (0 > Te > Se > S). 

A different order of sensitivity to the substituent effect is also observed’’7 (see Section 
1II.B.D). Tellurophene behaves in a different way in the two types of reaction and the 
reason has been discussed in terms of solvation effects, charge distribution in the transition 
state and the position of the transition state along the reaction coordinate in the two types 
of reactionsLL7. 

Solvolysis of 112 (Z = Se, R = CH,CI) and of 3-chloromethyl-2,5-dimethylselenophene 
proceeds by a SN1 mechanism and comparison”8 with S and 0 analogues gives the same 
reactivity order found in the solvolysis of acetates 7. 

Benzo fusion decreases the reactivity of the esters 7 and the reactivity order of 
compounds 11 1 (Table 22) is similar to that observed for the monocyclic compounds. The 
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TABLE 22. Rate constants and relative rates for the solvolysis of I-(2-heteroaryl)ethyI 
acetates 7 and 111 in 30% ethanol at 60°C" 

Heteroaryl group k x I05(s-') k(i!)/k(S)' [k(B)/k(M)] x lo" 
~ 

2-Tellurienyl 
2-Selenien yl 
2-Thien yl 
2-Fury1 
2-Benzo[b] tellurienyl 
2-Benzo[b]selenienyl 
2-Benzo[b] thienyl 
2-Benzo[b]furyl 

34 I 
I09 
65 

205 
3.26 
1.04 
0.63 
0.95 

5.2 
1.7 
1 
3.1 
5.2 8.9 
1.7 9.5 
I 9.7 
1.5 4.8 

Data from Ref. I 17. 
Ratios relative to thienyl(S) for five-membered compounds and to benzo[b]thienyl for benzo-fused 

ones; 2 = Te,Se,S,O. 
Reactivity ratios between bicyclic (B) and monocyclic (M) systems. 

annelation effect k(B)/k(M) is larger for 7 (Z =.O) whereas it is the same for the other 
systems' ' '. 

Arcoria and coworkersg0 reported kinetic data for the nucleophilic side-chain reactions 
of 2-selenophene derivatives 112. The reactions and the reactivity sequences are reported 
in Table 23. The reactivities of corresponding P h  derivatives d o  not occupy the same 
position in the six sequences. The variability of the reactivity order has been interpreted in 
terms of different mechanisms of the reactions. 

Maccarone and coworkers240 found that the base-catalysed isomerization of cis- 1 -(2- 
selenienyl)-2-phenylacrylonitrile (113) is faster than that of the acid-catalysed one and the 
reactivity order is: 2-thienyl> 2-selenienyl> 2-furyl. In the acid-catalysed isomerization 
the reverse order is found: 2-fury1 >2-selenienyI> 2-thienyl. A mechanism is suggested 
and the results are discussed in terms of inductive, mesomeric and steric effects of the 
heterocyclic ring. 

TABLE 23. Reactivity of 2-selenieny1, 2-thienyl and 2-fury1 derivatlves in nucleophilic side-chain 
reactions" 

Reaction Compound 112 Reactivity orderb 

Acid-catalysed hydrolysis O > S e > S  
Base-catalysed hydrolysis O > S > S e  
Substitution with aniline R=SO,CI; Z=Se,S ,O S e > O > S  
Substitution with aniline R=CH,CI: Z=Se,S ,O O > S > S e  
Condensation with aniline R = CHO; Z = Se,S S > S e  
Condensation with BMTF' R = C H O :  Z=Se.S ,O O > S > S e  

R = COOEt; 2 = Se, S, 0 
R = COOEt; Z = Se, S, 0 

"Data from Ref. 90. 
Se = selenienyl, S = thienyl, 0 = furyl. 
BMTF = benzoylmethylenetriphenylphosphorane. 

F. Protophilic Reactions 

Hydrogen exchange reactions in strong alkaline media (t-BuOK in DMSO, KNH, in 
liquid NH,, alkoxides in alcoholic solutions) are called 'protophilic reactions' and proceed 
via a carbanion intermediate24L*242 

Selenophene in the presence of t-BuOLi in Me,SO at 25 "C exchangeL6' a D atom in 
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the a-position faster than thiophene (1.5 times) and furan (700 times) and the estimated a :  P 
ratio is 2.5 x lo5. Me groups at C(3) or C(5) reduce the rate of the r e a ~ t i o n ' ~ ' .  

The 1,2,5-selenadiazole (48) in opposition to  1,2,5-thiadiazole does not give H-D 
exchange in strong basic conditions243. On the contrary 4-aryl-substituted 1,2,3- 
selenadiazoles (1 14), give easily H exchange at C(5), but the intermediate anion quickly 
decomposes to give an arylethynylselenolate ion'62. 

G. Metalation Reactions 

Organolithium compounds give two main reactions with heterocyclic compounds of Se 
and Te: hydrogen- (or halogen-) metal exchange and nucleophilic attack at the 
heteroatorn. The organolithium reagent, type of heteroatom, electronic nature of the 
substituent, experimental procedure and solvent influence either of the two reactions244. 
Organolithium intermediates from hydrogen- and halogen-metal exchange are used as 
nucleophiles3 or converted to electrophilic to  prepare substituted 
heterocyclic ~ o m p o u n d s ~ ~ ~ , ~ ~ ~ .  Sometimes an eliminative ring-fission or a substitutional 
ring-opening occurs giving organolithium intermediates of synthetic ~ t i l i t y ~ . ' ~ ~ .  

Tellurophene' 74, selenophene' 67.244, 2-iodoselenophene' 69, 2 - b r o m o ~ e l e n o p h e n e ~ ~ ~ ,  
benzo[b]tellurophene' 8 5  and benz~[b]selenophene'~~ are readily metalated in the a- 
position with BuLi or PhLi at 25-35 "C. The preferred a-orientation has been relatedzsM 
to 13C-H one-bond coupling constants. The most reactive position is that with the 
greater J( ' 3C-H). 3-Bromoselen0phene~~~ is rnetalated by PhLi in the 2-position 
at 36 "C whereas BuLi at - 50°C gives Br-Li exchange. On the contrary 2,5- 
disubstituted 3-bromo or 3-iodo-selenophenes (1 15) undergo a partial or total ring- 
opening r e a c t i ~ n ~ ~ ~ ~ ~ ~ ~ .  2,5-Dichloroselenophene gives a stable 3-lithium derivative with 
diisopropylaminolith~rn~~~. Contrary to  2,5-dimethoxythiophene (116; Z = S, R = 

R1 = R2 = CI 

R1 Me, R 2  = SMe 
@JBr 5 

R1 = SMe, R 2  = Me 

X = Br, I 

TeBu 

(1 18) 

OMe), 2,5-dimethoxyselenophene (116; Z = Se, R = OMe) is not metalated in the 3- 
position by BuLi and PhLi, but a substitutional ring-opening occursz56 giving dienes. The 
2,s-diphenylselenophene (116; Z = Se, R = Ph) and 2,5-diphenyltellurophene (116; 
Z = Te, R = Ph) behave differentlyz55.z56 when metalated with the complex BuLi- 
tetramethylethylenediamine (TMEDA). Both of these give ring-cleavage, but the first gives 
5,8-diphenyl-5,7-dodecadiene (117) probably via P-lithiation of 116 (Z = Se, R = Ph) 
followed by eliminative ring-fission and addition of BuLi to 1,4-diphenyIbutadiyne and 
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L 
( Z = S e , R = P h )  

BuLi 
TMEDA I 

PhCLi= CHCH=CLiPh 

BuLi 
TMEDA 

(117) 

I 
Bu PhC= CHCH = CphBu 

the second gives 1,4-diphenyl-1,4-dilithiumbutadiene which is trapped by various elec- 
trophiles. 3-Bromobenzo[b]tellurophene (118) undergoes'47 a ring-opening reaction 
even at  - 100 "C, whereas the Se analogue 120 gives'8s the expected 3-lithium derivative 
121 at low temperature. The behaviour of 2,3-dibromobenzo[b]selenophene (122) when is 
treated with two equivalents of BuLi is interesting'". At room temperature halogen- 
metal exchange at  C(2) occurs, but at - 80 "C both Br atoms are exchanged and the 
intermediate 2,3-dilithiumbenzo[b]selenophene undergoes a ring-opening reaction giv- 
ing 119. 

(119) (120) (121) 

119 - 2 BuLi mBr = mBr 
Br Li 

-80 oc 

(122) 

The metalation of 123, 124 and 125 allows evaluation of both the relative sensitivity of 
selenophene and thiophene rings to the lithium reagent and the importance of the type of 
r i n g - f u s i ~ n " ~ . ' ~ ~ . ~ ~ ~ - ~ ~  '. The tendency to  ring-opening is greater in the selenophene 
than in the thiophene series. 

MeLi 

* mLi 
( 1 23) 

Q-JJ - MeLi @-$:;=cHseLi 

(124 
o-LiSeC6H4 

MeLi 

Li 
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Gronowitz's'99 recent report on the metalation of selenopheno[2,3-~]thiophene (76) 
confirms that the Se atom is more sensitive than the S to  nucleophilic attack and shows that 
there is a parallelism between the reactivity of a- and P-protons in hydrogen-metal 
exchange and the attack sites in electrophilic substitution reactions. Only the H atoms at 
C(4) and C(6) (as in the formylation reaction' 99) were exchanged giving 126 and 127 in the 
ratio 18 :82. The main reaction product 128 was the only one obtained by the ring-opening 
reaction. 

H\ /H 
Li C=C 

'SeLi 5 mcLi + Q===-+ + n / \  r-JJ! -2ooc Se ' 5 

(1W 
6 

Li 

(127) 
(76) (126) 

The behaviour of selenopheno[2,3-b]thiophene (77) is similar to 76 when treated with 
MeLi251*257. Through the reaction of 1,2-benzisoselenazole (61) with BuLi under different 
experimental conditions, both the hydrogen-metal exchange and nucleophilic attack at  
the heteroatom are observedzo8. 

Nucleophilic cleavages of 1,2,5-selenadiazoles, 1,2,5-telluradiazoles and isotellurazoles 
by organolithiurn and Grignard reagents have recently been r e p ~ r t e d ~ ~ ~ ~ ~ ~ ~ .  

TABLE 24. pK, values ofcarboxy-, hydroxy- and amino-heterocyclic compounds having 
one chalcogen atom 

Compound 
PK, 

H,O, 25°C H,O-EtOH, 25 "C 

2-Tellurophenecarboxylic acid 
2-Selenophenecarboxylic acid 
2-Thiophenecarboxylic acid 
2-Furancarboxylic acid 
2-Benzo[b]tellurophenecarboxylic acid 
2-Benzo[b]selenophenecarboxylic acid 
2-Benzo[b]thiophenecarboxylic acid 
2-Benzo[b]furancarboxylic acid 
4-Hydroxy-2, I ,  3-benzoselenadiazole 
4-Hydroxy-2, I ,  3-benzothiadiazole 
4-Hydroxy-2,1,3-benzoxadiazole 
5-Hydroxy-2,11 3-benzoselenadiazole 
5-Hydroxy-2, I ,  3-benzothiadiazole 
5-Hydroxy-2,1,3-benzoxadiazole 
4-Amino-2, I ,  3-benzoselenadiazole 
4-Amino-2, I ,  3-benzothiadiazole 
4-Amino-2. I .3-benzoxadiazole 

3.97" 
3.60b 
3.53' 
3.16' 

8.16' 
7.86J 
6.83' 
8.06J 
8. I6/ 
7.28J 
2.18h 
2.02h 
0.7gh 

5.48' 
5.14' 
5.05' 
4.54' 
5.13' 
4.79' 
4.67' 
4.20' 
9.064 
8.804 
7.5P 
8.739 
8.824 
7.84g 

Ref. 9 I. 
Ref. I I ,  in H,O-butylcellosolve I : I  at 20"C, pK, = 5.00 (Ref. 87). 

'Ref. 112. 
*Ref. 259 
'H,O-EtOH l : I ,  Ref. 260. 
'Ref. 261. 
'47.5% EtOH, Ref. 261. 

Ref. 262. 
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H. Equilibrium Reactions 

Ionization constants of carboxy-, hydroxy- and amino-heterocyclic compounds having 
one chalcogen atom are reported in Table 24. The main conclusion that may be drawn is 
that the order of acidity appears to be a function of the inductive effect of the heteroatom: 
0 > S > Se > Te. The difference in pK, values of 5-hydroxybenzothia- and benzoselena- 
diazole falls within the experimental error and therefore the observed reverse order is 
probably not significant. Monoprotonation of 4-amino-2,1,3-benzoselenadiazole and its 
chalcogenic analogues occurs at the amino group but 5-amino-2, I ,  3-benzoselenadiazole 
gives protonation mainly at the aza group262. Protonation of two N atoms of 2,1,3- 
benzoselenadiazole (pKaI = - 1.41; pK,, = - 8.10) and 2,1,3-naphthoselenadiazole 
(pK,, = - 1.30; pKaZ = - 7.78) occurs in conc. H2S04 and the ionization constants have 
been calculated using the Hammett H,, acidity 

Equilibrium constants pK,, for cation-pseudobase (equation 15) for 1- (101) and 2- 
selenachromylium (130), selenaxanthylium (103) and dibenzo[b, d]selenapyrilium (131) 
cations are 1.20,0.20, - 1.67 and - 4.28, r e ~ p e c t i v e l y ~ ~ ~ * ~ ~ ~ .  The benzo fusion decreases 
the stability of the cation and the benzo[b] cation 101 is more stable than its isomer 130. 
These results coupled with those from the equilibrium reaction of H exchange (equation 
16) show that the selenapyrilium cation 129 is more stable than the corresponding benzo- 
fused cations and that S-containing cations are more stable than 0- and Se-containing 
cationsz66. 

(1 5 )  

(16) 
There is a close structural relationship between the conjugate acid 134 (equation 17) of 

selenachromone (132; Z = Se) and selenaxanthone (133; Z = Se) and the oxy derivatives 
of selenachromylium (101) and selenaxanthylium (103) salts. 

F. Fringuelli and A. Taticchi 

R +  +H,O=ROH + H+ 
RH + R ' + + R +  + R'H 

( 129) (130) (131) 

The pK,,, values of selenachromone (132; Z = Se) and selenaxanthone (133; Z = Se) 
have been determined (Table 25) and compared with those of 0 and S analoguesz6'. The 
basicity decreases with benzo fusion in the order S > Se > 0 and S > 0 > Se in the 
chromone and xanthone series, respectively. 
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TABLE 25. pK,,+ of selenachromone, se- 
lenaxanthone and their S and 0 analogues 
at 25 “C in H,SO, solution” 

Compound PKEH* 
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Selenachromone - 1.46 
Thiachromone - 1.20 
Chromone - 2.0s 
Selenaxanthone - 4.36 
Thiaxanthone - 3.9s 
Xanthone -4.12 

‘By U V  spectrophotornetric method. Ref. 267. 

2-Hydroxyselenophene and its 5-Me derivative exist in a n  equilibrium 
in which the a, P-unsaturated selenalactone (135; R = H, Me) is the main isomer. 
Alkylation using an ion-pair extraction method mainly gives C- or 0-alkylation with the 
‘soft’ Me1 and ‘hard’ Me,SO,, respectively. 2,5-Dimethyl-3-hydroxyselenophene (136) 
exists in 0x0-enol equilibrium and selectively gives C- and 0-alkylation depending on the 
nucleophilic reagent268-271 

R O O  
M e d M e  

Se Se 
Me 4 Se Me 

(135) (136) 

V. SYSTEMS WITH EXOCYCLIC FUNCTIONAL GROUPS 

In recent years the chemistry of functional groups containing Te and, more so Se has been 
d e v e l ~ p e d ~ * ~ ’ ~  and new reagents and new reactions have been introduced in the organic 
synthesis. The present discussion is mainly confined to directing effects of typical 
functional groups and how they affect the remaining part of the molecule. 

A. Selenium Acids and Selenols 

Selenenic acids (RSeOH) are supposed intermediates in a number of reactions and 
except for the antraquinone-l ,Cdiselenenic acid, no selenenic acid is stable in the pure 
formz73, but they easily disproportionate to diselenides and seleninic acids. Selenonic 
acids (RSe0,H) are strong oxidizing substances, unstable in heat and light274. A limited 
number of selenonic acids, with proven structures, are knownz7,. Quantitativedata on the 
oxidizing power of aromatic selenonic and seleninic acids have recently been reported27s. 

Seleninic acids (RSe0,H) represent the most stable class of oxyselenium acids and are 
more stable than the Corresponding sulphinic acids15’. Alkyl- and aryl-seleninic acids 
(Table 26) are weaker than the corresponding carboxylic and sulphinic acids. The acidity 
decreases in the order S > C > Se. Theoretical c a l c ~ l a t i o n s ’ ~ ~  indicate that conjugation 
between the Ph ring and the sulphinic group is prevented. The greater acidity of 
benzenesulphinic acid (pK, = 2.76)’59 has been explained by invoking the solvent effects 
in the dissociation reaction. To explain the weaker acidity of benzeneseleninic acid a 
n(d-p) conjugation has been invoked159. This is supported by the fact that p- 
methoxybenzenesulphinic acid is stronger than the unsubstituted one (ApK, = 0.04) but 
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TABLE 26. Dissociation constants of seleninic acids in water at 25°C 

Compound PK, PK,, PK.2 Ref. 

MeSe0,H 5.19 219 
EtSe0,H 5.27 279 
PrSe0,H 5.25 219 
BuSe0,H 5.29 219 
PhSe02Ha 4.10-4.90 157, I59 
HO,CCH,SeO,H 2.60 5.43 280 
H02CCH( Me)SeO,H 2.47 5.48 280 
HO,CCH(Et)SeO,H 2.53 5.48 280 
HO,CCH(Pr)SeO,H 2.56 5.48 280 
HO,C(CH,),SeO,H 3.47 5.99 280 

For dissociation constants of substituted benzeneseleninic acids see Refs I57 and I59 and Section 
1II.F. 

the p-methoxybenzeneseleninic acid is weaker than the corresponding unsubstituted 
(ApK, = - 0.26) acid. 

To evaluate the substituent effect of a negatively charged Se atom on the acidity of the 
carboxyl group the microscopic dissociation constants for the SeH and COOH groups of 
selenoglycolic acid were determined276 (Scheme 3) by spectrophotometry at 25 “C. The 
effect of a negatively charged Se atom in -SeCH,COOH is 0.8 pK, units larger than that 
produced by a charged N or 0 atom. A similar effect (0.6pK units) is observed for a 
charged S atom. This effect is explained by decrease of the effective dielectric constant as a 
consequence of the increase of the atomic radius in the series O,S,Se. 

The selenols have a relatively high acidity and Table 27 shows that the increased acidity 
of selenols over thiols is almost constant 3-3.2 pK units); the pK, of PhSeH is probably 
not corrected277. A consequence is that selenols are able to  protonate the amines in 
organic solvents, whereas thiols d o  not277. The same difference of pK, is observedz7’ 
between HSH (pK, = 7.0) and HSeH (pK, = 3.74). The pK, value of HTeH’” is 3.64 and 
therefore the tellurols are probably stronger acids than the selenols. The order of acidity of 
the -ZH groups (Z = O,S,Se,Te) is therefore reversed with respect to  the acidity order of 
the -ZO,H and -ZCH,COOH (see Section V.D) groups when going from 0 to Te. 

TABLE 21. Dissociation constants of selenols and thiols in water at 
25 “C 

Compound 
PK, 

Z = Se z = s  Ref. 

PhZH 5.9” 
HOOCCH2ZH 4.1 
-OOCCH2ZH 7.3 
MeOOCCH2ZH 4.70 
HO+OCCH(NH,)CHzZH 5.24 
H,NCH2CHzZH 5.0 

H2NCH2CHzZH 6.47 
C, H ,NZHb 4.94 

Ref. 282; doubts on this value have been reported”’. 
bC,H,N = 8-quinoline. 

6.5 
8. I 

10.58 
8.08 
8.25 
8.3 
1.68 

10.2 I 

28 1 
276 
216 
216 
283 
284 
285 
286 
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-SeCH,COOH 

60 1 

HSeCH2COOH 

' HSeCH2C00- 

pK = 4.1 pK3 = 6.7 pK4 7.3 2 pK, = 4.7 

SCHEME 3 

B. Onium Salts 

Gilov and c ~ w o r k e r s ~ ~ ' - ~ ~ ~  have investigated the reactivity and orientation of 
selenonium ions' 3'-140 in electrophilic substitutions. The isomer distribution in nitration, 
chlorination and bromination of 137 and 138 is reported in Table 28. These ions exhibit 
-1, -M and meta-directing effects. Bromination of 137 in acetic acid without Ag' ions 
surprisingly gives a para derivative. The rneta substitution decreases and the para 
substitution increases as the positive pole s insulated from the ring by a methylene group. 
By changing the counterion no significant differences were observed in isomer distri- 
bution. The sulphonium ion behaves similarly to the selenonium ion but the oxonium 
group exhibits a different directing effect. Nitration of triphenyloxonium tetrafluorob- 
orate results in 100% meta substitution290. Selenonium ions are more reactive than 
sulphonium ions and bromination is faster than chlorination. Reactivity data of 137, 139 

[PhSeMe,]MeSO,- [Ar;eMe,]A- 
( 137) (138) Ar = PhCH,, A = picrate 

(139) Ar = PhCH,, A = CIO, 
(140) Ar = PhCH2CH2, A = CIO, 

TABLE 28. Isomer distribution in nitration, chlorination and bromination of selenonium salts" 

Compoundb Reaction conditions' ortho(%) 

PhSeMe,MS 
PhCH,SeMe,PI 
PhCH,SeMe,PI 

PhSeMe,MS 
PhSe Me, MS 

PhSeMe,MS 
PhSeMe,MS 
PhSeMe,MS 

Nitration 
HN03-H,S04 conc. 
HN0,-H,S04 conc. 
HNO, fuming 

Chlorination 
CIz/AgzSO.%; HzSO4 
CI,/AgO,CCF,; CF,COOH 

Bromination 
BrZ/Ag2S04; HZS04 
Br,/AgO,CCF, ; CF,COOH 
Br,; MeCOOH 

2.6 
18.8 
12.5 

17.4 
24.5 

6.4 
6.4 
9.4 

91.3 
11.9 
18.0 

74.9 
71.1 

88. I 
89.3 
0 

6. I 
69. I 
69.5 

7.7 
4.4 

5.5 
4.2 

90.6 

"Data from Refs 287-290. 

'At room temperature except for picrates (0°C). 
MS = methyl sulphate, PI = picrate. 
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TABLE 29. Rate constants for nitration of selenonium and sulphonium 
salts in aqueous H2S04 at 25°C" 

PhSeMe,MS 98.1 2.56 
PhSMe,MS 98.1 0.1 13 
PhCH,SeMe,PC 75.5 I .62 
PhCH,SMe,PC 75.5 0.558 
PhCH,CH,SeMe,PC 70.1 3.52 
PhCH,CH,SMe,PC 70. I 3.44 

"Data from Refs 287-290. 
MS =methyl sulphate, PC = perchlorate. 

TABLE 30. Relative rates and partial factors for nitration at 25 "C of selenonium and sulphonium 
ions in aqueous H,So4' 

Compound loS relative reactivity 1O8f0 1 0 8 f m  1OSfp 

PhSf Me, 9.22 0.719 25.3 3.37 

PhCH,iMe, 80,000 38,400 93,800 210,000 

PhiMe2 0.407 0.044 1.10 0.147 

PhCH 2 &  Me, 100,000 56,400 35,000 41 5,000 

"Data from Ref. 288. 

and 140 and those of S analogues for the nitration reaction are reported in Tables 29 and 
30. The selenonium ion 137 is 22.7 times more reactive than the S analogue and an 
insulating methylene group increases the reactivity by about lo4 times. The results have 
been explained "* in terms of n(d-p) overlap for the positive pole bonded to the Ph ring 
and invoking a hyperconjugative effect when the insulating group is present. 

C. Selenonlum and Telluronium Ylides 

In the recent years selenonium and telluronium ylides have received much attention 
especially from the synthetic point of viewz91-z93. 

The stability of these ylides is related to  the delocalization of the negative charge. Ylides 
in which the carbanionic centre is part of a delocalized system (i.e. cyclopentadienyl) or is 
bonded to  two electron-withdrawing substituents are stable and can be isolated. However, 
as the stability increases, the reactivity towards electrophilic reagents decreases. The 
reactivity also depends on the nature of the electrophilic reagent. Stabilized ylides 141,142 
and 143 (Z = Se, Te) d o  not react294*z95 with p-nitrobenzaldehyde. Stable ylides 144 d o  

M e a ; , R '  
ph)/$,ph Ph 

'Me Me 'R2 Ph ' 'Ph 

0 0 Ph 

(141) (142) (143) 

not reactzg6 with o-nitrobenzaldehyde, acrylonitrile, diethyl methylenemalonate and 
dimethyl fumarate, but react with dimethyl acetylenedicarboxylate to  give intermediates 
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0 
C O R ~  + II 

R' R'd -  c ' Me2Se-&lCAr 
'COR4 
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which then evolve to tetrasubstituted furans. The unstable ylides 145, prepared in situ by 
deprotonation of the corresponding selenonium salts, give electrophilic additions with 
benzaldehyde, p-nitrobenzaldehyde, diethyl diacetylenedicarboxylate, salicylaldehyde, 2- 
formylfuran, 2-formylthiophene and 2-formylselenophene at 0 "C. The intermediate 
addition products cannot be isolated but evolve to trisubstituted furans, epoxides or 
benzo[b]furans according to the electrophiles ~ s e d ~ ~ ~ * ~ ~ ~ .  Sulphur ylides analogous to 
145 show a lower r e a c t i ~ i t y ~ ~ ~ - ~ ~ ~ .  

The thermodynamic basicity constants of ylides 142 (Z=Se, Te) in anhydrous 
acetonitrile have been determined'j8. Telluronium ylides of this type are fairly strong 
bases (Z = Te, R' = R2 = Ph, pK, = 10.59; Z = Se, R' = RZ = Ph, pK, = 9.59; pK, of 
aniline under the same  condition^'^^ is 10.57) and the basicity decreases in the order 
Te > Se > S. The substituents bonded to the Te atom of 142 interact with the positive pole 
mainly by an inductive m e c h a n i ~ m ' ~ ~ .  

A recent spectroscopic study" of stabilized ylides 146 ( Z = S ,  Se, Te) reports that 
sulphonium and selenonium groups show an electron-withdrawing effect on the Ph ring 
whereas the telluronium group exhibits a Ir-donating effect; in our opinion these results 
should be used with caution. 

Selenium ylide salts with two onium centres have recently been synthesized293 and their 
reactivity towards electrophilic and nucleophilic reagents has been investigated. 

D. Selenides and Tellurides 

Selenides are important sources of organoselenium reagents and their chemical 
behaviour is related to the ability of alkyl- and aryl-seleno groups to stabilize both 
carbanions and carbocations. PhSe and MeSe groups increase the acidity of the 
hydrogens bonded to the adjacent C atom so that selenides are a-deprotonated by strong 
bases. Alkyllithium reagents are generally used for the deprotonation of the Me group300 
since in absence of the latter an attack of the lithium reagent on the Se atom occurs301-303. 

The deprotonation of phenyl selenides (147) can be conveniently carried out by using 
lithium amides which have a low tendency to attack the soft electrophilic Se atom. 

PhSeCH,R -P PhSeCHLiR 

R = Ph, SiMe,, CO,Et, COPh, CH=CR,, 
CH,, C=CH, SePh 

Lithium diisopropylamide (LDA) and lithium 2,2,6,6-tetramethylpiperidide (LTMP) 
have been found to be the most useful reagents and their choice depends on the nature of 
the group R304-3"8. Lithium diisobutylamide and LiNEt, have sometimes300~309~310 
been used. Phenylselenomethane (147; R = H) is not satisfactorily deprotonated by 
lithium amide bases. A CF, group in the meta position on the phenylseleno group greatly 
increases the acid-strengthening effect and LTMP easily gives d e p r o t ~ n a t i o n ~ ~ ~ . ~ '  I .  The 
a-alkyl substitution of selenide decreases the acidity of the C-H bond and the 

(147) (148) 
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deprotonation can be carried out only if a strong electron-withdrawing substituent is 
present3" as in 149. 

LDA/THF 

PhSeCH(CN)(CH,), Me - PhSeCLi(CN)(CH,), Me 

(150) 
- 7 8 O C  

(149) 
The relative acidity increasing effect of Se and S on adjacent C-H hydrogens is a 

problem debated on t h e o r e t i ~ a l ~ ~ . ~ ~ . ~ ' ~ . ~  l 4  and experimental grounds6'V3' ,. A com- 
pendium of experimental data (Table 31) shows that carbanions with the negative charge 
in p or sp3 orbitals are stabilized by S (probably by conjugative interaction) better than by 
Se and hence S compounds are more acid3''. In carbanions coming from vinyl systems 
the conjugation with the heteroatoms is precluded, nevertheless the Se stabilizes more 
effectively than S because of its higher polarizability ; therefore a higher acid-strengthening 
effect of Se is observed315. 

The anions 148 coming from the deprotonation reaction are powerful nucleophiles of 
great interest in organic synthesis305. Ally1 selenide anions 152 give prevalently a- 
alkylation3' OJ 19, but sometimes a remarkable amount of y-alkylation is observed 
(Table 32). These results are similar to those observed in S systems320p32'. 

LDA 
PhSeCH,CH =CR ' PhSeCHLiCH =CR2 

R',R' = H, H; Me, C1; Me, H;  Ph, H 
(151) (152) 

In principle, selenoketone enolates can direct alkylating reagents to Se, 0 and C atoms. 
Treatment322 of the a-(phenylse1eno)acetophenone enolate (154) with prenyl halides 
(Scheme 4) gives only C- and Se-alkylation, the preferred site of attack depending on the 
reaction conditions. Se-Alkylation is followed by a 2,3-sigmatropic rearrangement to give 
compound 158. 

TABLE 31. Relative acid-strengthening effect of S and Se on hydrogens bonded to the 
adjacent C atom 

Reaction (Z = S, Se) Ratio of constantsC Ref. 

1. Deprotonation of (PhZ),CH, 
2. Deprotonation of PhCOCH,ZPh 
3. Isotopic exchange of PhZMe" 
4. Deprotonation of PhZCH,CH=CH, 
5. Base-catalysed isomerization of 

6. Base-catalysed isomerization of 

7. Deprotonation of m-CF,C,H,ZMe 
8. Isotopic exchange of C,H,Zb 
9. Deprotonation of m-CF,C,H,ZCH=CH, 

PhZCH,CzCH to PhZCH=C=CH, 

PhZCH=C=CH, to PhZCECMe 

10. Deprotonation of PhZCH=CH, 

K (S/Se) - 100 
K(S/Se) = 32 
k (S /Se)  = I0 
k (S/Se)= 75 

k (S/Se) = 6, I4 

k (S/Se) = 4.8 
k (S/Se) = 3.8 
k (S/Se) = 0.67 
k (S/Se) = 0.42 
K ( S / S e )  = 0.3 
k(S/Se) = 0.37 
K (S/Se) = 0.2 I 

300,309 
61 
316 
310 

317,318 

317,318 
304 
167 
315 
315 
315 
315 

~ ~~ 

a In KNH,/NH,.  
bThiophene and selenophene in t-BuOLi/DMSO, see Section 1V.F. 
' K  and k refer to equilibrium and rate processes, respectively. 
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TABLE 32. a:y Ratio in alkylation" of ally1 selenide 
anions 152b 

Anion ( R ' , R 2 )  Electrophile a:? 
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H, H PhCH,CH,CH,Br - 80:20 
H, H Me,SiCI S2:lS 
H, H Me,PhSiCI 41 :59 
H, H PhCOMe 15:85 
Me,H PhCH,CH,Br z9O:lO 
Me,Me Me,PhSiCI 90:lO 
Ph,H MeCOMe 5 50:50 

"The y-alkylation products are a I : I  mixture of E- and Z -  
isomers.bData from Ref. 310. 

Me2C= CHCH2CH(SePh)COPh 

(155) .) \f 
LDA/THF MezC=CHCH2X P h c A p h  

PhSeCHpCOPh ___) PhSeCHLiCOPh 
X =  I ,  Br 

(153) 

Me2C=CHCH20CPh=CHSePh CH2=CH-CMe2-CH(SePh)COPh 

(157) (158) 

Under proper reaction conditions, alkyllithium reagents can be added to vinyl selenide 
159 to  give a-lithiumalkyl phenyl selenides (160) which can then be trapped by 
e l e c t r o p h i l e ~ ~ ~ ~ .  The directing effect of the phenylseleno group is that of an electron- 
withdrawing substituent. 

RLI 

R = Bu,i-Pr 
PhSeCH=CH, --+ PhSeCHLiCH,R 

(159) (160) 

The ability of the phenylseleno group to stabilize carbocations has recently been 
pointed out by measuring the acid-catalysed hydrolysis rate of vinyl ~ e l e n i d e s ~ ' ~ . ~ ~ ~ .  
Vinyl selenides 161 bearing an alkyl or aryl substituent at the a-position of the vinyl 
moiety hydrolyse by an A2-type mechanism in which (Scheme 5 )  the initial protonation is 
a slow reversible step and the decomposition of the intermediate hemiselenoacetal 162 is 
also Unsubstituted aryl vinyl selenides (161; R' = R 2  = H, R 3  = Ar) hydrolyse 

R', ,SeR3 

H 
,c=c 

(161) 
+ Ht 

( 162) 
H , SeR3 
Rl>c=c 

'R2 SCHEME 5 
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according to the classical A2 m e c h a n i ~ m ~ ’ . ~ ~ ~  in analogy with vinyl ethers and vinyl 
sulphides. The nature of the para substituent present in the aryl group of vinyl selenides 
(161; R’ = R2 = H, R 3  = Ar) and in the aryl group of a-(methy1seleno)styrenes 
(161; R’= H, R2 = Ar, R 3  = Me) does not affect the reaction mechanism. This is 
an indication that the ability of the Se moiety to stabilize the carbocation is fundamental in 
determining the mechanism. Hydrolysis rate ratios show that a methylseleno 
group stabilizes a positive charge better than a phenylseleno group (MeSe: PhSe = 15) 
and this effect increases in S (MeS: PhS = 41) and 0 (MeO: PhO = 133) analogues. 

Aryl vinyl selenides involved in addition and elimination reactions have been reported 
by Chierici and M ~ n t a n a r i ~ ’ ~ .  Trans- and cis-a-arylselenoacrylic acids 163 and 165 add 
Br, very easily giving stereoisomers of I -arylseleno-2,3-dibromopropionic acid which in 
water easily eliminate CO, and HBr giving trans- and cis- I -bromo-2-arylselenoethylenes 
164 and 166. The cis compound 166 always prevails (80%) over the trans one (164). 

\ ArSe\ / R  
ArSe 

H /c=c\, H /c=c\H 

(163) R = COOH 

(164) R Br (166) R = Br 

(165) R = COOH 

The phenylseleno group affects the stability, dehydrohalogenation and solvolysis of 
phenylselenoalkyl halides. a-Bromoalkyl phenyl selenides (167; X = Br) isornerize3’ to 
the thermodynamically more stable 169 presumably via the seleniranium ion 168. The rate 
of isomerization depends on the leaving group (X = Br, C1, OCOCF,, OAc) and the 
solvent327. D e h y d r o b r o m i n a t i ~ n ~ ~ ~  of 169 (X=Br) in LDA-Et,O at 0 ° C  gives a 
prevalence of the E-isomer 170. The stereoselectivity of the reaction depends on the 
reaction conditions and nature of the R group. The first-order rate constant of solvolysis of 
phenylselenoethyl chloride (167; R = H, X = CI) in MeOH is five times higher than that of 
the S analogue but in 80% EtOH it is 200 times higher329. This extraordinary 
phenylseleno effect is explained supposing that the reaction is anchimerically assisted and 
that the solvent could nucleophilically assist the PhSe neighbouring 

RCH(SePh)CH2X - RC(SePh)=CH2 

,\ PPh H \ ,SePh 

/c=c\H 4- H /c=c\H R 

RCHXCH2SePh 

(170) (171) (169) 
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TABLE 33. Constants for substituted benzaldehyde- 
cyanohydrin equilibria and for dissociation of benzoic acids" 
~ ~~ ~~~ ~~ 

Benzaldehyde? Benzoic acids' 
Substituent 1 0 3  K PK, 

p-SeMe 35.5 5.00 
rn-SeMe 3.95 4.74 
p-SMe 38. I 5.02 
rn-SMe 4.07 4.15 

rn-OMe 4.27 4.71 
H 4.40 4.8 I 

"Data from Ref. 39. 
EtOH at 20°C. 

'In 30% EtOH at 25 "C. 

p-OMe 42.9 5.1 1 

The phenylseleno group also increases the acidity of the carboxy group insulated by a 
methylene group6'. Phenylselenoacetic acid is stronger (pK, = 3.75) than acetic acid but 
weaker than S @Ka = 3.38) and 0 (pK, = 3.15) analogues6'. The inductive electron- 
withdrawing effect of the PhZ group (Z = Se, S, 0) decreases in the order 0 > S > Se. 

The equilibrium constant of the addition of CN- ion to benzaldehyde is increased39 by 
a methylseleno group in the para position and decreased if the group is in the meta position 
(Table 33). Similar electron-releasing and -withdrawing effects are observed in the 
dissociation of p -  and m-methylselenobenzoic acids39. A comparison with S and 0 
analogues (Table 33) shows that the + M effect of the MeZ (Z = Se, S, 0) group decreases 
in the order 0 > S > Se and it is also operative from the meta position. 

An example of a regiochemical effect of a selenide group is the influence of the 
phenylseleno group on the Baeyer-Villiger rearrangement330. Through oxidation of 

MeTeCGCCH 

f Ph 

Hg+ + 

MeTeCrCCH =CHZ + MeCOOH MeTeC=CHCH=CH2 

MeTeCzCCH 

O\ '1 

I 
OCOMe 

""\Ph SCHEME 7 
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selenide 172 (Scheme 6) with H,Oz under basic conditions at 0 "C the expected compound 
173 is obtained which gives 174 by treating with H,O, in refluxing EtOH. When 172 is 
treated in absence of the base, 175 is obtained. The different outcome of the rearrangement 
has been interpreted in terms of different rates in selenide oxidation and in the Baeyer- 
Villiger reaction. In the presence of the base, selenide oxidation is slower than Baeyer- 
Villiger oxidation and the migration of quaternary carbon occurs giving the expected 173 
which is converted to 174 by selenoxide elimination. In the absence of the base, H,O, 
reacts with the selenoxide as well as with the carbonyl group of the cyclobutanone system 
of intermediate 176 giving 177 which in turn gives 175 via migration of thecyclobutanone 
methylene group and selenoxide elimination from 178. 

Information on the reactivity and directing effects of methyl- and phenyl-telluro 
groups is very limited. Radchenko and c o ~ o r k e r s ~ ~ ~ , ~ ~ ~  report that the methyltelluro 
group of methyltellurovinylacetylene (179) directs the addition of the acetoxyl part of 
acetic acid to the triple bond in the a-position and the addition of benzonitrile oxide and 
a,N-diphenylnitrone to the double bond (Scheme 7). 

E. Selenoxides and Selenones 

Phenylseleninyl (PhSeO-) and phenylselenonyl (PhSe0,-) are strong electrone- 
gative groups which increase the acidity of a H atom bonded to an adjacent C atom and 
activate an olefinic bond in the vinylic position. These characteristics, coupled with the 
fact that they are good leaving groups, have recently been utilized to develop new 
syntheses of ole fin^^'^, ally1 dienes304, cyclopropyl ketones333, ~ x e t a n e s ~ ~ ~ ,  
ethylenic and acetylenic ketones335. 

Selenoxides are not generally very stable a t  room temperature. They are hygroscopic 
substances and exhibit a greater basicity than the analogous s u l p h ~ x i d e s ' ~ ~ .  

Selenoxides are deprotonated better than selenides and the reaction proceeds quickly at 
- 78 "C with lithium diisopropylamide (LDA)304. Alkyllithium reagents (i.e. butyl- 
lithium) give partial or total cleavage rather than d e p r ~ t o n a t i o n ~ ' ~ .  Lithium selenoxides 
181 react with a variety of electrophiles (aldehydes, ketones, acyl and alkyl halides) to give 
a-substituted selenoxides which are directly converted to olefins by selenoxide syn 
elimination or to  selenides by reduction reaction304. 

LDA MczCO 
PhSeCHRMe - PhS(=O)CLiRMe - 

- 78 "C 
(180) (181) 

A PhS( = O)CRMeCMe,OH 4 H,C= CRCMe,OH 
1 rcd 

PhSeCRMeCMe,OH 

Vinyl selenoxides and vinyl selenones give conjugative nucleophilic addition with 
ketones, ester enolates and alkoxides, followed by displacement of the seleno group. 
Examples are given in Scheme 8 which also outlines the difference in reactivity between 
the PhSeO and PhSeO, , g r o ~ p s ~ ~ ~ - ~ ~ ~ .  

The proposed mechanism for the formation of cyclopropyl ketone (184) and oxetane 
(186) involves three steps: nucleophilic addition, proton transfer and nucleophilic 
s u b s t i t ~ t i o n ~ ~ ~ . ~ ~ ~ .  

The oxetane formation is not a stereospecific reaction but a prevalence of cis-oxetane is 
observed 34. 

The synthesis of ketones 189 shows good stereoselectivity because the attack of 
methoxide from the B side is energetically favoured and the phenylselenonyl group in the 
intermediate 190 is in a favourable position for 1,4-fragmentation. 
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0 

+ PhC(OLi)=CH2 
II 

PhSe- 

(183) 
ClOH2, 

(182) 

0 
II 

Phr*C H + 183 
10 21 

0 

;I OH 

phseLAAph .-y 
(185) 

f 
0 OH 
II I 

II 
0 

(188) 

182 + 183 - 

(Contd.) 
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MeONa 
[ OH 

A = A M e  A MeOH 

PhSe’ t 

OMe 

(1901 
0 

I 
0 

Z :  E ratio = 80 : 20 

SCHEME 8 

Vinyl selenones containing a tetrasubstituted double bond have a very low reactivity 
towards nucleophilic addition304 of alkoxide and the fragmentation process which gives 
an acetylenic ketone, is predominant. 
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1 . INTRODUCTION 

There have been many reports of organic molecules having functional groups containing 
Se and Te in various oxidation states involving higher valencies . The main purpose of this 
chapter is to describe the chemistry of organic compounds containing Se or Te in various 
oxidation states such as selenols (RSeH). selenenic acids. seleninic acids. selenonic acids 
and their derivatives and Te analogues . Attention has been mainly focused on their 
preparative methods and their characteristic reactions . Since Klayman’s excellent review’ 
has covered the main literature on Se chemistry up to 1972. we shall deal with the subject 
mainly on the basis of references published in the last decade . 

II . SELENOLS 

Selenols (RSeH) are acidic and air-susceptible compounds having an intolerable odour . 
They are soluble in alkaline aqueous solution due to their acidic nature. but are usually 
insoluble in water . In general. selenols have greater acidities than those of the 
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corresponding S analogues. For example, the pK, values of H,Se and benzeneselenol are 
3.7 and 5.9, re~pec t ive ly~-~ ,  whereas H,S and benzenethiol show 7.0 and 6.5. Selenols are 
generally more sensitive to  air than thiols, and are oxidized to the corresponding 
diselenides. Selenolate ions (RSe-), formed in alkaline solution of selenols, are generally 
more sensitive to molecular oxygen and are rapidly converted to diselenides (equation I). 

101 
RSeH - RSeSeR 

A. Synthesis 

In general, alkaneselenols and aromatic selenols can be synthesized by the reaction of 
Grignard reagents and organolithium compounds with controlled quantities of elemental 
Se (equation 2)1-6-9. 

Se 

RLi(MgX) - R S e L i ( M g X ) z R S e H  (2) 

The other readily available and convenient starting materials for preparation of selenols 

TABLE I ,  Preparation of selenols and selenolates 

Starting Material Reagents Products Ref. 

Se 

H,Se 

RSeSeR 

(H,NCH,CH,Se), 
ArSeSeAr 

RSeCN 
ArSeCN 

ArSe(0)OH 
ArSe0,OH 
ArSeSiMe, 

r-Bu,C=Se 

RMgX/H,O/H + 

ArMgX/H,O/H + 

ArLi 
RLi 
R C E C N a  
I .  Na 2. ArX/hv,e- 
RX 
RCH=CH, 

Na/liq. NH, 
NaBH, 

Na,S/KCN 
Na/THF 
NaBH, 
NaOH/phase-transfer catal. 
Zn/HCI/H,O 
H+/H,O 
H+/Zn 

NaBH, 
NaBH, 
H , S/SO,/Zn/HCI 
MeOH/H+ 
KF/I 8-crown-6 

KOH/EtOH/dioxane 

A 

H,POz/H,O 

H,PO, 

Et Li 

LiAIH, 

RSeH 
ArSeH 
ArSeLi 
RSeLi 
RCECSeNa 
ArSeNa 
RSeH 
RCH,CH,SeH 
HOCH,CH,SeH 
RSeNa 
RSeNa 
RSeH 
H,NCH,CH,SeH 
ArSeNa 
ArSeNa 
ArSeNa 
ArSeH 
RSeH 
ArSeH 
ArSeH 
ArSeH 
ArSeH 
ArSeH 
ArSeH 
ArSeK 

RCECSeK 

1 
1 
1 
1,6-8 
9 
12 
1 
1 
1 
1 
1 
13, 14 
15 
10 
1 ,  1 1  
16 
17 
1 
I ,  17 
1 
18 
1 
1 
19,20 
22 

23-26 

Z-LiSeCH=CHCECLi 27,28 

t-Bu,CHSeH 29 
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are alkyl or aryl diselenides which are stable in air, and some of them are commercially 
available. They are easily reduced to  the corresponding selenols by appropriate reducing 
reagents such as Na" or NaBH,". 

A number of other methods involving the use of other Se compounds have been devised. 
Table 1 shows a variety of methods for the synthesis of selenols or s e l e n ~ l a t e s ' - ~ ~ .  

B. Reactions 

1.  Reactions with alkylating reagents 

a. Reaction with uarious halides. Alkylation of alkylselenols and aromatic selenols with 
alkyl halides in the presence of base gives the corresponding dialkyl selenides in 
satisfactory yields (equation 3)L6,30-39. Various types of selenides are synthesized by this 
method. For example, acetylenic selenols and selenolates are converted to  the acetylenic 
selenides (equations 4 and 5)9.28*40*4'. 

base 
RSeH + R'X - RSeR' (3) 

R ' X  

RC=CSeH - RCGCSeR'  (4) 

R ' X  

RC=CSeLi(Na) -RC-CSeR ( 5 )  

Reich and coworkers have prepared an E,Z-mixture of 1,3-bis(phenylseleno)propene 
by the alkylation of benzeneselenolate with 1,3-dichloropropene. This product is 
converted to a,p-unsaturated aldehydes as shown in equation (6)42. 

PhSeH 

KOH, EtOH 
CI - PhSe-SePh CI \//\/ 

(6) 
HZ02 . I .  Et NLi 

2.  E C  (electmphile) PhSeYseph 
2 

E 0 

E -  isomer 

Alkylation of selenols with acyl or aroyl halides in the presence of base produces seleno 
esters of the corresponding carboxylic acids (equation 7)7*43-45. 

1 base 1 
RSeH+R'  X-RSe R'  (7) 

b. Reaction with aromatic halides. Phenylselenolate has been known to participate in 
SR,l-type reaction with aryl halides under irradiation, giving rise to aryl phenyl 
~ e l e n i d e s ' ~ . ~ ~ . ~ ' .  The reaction mechanism is depicted in equation (8). 

hv 
ArX + PhSe--(ArX)? + PhSe 

(ArX):-Ar. + X- 
ArX 

Ar. + PhSe- +(ArSePh): - ArSePh + (ArX): 
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It has been shown that the reaction of arylselenolate ion with aryl iodides is catalysed 
efficiently by cuprous iodide in HMPA solution (equation 9)48.49. 

CUl 

HMPA 
ArI + Ar'Se-- ArSeAr' (9) 

c.  Reaction with ulkylamines. In general, selenols form quarternary ammonium salts of 
the selenolate ion with various amines by ionization of the acidic proton. Ammonium salts 
of benzeneselenols usually decompose on heating to produce the alkyl phenyl selenide'. 
This pyrolytic reaction offers a method for alkyl group migration from the N atom of 
amine to the Se atom. The salts formed from tosylated amines" or from tertiary 
alkylamines2 give alkyl phenyl selenides as shown in equations (10) and (11). 

TsCl 
RCH,NH,- RCH,NHTs 

PhScH - [RCH,NH,Ts] + [ P h Se] - 

-RCH,SePh + TsNH, (10) 

It has been shown that an alkyl shift from tertiary amines to benzeneselenolates to  give 
alkyl phenyl selenides can be achieved by use of a Ru catalyst (equation 12)51. 

I .  Ru catalyst 

2 .  H z 0  
PhSeNa + R'RZR3N - PhSeR' + R2R3NH (12) 

2. Reduction by selenols 

It has been known that selenols are good reducing agents for various classes of organic 
compounds. Functional groups such as nitroso (-N-0), azo (-N=N) and imino 
(: C=N-) are readily reduced to  give amino, hydrazo and amino groups, re- 
~ p e c t i v e l y " ~ ~ ~ .  Organic sulphoxides are generally reduced to the corresponding 
~ u l p h i d e s ~ ~ .  

Methylselenol reacts reductively with  ketone^^^.^^ or benzyl halides" as shown in 
equations (13) and (14). 

Z"CIZ 
R1R2C-0 + MeSeH - R'R'CHSeMe + R'R2C(SeMe), (13) 

(14) 

CHzCIz 

PhCH,X + MeSeH + PhCH2SeMe + PhMe 

3. Ring-opening reactions 

Treatment of e p ~ x i d e s ~ ' - ~ ~ * ~ ' ,  lactones 6.10*64-69 and c y c l ~ p r o p a n e s ~ ~ . ~  ' with selenols 
results in ring-opening to selenenylated derivatives. These reactions are due to  the high 
nucleophilicity of the Se atom in the selenols. Examples are given in equations (15)-( 17). 

/"\ + RSeH + HOCH2CH2SeR (15) 
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o + RSeH -+ HOOC(CH,),SeR c A + RSeH + MeCH,CH,SeR 

4 .  Addition reactions 

bond system, gives products of addition to the C=C bonds (equation 1 8)L9.2',72-74. 
Reaction of selenols with conjugated ketones and aldehydes having the C=C-C=O 

0 0 

Addition of benzeneselenol to mono- and di-substituted acetylenes at  room tempera- 
ture gives vinylic selenides (equation 19)75-85. 

RC=CH + PhSeH -+ RCH=CHSePh (19) 
Some other studies concerning Section ILB, i.e. on selenols and their derivatives have 

been reporteda6-' ' I .  

111. SELENENIC ACIDS AND THEIR DERIVATIVES 

The generalized structure of selenenyl compounds can be represented by R-Se-X, in 
which R is an alkyl, aryl or heterocyclic moiety. Selenenyl compounds are classified into 
five general groups: (i) selenenic acid (X = OH), ( i i )  selenenic esters (X = OR')  and 
selenocarboxylates (X = OC(O)R'), (iii) selenenamides (X = NR;), (iu) selenocyanates 
( X = C N )  and (0) selenenyl halides ( X =  halogen). All of these types of selenenyl 
compounds share a common feature, i.e. polarization of the Sed+-Xd- bond, resulting 
in reactions involving positively charged Se species (equation 20). 

R - Se - X + R - Se+ + X - (20) 

A. Selenenic Acids and Their Anhydrides 

Selenenic acids and their anhydrides are usually generated in situ and used without 
isolation, because of their instability. There are several reactions in which selenenic acids 
and their anhydrides play important roles as transient intermediates. 

1. Generation 

a. /%Elimination of alkyl aryl selenoxides. /%Elimination of alkyl aryl selenoxides 
proceeds under mild conditions with high selectivity and has been used as a facile and 
convenient method for synthesis of olefins".' I 2 - I L 5  . 8-Hydroxyselenides, which may be 
derived by addition of the eliminated arylselenenic acid (ArSeOH) to the olefinic products, 
are incidentally formed as by-products (equation 21)' 1 7 * 1 3 1 * 1 4 8 .  

0 
[OI / I  A 

RCH,CH,SeAr-RCH,CH,SeAr-RCH = CH, + [HOSeAr] 

---, RCH(OH)CH,SeAr 
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Decomposition of 3,3-dimethyldihydrobenzoselenophene oxide (1) leads to generation 
of an unstable intermediate selenenic acid (2), which is trapped intramolecularly to  give the 
isomeric hydroxyselenides 3 and 4 (equation 22)'16*'17. 

z- OH + 

85 
I 

OH 
II 
0 

moH 
15 

(4) 

A 77Se-NMR signal assignable to  the selenenic acid 6 has been observed during the syn 
elimination of selenoxide 5 in CD,OD (equation 23)"*. The formation of the seleninic 
ester 7 serves as a chemical evidence supporting the intermediacy of the selenenic acid in 
this reaction. 

Se(0)CMe2C(O)Ph C D , ~ ~  

COOMe 

+ PhC(0)C(Me)=CH2 - - 5 O o C  a::e 
(6) 

.a 
(5) 

2 5 O  C0,OD I 
aM 

b. Oxidation of selenols and diselenides. Selenenic acids are known to disproportionate 
into the corresponding diselenides and seleninic acids (going right to  left in equa- 
tion 24' 31.  The reverse processes were sometimes termed 'comproportionation' in the 
literature" 7 * 1 3 L  and benzeneselenenic acid can be generated in situ by this 
com proportionat ion. 

PhSeSePh + PhSe0,H + H , O e 3  [PhSeOH] (24) 
Similar comproportionation between diphenyl diselenide and benzeneseleninic anhyd- 

ride (2:l molar ratio) has been also reported to give benzeneselenenic anhydride 
(equation 25)' 7 . 1  29 .  

2 PhSeSePh + (PhSeO) ,Oe3 [PhSeOSePh] (25) 

t-Butyl hydroperoxide is employed as an oxidizing agent for the oxidation of diphenyl 
diselenide to  benzeneselenenic anhydride (equation 26)"'*' 2 6 * 1  '**' ". However, it seems 
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likely that the anhydride is not present in high concentration during the reaction'30. 

PhSeSePh + t-BuOOH 4 [PhSeOSePh] + t-BuOH (26) 

c. Reduction of seleninic acids and their anhydrides. Several reducing reagents, such as 
hypophosphorous acid (H3P02) '32. '37,  hydrazines (NH2NH2'34, RNHNH2'38-139) and 
thiols (RSH)' 33, have been used for reducing seleninic acids and their anhydrides to 
seleninic acids and their anhydrides, respectively (equations 27 and 28). 

0 
/ I  reducingngent 

RSeOH - [RSeOH] (27) 

RSeOSeR - [RSeOSeR] (28) 

0 0  
1 1  1 1  reducingagenl 

Recent reinvestigations' of the reduction products of ortho-substituted ben- 
zeneseleninic acids, which were initially reported' 3 2 - 1  3 4 v 1  "*' 5 2  to be sufficiently stable 
for isolation, have shown that the products are not the selenenic acids but the 
corresponding selenenic anhydrides (equations 29 and 30). 

d. Hydrolysis ofselenenyl halides. Hydrolysis of selenenyl halides has been reported to 
give the corresponding selenenic acids (equation 3 Anthraquinone- 1 -seleninic acid is 
prepared by the reaction of the corresponding selenenyl bromide with moist silver oxide in 
dioxane (equation 32)14'. 

o-O,NC,H,SeBr + H,O 4 o-O,NC,H,SeOH + HBr (31) a + AgOH dioxane, - reflur a (32) 

0 0 

2. Reactions 

seleninic acids (equation 33)' 15. 
In general selenenic acids are unstable and rapidly disproportionate to diselenides and 

3 RSeOHeRSeSeR + RSe0,H + H,O (33) 

Selenenic acid is a good electrophilic reagent and often used for in situ oxyselenation of 
olefins (equation 34)' 3 7 .  The resulting b-hydroxyselenides can be easily converted to the 
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D' w= I "1 F3 I 
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corresponding allylic alcohols or epoxides, in a one-pot reaction, via oxidation to 
selenoxides by appropriate oxidizing reagents. 

The disproportionation (equation 33) is a reversible reaction, and the reverse process 
can be used for the in situ formation of selenenic acid (equation 24)' I 7 . l 3 ' .  Hori and 

GOMe [PhSeOH] - 
+ s e P h C o M e  

OH (35) 

- &OMe 

t-BuOOH 

OH 

- &oMe Se(O)Ph 

OH 

Sharpless' I have reported the conversion of olefins to allylic alcohols using this reverse 
reaction system (equation 35). This method can be applied to the synthesis of various 
cyclic ether derivatives from dienes (equations 36 and 37)'". 

(-) [PhSeOHI . A 
(36) 

PhSe SePh 

64% ,$ [PhSeOH] . phse& 

SePh 
(37) 

A 47% 

Electrochemical in situ generation of phenylselenenic acids has been undertaken by 
T ~ r i i ' ~ ~  (equation 38), and this method was used for a one-step synthesis of allylic 
derivatives (9) from isoprenoids (8). In this case the selenenylation reagents can be recycled 
by using a catalytic amount of diphenyl diselenide (equation 38)'49. 

- 2 e  

2 ROH 
(PhSe)2- 2 PhSeOR + 2 H +  (R = Me, H) (38) 
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w+ AcO 

Recently, Kuwajima and coworkers reported a regioselective oxidation of olefins to a- 
phenylseleno ketones by using (PhSe),-t-BuOOH or (PhSe),-(PhSeO),O systems 
(equation 39)lZ6. The nature of the reactive species in this reaction has not yet been 

(PhSe), , I-Bu00H 

confirmed. However, benzeneselenenic anhydride (PhSeOSePh) is assumed to be a 
plausible one as shown in equations (25) and (26). anti-Markownikoff-type oxidation is 
observed with allylic alcohols, while the oxidation of terminal olefins proceeds in 
Markownikoff manner (equation 4O)lz5-' 2 7 * 1  ". 

R 2L - [R2fil ] - R2Rq H (40) 

In connection with this reaction system, oxidation of allylic alcohols to  the correspond- 
ing aldehydes or ketones by the combined use of t-butyl hydroperoxide and diary1 
diselenide (equation 26) was reported (equations 41 and 42)Iz8. 

[ P h Se OSePh] R'O ... ,Ph 

OSePh SePh 

(2,4,6-Me3C,H,Se),(0.5 eq.), I-BuOOH(I.2 eq.) 

benzene, ref lux 

CHO 
(41) 

HO /J 

(42) 

A S e P h  

(2,4,6-Me3C,H,Se)2(0.6 eq.), I-BuOOH(1. 2 eq.) 

benzene, reflux 
SePh 

6.  Selenenyl Halides 

characteristic reactions will be described. 
In this section, general methods for the synthesis of selenenyl halides, and some of their 
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1 .  Synthesis 

corresponding diselenides (equation 43)’ I 4 n 1  ’ The most general preparative method of selenenyl halides is direct halogenation of 
54-161. 

RSeSeR + CI, (or Br,) + 2 RSeCl (or 2 RSeBr) (43) 

Benzeneselenenyl chloride has been prepared from bromobenzene as shown in 
equation (44) and is commercially available162. 

I .Mg Brz CI2 
PhBr- PhSeMgBr- PhSeSePh - PhSeCl (44) 

2. Se 64-70x 88-93% 

Alternative methods for the synthesis of selenenyl halides are shown in equations (45)- 
(47), and their details have been described in Klayman’s review’. 

ArSeCN + CI, (or Br,) -+ ArSeCl (or ArSeBr) (Refs. 134, 157, 163, 164) (45) 

RSeX, e R S e X  + X, (Refs. 153, 154) (46) 

(47) 
?r 

ArYR Br- ArSeBr + RBr (Ref. 165) 

2. Reactions 

a. With carbonyl compounds. Sharpless and coworkers have reported that benzenesele- 
nenyl chloride reacts with various ketones and aldehydes to give a-phenylselenenyl 
carbonyl compounds, which on treatment with H,O, or NaIO, at room temperature 
yield the corresponding %/?-unsaturated ketones or aldehydes (equations 48 and 
49)’ 14.1 54, 131 ___) - PhSeCl HCI [ qSeph ] - 4 5 m i n . ,  H202 r t .  $ 

74 % 

Reich and coworkers have reported a higher yield method in which benzeneselenenyl 
halides are allowed to react with lithium enolates prepared in situ from lithium 
diisopropylamide (LDA) and ketones (Table 2, entries 1 -4)1153168. Similarly, a,/?- 
unsaturated esters” ’ and l a ~ t o n e s ’ ’ ~  are synthesized from the corresponding saturated 
compounds as shown in Table 2 (entries 5-7). 

A similar method can be applied for the preparation of substituted furans 
(equation 50)’ ’ I .  

“QR: HAl(Bu-/), . 
2. PhSeCl 
3. H,O, 
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TABLE 2. Synthesis of a,fi-unsaturated carbonyl compounds by reaction of phenylselenenyl 
halides with lithium enolatesl 4.1 

5 4 . 1  "-' 'O 

( X  = CI ,  0.1 PhSe 

Entry Starting material Product Yield (%) Ref. 

84 115, 168 
I Ph L P h  Ph 

3 Ph 4 
4 

5 

bPh 
ph+ 

bPh 
66 

60 

8 80b 

115.168 

115. I68 

I I5 

115 

154 

I I5 

(Contd.) 
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TABLE 2. (Corrtcl.) 

Entry Starting material Product Yield YA) Ref. 
- 

n=8 
n = 7  
n = 6  
n = 5  

COOEt 

(CHz)n-a ?3 

I 1  AN”. &- 
71 

55 

93‘ 

9 3 b  I I5 
89b 
81’ 

115 

170, 113 

MeC0,H is used as the oxidizing agent 
NaH is used instead of LDA. 

In the case of 1,3dicarbonyl compounds, sodium hydride is used as a base, and a,P- 
unsaturated 1,3-dicarbonyl compounds are obtained regioselectively (Table 2, entries 
8-9)’ Is. 

The reaction with a P-ketosulphoxide proceeds through intermediate 10, and gives only 
a sulphinoenone by syn elimination of a benzeneseleninyl group and a P-hydrogen. 
Elimination of a benzenesulphinyl group does not take place (Table 2, entry 10)’ 5 .  

Two equivalents of LDA are employed for the preparation of a,b-unsaturated lactams 

Other examples of a, 1-unsaturated carbonyl compounds prepared by selenenylation 

Benzeneselenenyl halides also react similarly with copper en~lates’~’ ,  aluminium 

(Table 2, entry 1 

followed by selenoxide 1-elimination are summarized in Reich’s review 3. 

e n ~ l a t e s ” ~  and zirconium e n ~ l a t e s ’ ~ ~  (equations 51 and 52). 

0 0 

55% 72 % 
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OZr C p2C I 
I 

Rl s Q R2 

0 

I COI . 
Rl z 4 R 2  

70% 

The reactions of selenenyl halides with a,P-unsaturated carbonyl compounds or a- 
diazoketones are found to give a-selenenyl a,P-unsaturated carbonyl compounds 
(equations 53-55). 

n 0 

PhSeCl 

pyridine 
___* 

71% 

(Ref. 173) (53) 

SePh 

R' = Me ; 64% 

(Ref. 174) (54) 0 

PhSeCl 
___) 
CH,CI,, r . t .  

reflux 

82% 
(Ref. 175) (55) 

bSePh 
5 5 010 

b. Wth unsaturated compounds. (i) Wth alkenes. Electrophilic anti addition of selenenyl 
halides to olefinic double bonds has been found to proceed stereospecifi- 
cal lyL'4~L60~'76-L91.  The rate law of the reaction is overall second order-first order in 
both alkenes and selenenyl halidesL8 I .  From these observations, the mechanism shown in 
equation (56), involving a seleniranium ion (ll), is postulated'". 
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R 
I 
Se' 
/ \  

(11)  

RSeX + 'C=C' - &>'c-c ''{o,,, (rote-determining step) 
/ \  / \  

1 1  + x- (product-determining step) 

With respect to  the regiochemistry of the addition, Raucher178r1 79 has shown that the 
reaction of benzeneselenenyl bromide with terminal olefins gives predominantly anti- 
Markownikoff adducts under kinetically controlled conditions (CCI,, - 20 "C). The 
adducts isomerize to give predominantly Markownikoff adducts in 48 h at 25 "C in CCI, 
(equation 57). 

PhSeRr . . -. 

Me(CH,),CH=CH, - Me(CH,),CH(SePh)CH,Br 
cc14,-200c 

cc1,.-2.5-c - Me(CH,),CH(Br)CH,SePh (57) 

On the other hand the reaction with internal olefins usually gives a mixture of 
Markownikoff and anti-Markownikoff adducts. Their ratio is influenced by both 
electronic and steric effects of the substituents180.181. Liotta and Zima have synthesized 
adducts isomerize to give predominantly Markownikoff adducts in 48 h at 25 "C in CCI, 
(equation 57). 

a S r : h  (58) 
CDCI, , - 50 % + PhSeCl 

100% 

(yMe 
CDCI, , - 50 OC M q S e p h  

100% (59) 
+ PhSeCl 6 CMe20H CMe20H 

The adducts of selenenyl halides and olefins are generally unstable both thermally and 
solvolytically. However, when the reactions are carried out in the presence of various 
nucleophiles such KOAc'I4, AgOCOCF,185~1s6 , l  H 0187*191, ROHIs8, MeCNLS9 and 
AgNO,' thermodynamically stable adducts can be isolated in high yields 
(equation 60). 
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Benzeneselenenyl chloride adds to allylic alcohols and acetates in a highly regio- and 
stereo-selective fashion (equation 61) and this type of addition can be used as the key step 
of a simple 1,3-enone transposition sequence (equation 62)'92.'93. However, the addition 
to  3,4-dihydro-2H-pyran is known to be exceptionally non-stereospecific 
(equation 63)' ". 

CHCI, Go, + 

25'C OR + PhSeCl OR (61) 

CI PhSe 

R = H  7 3 
R = Ac 20 1 

OAc OAc 

Me no 
79% 

2 1 

The reaction of benzeneselenenyl halides with enol ethers gives the corresponding a- 
phenylseleno ketones in good yields (equation 64)'94-'y7. 

(64) 

Benzeneselenenyl chloride reacts regioselectively with allylsilanes to give ally1 selenides, 
through a 1,3-shift of the phenylselenenyl group (equation 65). On the other hand, such 
1,3-rearrangement does not take place in the reaction with benzenesulphenyl chloride 
(equation 66)'98.'99. 

1 PhSeCl [ -SePh] PhSe- 

\ 2. cat. SnCI, 
M e 3 S i w  

90 % 
(65) 

1 PhSeCl I-SePh] PhSe- 

\ 2. cat. SnCI, 
M e 3 S i w  

I '  J 90 % 
(65) 
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In addition, the reaction of fluoroalkenes with benzeneselenenyl halides has been also 
84. 

(ii) W t h  alkynes. Little is known about the reaction of selenenyl halides with simple 
alkynes’”. The reaction of propargyl alcohols with benzeneselenenyl chloride gives 
regioselectively the corresponding vinyl selenides (equation 67)201. 

\ 2‘ H , ,SePh H 
H C E C C ( 0 H ) M e R  + PhSeCl d /c=c + /c=c 

CI \C(OH)MeR PhSe ‘C(OH)M~R 

R = Me 

R = t -Bu  

0 
100 

100 
0 

(67) 

The reaction of lithium trialkylalkynylborate with benzeneselenenyl chloride, followed 
by selective oxidation, provides a new synthetic pathway from acetylenes to acyclic trans- 
a,B-unsaturated ketones (equation 68)202. 

PhSeCl p h s e ~ ~ ~ ’ 2  
R C H 2 C E C L i  4- BRI3 d RCH2-CEC-BR13 Lit - 

RCH2 

(68) 
HZ02  - - H,O/ Me3N0 

hsegR1 R 
RCH2 

( i i i )  With allenes. Benzeneselenenyl halides also add to  allenes, giving 1 : I 
in which the phenylselenenyl group is predominantly located at the central carbon of 
allenes (equation 69). 

( io)  Wi th  quudricyclene. The reaction of benzeneselenenyl chloride with 
tetracycl0[3.2.0.0~~’.0~~~]heptane (quadricyclene) yields adducts of both I ,3- and con- 
jugative 1,6-addition (equation 70)’06. 

+ hC1 + &sem + cl$+ 

SePh CI 4% SePh 
61 OI.0 27 ‘10 
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(0 )  Cyclofunctionalization. Electrophilic addition of the phenylselenenyl group to  
olefins possessing nucleophilic moieties (Nu -), such as hydroxyl or carboxyl groups, 
followed by intramolecular ring-closure gives stereospecifically cyclized products, such as 
cyclic ethers or lactones, respectively (equation 7 I). 

This type of synthetic reaction is well characterized by the term cyclofunctionalization 
introduced by Clive and  coworker^^^^^^^^. Another example of cyclofunctionalization in 
Se chemistry is the reaction of y,&unsaturated carboxylic acids with arylselenenyl 
bromides (equation 72)208. 

, Ph 

H2C=CHCH2CPh2COOH + ArSeBr 

Ar = 2 ,  4-(NO2I2C6H3, 2-NO2-4-CICgH3 

Recently this type ofcyclization has been studied extensively and a wide variety of cyclic 
compounds have been synthesized with a high degree of regio- and stereo-selectivity. 
Some examples are shown in Table 3. Many kinds of internal nucleophiles have been 
examined for the cyclofunctionalization :-COOH (entries 1 -6)207-2 ' .-COOR (en- 
try 7)" 3.2 ' 7>C=0 (entry 8)'I4,-0H (entries 9- 1 1 )21  5-21 7.222,  -NHCOOEt 
(entries 12, 13)21"'19~228,-SH (entry 14)220 and>C=C((entry 15)221.229.  The 
resulting benzeneselenenyl lactones (entry 4) can be treated with H 2 0 2  or some reducing 
agents such as Raney Ni or tri-n-butyltin hydride to give unsaturated or saturated 
Iactones (equation 73)210.2' 

PhSeCI/ Et,N 

CYCI,, - 78 oc 

"SePh Raney Ni 

THF/25 OC 
100% 

6 
05 V o  

$3 OR 

I Raney Ni 

70 % 
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TABLE 3. Cyclofunctionalization of unsaturated compounds with benzeneselenenyl chloride 

Entry Substrate Product Yield (%) Ref. 

n = S  73 207,209 
n = 6  82 
n = 7  97 - -  

Phge 

Ph& 

A 

6" 
4 coon 

a 
"'XPh 

phxF!i! 

85 209 

n = S  80 210 
n = 6  74 
n = 7  70 

X = S e  100 210,211 
X = S  (82)" 

X = S e  95 210,211 
x = s  (95)" 

86 212 

68:25 213 

COOMe 0 0 

61b 214 

ArSo do-ph 
84 21 5 

(Contd.) 
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TABLE 3. (Contd.) 
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Entry Substrate Product Yield (%) Ref. 

10 

I 1  

12 

13 

14 

15 

nOH phsxl 90 216 

92' 21 7 

(88 : 12) 

CEt m c H z , p h  73 218 

I 
COOEt 

dOOEt 6OOEt 
PhSe 

12 219 

80 220 

68d 22 1 

a PhSCl was used instead of PhSeCI. 
bp-CIC,H,SeBr/PhCH,OH. 
' PhSeCl/aq. MeCN. 

PhSeCI/AcOH/AcONa and then MeOH/H,O/K,CO, 

Applications to the synthesis of complex biologically active molecules have also been 
r e p ~ r t e d ~ ~ ~ - ~ ~ ' .  For example, lactones 12, 13 and 14 are important synthetic in- 
termediates for the construction of prostaglandin A2 and blefeldin A (equation 74)2'0.2' '. 

On the other hand, the reaction of benzeneselenenyl chloride with alkynyl alcohols 
gives only 1,2-adducts (equation 75)223. 

(75) \ ySePh 
H C r C C H 2 C H 2 0 H  + PhSeCl ,c=c 

CI 'CH~CH~OH 

CH,CI, H 

09% 
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c .  Wi th  nucleophiles. A variety of selenenic acid derivatives RSeX (X = OH'44.'87, 
OR'14,'85.'86 3 2  NR 216,230, CN231.236) have been synthesized by nucleophilic displace- 
ment on the Se atom of selenenyl halides. Some examples are shown in equations (76)-(79). 
SCN-232.233 and RS02-234 have also been used as nucleophiles. 

2-02NC,H4SeX + H,O -+ 2-02NC6H4SeOH 

RSeX + KOAc - RSeOAc 
AcOH 

PhSeCl + @!-K 

PhSeCl + Me3SiCN -+ PhSeCN + Me,SiCI 

3. Selenenyl iodides and fluorides 

Recently the reaction of diphenyl diselenide with I,  and 1,Shexadiene has been 
reported to  give a 68:32 mixture of 15 and 16 in 62% yield (equation It is assumed 
that benzeneselenenyl iodide is formed in situ and plays an important role as the active 
reagent. 

Ph SeSePh / I2 

MeCN, reflux 

No successful synthesis of selenenyl fluoride has been reported so far. 

C. Miscellaneous 

I. Selenenic esters und seknocarboxylutes 

u. Synthesis. Selenenic esters (R'SeOR') are usually prepared by a alcoholysis of 
selenenyl halides or selenocyanides (equations 81 and 82)'s1~237-240 . The simple 
esterification of selenenic acids has not been reported. It is likely that selenenic esters are 
formed in situ in the rearrangement of selenoxides (equations 83 and 84)1'9-1249142. 
Selenocarboxylates (R'SeOCOR') are produced by the reaction of selenenyl halides with 
some metal carboxylates (equation 85)' 14,166. 

R 2 0 H  

R'SeBr- R'SeOR' (81) 

R 2 0 H  

R'SeCN - R'SeOR' (82) 
2 

[2, 31-sigmatropic R, 

I - 
. c.3 shift n 
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0 0  0 
I1 II It 

KOCR2 or AgOCR2 

R'SeX A R'SeOCR' 

b. Reactions. Selenenic esters and selenocarboxylates are hydrolysed with water to  the 
selenenic acids. The selenenyl group of selenenic esters and selenocarboxylates is 
electrophilic and can be introduced into organic molecules via oxyselenenylation of 
various olefins (equation 86)'40*'43.166*186. 

2. Selenenamides 

a.  Synthesis. Selenenamides are synthesized by the reaction of selenenyl halides or  
selenenic acids with amines (equation 87)232~237~245~248.24g. N- Phenylselenosuccinimide 
and N-phenylselenophthalimide are prepared by the reaction of diphenyl diselenide with 
N-chlorosuccinimide or N-chlorophthalimide (equations 88 and 89)2'6.257.283. 

R'SeX or R ' S e O H L  R'NH R'SeNRi 

X = CI, Br 

PhSeSePh + 

PhSeSePh + 

b. Reactions. Selenenamides react with some carbonyl compounds to afford a-selenenyl 
carbonyl compounds, which can be converted to a,B-unsaturated carbonyl compounds by 
oxidative elimination (equation Selenenamides are used for oxyselenenylation of 
olefins. Especially N-phenylselenosuccinimide (N-PSS) and N-phenylselenophthalimide 
(N-PSP) are reported to be excellent reagents for this purpose (equation 91)2'6*257*283. N- 
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a 0  

N-PSP or N-PSS - 
PhSeCH2 

ril COOH 

N-PSP : 100% 
N-PSS : 98% 

64 1 

(91) 

3% (PhSeI2, 10% pyridine 6 + G N C I  CH,CI, , 25 OC , 6 h 

0 99 1 

88% 
PSS, formed in situ also acts as a catalyst for the allylic chlorination by N -  
chlorosuccinimide (NCS) (equation 92)257. 

3. Selenocyanides 

a. Synthesis. Selenocyanides are generally prepared by the reaction of aryl or 
alkylselenenyl halides (or sulphonates) with cyanide ion (equation 93)269*270. Aliphatic 
selenocyanides can also be produced by the reaction between alkyl halide and SeCN- 
(equation 94)260-268,275,276*2g5-2g9. The use of selenocyanogen as a substitution reagent 
gives 3cyanoindole from indole (equation 95)134*271-274~292~2'4.300-'0' .  

RSeX + C N -  + RSeCN + X -  
X = halogen,-SO,R' 

RX + KSeCN + RSeCN + KX 

X = halogen,-OSO,R1,-HgBr 

(93) 

(94) 

b. Reactions. Phenyl selenocyanides add to olefinic double bonds in the presence of 
tetrachlorostannane as catalyst to give 2-phenylselenocyanide (equation 96)284-287. 

ITSePh (96) 
PhSeCN 

cat. SnCI, 
"%, 0 -  CN 

On the other hand, phenyl selenocyanide causes electrophilic selenenylation in the 
presence of cupric chloride. An application of this reaction is a facile preparation of cyclic 
ethers by oxyselenation of diolefins using phenyl selenocyanide. For example, 1,5- 
cyclooctadiene gives a mixture of cyclic ethers in aqueous tetrahydrofuran solution 
(equation 97)296.302,306-308,3 1 I BSePh + 

(97) 
PhSeCN, CuC12 

oq. THF 
SePh PhSe PhSe 
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Hydroxyl groups can be easily converted to arylselenenyl groups using selenocyanides 
and phosphines. Treatment of alcohols with aryl selenocyanide in the presence of tri-n- 
butylphosphine affords alkyl aryl selenides (equation 98)3 12. 

A-NOzC, kI,St.CN 

BUJP, THF 
CH3(CH2)loCH20H - CH3(CH2),oCH2SeC6H4N02-o (98) 

9 4 x  
In connection with this reaction, a 1.3-rearrangement of primary allylic alcohols can 

take place as shown in equation (99)'*'. 

ArSeCN H,O, a'"' H,O . acH2 
OSeAr OH 

9 3 % 6 8 '10 

Ar = p-02NC6H4 

Aryl selenocyanides also react with carboxylic acids and aldehydes, giving rise to 
seleno esters and cyanoselenides in excellent yields (equations 100 and 101)289.290. 

O C O O H  PhSeCN, Eu3P 

84% 

09% 9 5 % 

Ar = o-O$C,H, 

Some other studies concerning Section 111, i.e. on selenenic esters, seleno- 
and seleno- carboxy~ates146.147.241-247 se~enenamides~50-253,255,256,2SE,259 

cyanides153,277-z82.288.291 ,293,303-305.309.310 have been reported, 

IV. SELENlNlC ACIDS AND THEIR ANHYDRIDES 

The generalized structures of seleninic acids and their anhydrides can be described as 
RSe(0)OH and RSe(O)OSe(O)R, respectively. Seleninic acids are less acidic than the 
corresponding carboxylic acids RCOOH, and are known to be amphoteric: both base and 
acid react with seleninic acids to give the corresponding salts (equations 102 and 103). 
Arylseleninic acids and their anhydrides have been used as versatile and specific oxidizing 
reagents for various organic compounds. 

0 
I1 

0 
I /  

R-Se-OH + B+R-Se-O-.HB+ 

0 
I1 

OH 
I 

R-Se-OH + HA+R-Se-OH.A- + ( 1  03) 
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A. Synthesis 

In general, seleninic acids are prepared by oxidation of the corresponding selenols, 
diselenides and selenocyanides with various oxidizing agents such as 
HNO3264.Z69.355-357.360 H202279.357-359 and A C O O H ’ ~ ~  (equation 104). 

RSeOH 

RSeCN 

Benzeneseleninic acid is commercially available. Alternative methods for preparation of 
seleninic acids are shown in equations ( 1  05) and ( 1  06). 

H+ 
RMgBr + SeO, -+ RSe0,MgBr- RSeOzH (Ref. 1) (105) 

n 2o 
R = alkyl 

3 RSeX + 2 H,O --* RSe0,H + RSeSeR + 3 HX 
X = C1, Br; R = alkyl, aryl 

Seleninic anhydrides are synthesized by dehydration of seleninic a ~ i d s ~ ~ ~ * ~ ~ ~  or by 
oxidation of diselenides with oxidizing reagents such as O Z O ~ ~ ~ ~ ~ . ~ ~ ~  (equations 107 and 
108). Benzeneseleninic anhydride is commercially available and can be prepared by the 
oxidation of diphenyl diselenide with nitric acid or ozone315. 

(Refs. 1,269) ( I  06) 

0 0 0  
1 1  A I I l I  

2 RSeOH - RSeOSeR + H,O ( 1  07) 

0 0  
I01 I I  II 

RSeSeR + RSeOSeR 

B. Reactions 

7 .  Oxidation of alcohols 

Benzeneseleninic anhydride is a mild oxidizing agent for a variety of alcohols, giving 
high yields of thecorresponding carbonyl compounds (equations 109 and 1 In some 
cases, the corresponding a,S-unsaturated compounds are obtained by further dehy- 
drogenation (equation 11 Benzeneseleninic anhydride can be also used to oxidize 

H H 06% 
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J$, (PhSe0)zO . 
ONa 

60% 

0 
55 % 

simple alkylphenols to hydroxydienones (equation 1 12)315, and to convert phenols to o- 
quinones3’ 3 * 3  l 6  (equation 1 13). The oxidation of phenols in the presence of hexamethyldi- 
silazane gives the corresponding phenylselenoimines, which in turn can be readily reduced 
to  aminophenols (equation 1 14)3’7J’8. 

OH 0 

A 

\ 

27 73 

66% 

(1 14) 
2. a- Hydroxylation of ketones 

Introduction of a hydroxyl group to the a-tertiary carbon of ketones by using 
benzeneseleninic anhydride has been reported (equations 1 15 and 1 1 6)323.324*340. 
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Me - (PhSeO),O/NaH &: + @Me~l151 

93 7 0  

86% 

57 % 

Me 

3. Oxidation of benzylic hydrocarbons 

group by benzeneseleninic anhydride (equations I 1  7 and 1 18)"g*320. 
A methyl or methylene group adjacent to an aromatic ring is converted to a carbonyl 

0 
(PhSeO) 0 11 

PhCH,Ph ?+ PhCPh 

9% 

4. Epoxidation of olefins 

Reaction of benzeneseleninic acid with H 2 0 2  generates in situ benzeneperoxyseleninic 
acid (equation 119) which epoxidizes olefinic double bonds (equations 120 and 121)3283"g. 
Indeed seleninic acids are found to  catalyse epoxidations with HzO, (equation 122)330. 

Ph - Se -OH + H 2 0 2 s P h  - Se - OOH + H,O 

0 0 

( 1  19) 
II I I  

0 
I I  

PhSeOH / HzOz 

63% 
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0 
PhSeOH/H,O, I /  

P O H  THF QoH 

0’ 
81% 

91% 

The t-butyl ester of benzeneperoxyseleninic acid is synthesized by reacting several 
seleninic acid derivatives with t-butyl hydroperoxide or its sodium salt (equation I 23)331. 

(PhSeO),O + t-BuOOH 1 

0 

PhSeOOBu-t (123) 
I1 

PhSeOEt + r-BuOOH 

0 
I1 

PliSeBr + r -Bu00Na 

5.  Dehydrogenation 

A number of steroidal ketones are dehydrogenated to cr,/l-unsaturated ketones in 
excellent yields under mild conditions using benzeneseleninic anhydride. When the 

74 % 

2 eq. (PhSeO)zO 

95-100 O C ,  17 h 

0 

32% 42 O/o 

( 1 24) a ] 0.5 eq. (PhSe0),0 

100 OC, 42 h 
- 

0 

0 & 0 ;  H 
90 % H 
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reaction is conducted with excess anhydride for a prolonged reaction time, ring-A- 
contracted diketones are produced in moderate yields (equation 124)325*339. Similarly, 6- 
lac tone^^^^ and lac tarn^^^' undergo smooth dehydrogenation (equation 125). 
Transformation of indolines to indoles by dehydrogenation with benzene seleninic 
anhydride is also possible (equation 126)337. 

mMe ( 1  26) 
mMe 0.5 eq. (PhSeO)zO . 

20 OC, I h 

I 
H 

5 3 % 

I 
H 

6. Oxidation of nitrogen compounds 

Primary amines are oxidized in high yields to carbonyl compounds through the 
corresponding imines by benzeneseleninic anhydride (equation 127)326*327. 
Hydroxylamines can be converted into nitroso compounds using benzeneseleninic 
anhydride (equation 128)347. In the case of N-arylhydroxamic acids, rearrangement to p -  
hydroxybenzanilides has been reported (equation 1 29)332. 

0 

Ph2CHNH2 - [Ph,CH-NH-SePh] ----- Ph,C=NH - Ph,C=O 
(PhSe0)zO II H2O 

(127) 

(128) 

-PhSeOH 

1 cq . (PhScO)~O 

I min 
* Me,CN=O 96% Me,CNHOH 

0 OH 0 
II 'I PhScOzH 

PhC-N Ph - PhCNHC,H,OH-p 70% 
r.1. 

Back has reported the reaction of a variety of hydrazines with benzeneseleninic acid and 
anhydride, in which aryl, acyl or sulphonhydrazides are converted to phenyl selenides as 
shown in equations (130-132). Hydrazones from aldehydes and hydrazo compounds can 

p-0,NC,H4NHNH2 

OMe 

d . C N H N H ,  II 

0 

PhS02NHNH2 

(PhSeO) 0 

or PhSeOzH 
2 

(PhSeO),O - 
or PhSe0,H 

(PhSeO)zO 

or PhSe02H 
- 

p-C$NCsH4SePh 

60% 

CSePh 

0 
II 

6 1 '10 

PhS02SePh 

86% 

f PhN02 (Ref. 3 36) ( I  30) 

2 0 % 

1 9 '10 

(Ref. 333) ( I  32) 
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be readily oxidized with benzeneseleninic anhydride to afford high yields of azo 
compounds (equation 133)347. 

0 
(PhSeOhO 11 

(133) 

Enamides react with benzeneseleninic anhydride to give Purnrnerer-type products 

Ph-CH=N-NHPh- Ph- C-N=N-Ph 

67% 

(equation 1 34)344.354. 

COMe 

H 4 0 O/o a-OH : 20% 
A-OH : 12% 

H SePh 

(134) 

16% 

7. Reaction with sulphur and phosphorus compounds 

~ u l p h i d e s ~ ~ ’ ,  sulphinic acids3” and phos- 
p h i n e ~ ~ ~ ’  to give the corresponding oxidized products (equation 135-1 38). The kinetics of 
these reactions have been studied in detai1349-352. 

Seleninic acids react with 

ArScOIH 

RSH - RSSR (135) 

RSR’- RSR’ (136) 

( 1  37) 

0 

ArSeOIH 

0 

Ar’S0,H - ArSe-SAr’ + Ar’SO,-ArSeO,H,+ 
II 

ArScOIH I1 

0 
ArScOlH 

Ph3P - Ph,P=O 

8. Deprotection 

Benzeneseleninic anhydride smoothly regenerates parent ketones and aldehydes from 
their thioacetals in high yields under mild conditions (equation I 39)341-343. Similarly 
ketone hydrazones, oximes and semicarbazones are converted to the parent carbonyl 
compounds by treatment with benzeneseleninic anhydride (equation 140)346,348. 
Conversion of thiocarbonyl compounds to  their corresponding 0x0 derivatives has been 
performed successfully by using benzeneseleninic anhydrides (equation 141)32 
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78% 

HON a} 1 
09% 

Some other studies, concerning Section IV, i.e. on seleninic acids and their anhydrides 
have been reported"' e 3  34*3 35*3 '. 

V. SELENONIC ACIDS AND THEIR DERIVATIVES 

A. Synthesis 

Little is known about the chemistry of selenonic acids (RSe0,H) and their derivatives 
compared with the chemistry of selenenic and seleninic compounds, because of their lower 
thermal stability. 

Se02K SeO, K 
I I 

KMn0. - KOH 

95% 
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In general, selenonic acids have been prepared by oxidation of the seleninic acids 
with KMnO, in alkaline aqueous solution (equation 142),". Several alternative 
methods for the preparation of selenonic acids and their derivatives are also 
k n ~ ~ n ~ * ~ ~ ~ * ~ ~ ~ * ~ ~ ~ * ~ ~ ~  -370. Examples are given in equations (143) and (144). 

CIz. H z 0  

(H,NCH,CH,Se),- H,NCH,CH,SeO,H (Ref. 262) (143) 

SeO, + RSH + RSSe0,H (Ref. 363) (144) 

B. Reactjons362.351.371.372 

Selenonic acids are used as oxidizing reagents in the oxidation of alkyl sulphides and 
triphenylphosphine to  give alkyl sulphoxides and triphenylphosphine oxide, respec- 
t i ~ e l y ~ ~ l .  The reaction between a selenonic acid and HI gives rise to I, and diselenide262. 
Aminolysis of methyl benzeneselenonate provides the corresponding selenonamides 
(equation 145)371. 

PhSe0,Me + HNR1R2 +PhSe02NR1R2 ( 1  45) 

VI. TELLURIUM ANALOGUES 

A. Tellurols 

Tellurols are much more sensitive to oxygen than selenols, and are readily oxidized to  
ditellurides. Simple aliphatic tellurides are water-insoluble liquids. However, tellurols are 
soluble in aqueous alkali because of their acidic character. Aliphatic tellurols have been 
synthesized by the reduction of ditellurides with Na in liquid NH, or by the reaction of 
aluminium telluride with alcohols (equations 146 and 147). Aromatic tellurols cannot be 
isolated in a pure form. They are usually generated in situ and used for successive reactions 
(equations 148 and 149). 

Na/liq.NH, d i l .H~SO4 

R,Te2 - [RTeNa] - RTeH (Ref. 381) ( 146) 

240-350°C 

under H1  

A12Te3 + ROH - RTeH (Refs. 382-384) (147) 

(RTeI2 + R'MgX __* RTeMgX f RTeR' (Ref. 385) (148) 

& (Refs. 386, 387) (149) 
H+ b b -  

X = S, Se,Te 

Metal tellurolates, which are generated from the reaction of elemental Te with 
organometallic compounds RM (equation 150), are often employed for the synthesis of 
asymmetric diorganyl tellurides (equations 15 1 and 152). Aromatic tellurols or tellurolates 
are also prepared in situ by reduction of ditellurides with NaBH,421.422. The tellurols 
formed in this way are employed directly in an addition reaction to  alkynes or in a 
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substitution reaction with alkyl halides (equation 1 53)42'-425. 

R M  + Te --r RTeM 

> I  

( 1 50) 
M = MgX388-390 L.390-393 , N a- 194-396 

R X  
PhLi + Te --t PhTeLi- PhTeR 

R '  
I 

0 
II ElOH 

ArTeNa + R'CEC-C -RZ +ArTeC=CH- 
1.1. 

H C E C R  

NaBH, 

EtOH 
(PhTe), - [PhTeH] 

(Refs. 40, 397-402) (151) 
0 

CRZ (Refs. 403, 404) (1 52) 
I1 

/ R  

H 'H 

PhTe 
>c=c 

(1 53) 

PhTeR 

Recently, biologically important c o r n p ~ u n d s ~ ~ ~ - ~ ' ~  such as telluro  steroid^^^+^^^ and 
telluroamino acids4' ' and superconductive materials such as tetratelluroful- 
v a l e n e ~ ~ ' ~ - ~ *  ' have been synthesized from tellurols or tellurolates which were prepared 
by these methods (equations 154-1 56). 

0 r  + MepCHTeNa ---w ! c T e C H b l e 2  

(1 54) 
Br(CH2)2 MeTe(CH2)Z - MeTe(CH,),CH(NHZ)COOH 

0 ZJo ( 1  55) 
zJo - 

HO & 
I n 

MeTeH + 
0 

I 

TeLi CI 

H 

0: TeLi i- CI >c=CHc' 'CI aTeXTeD Te Te (156) 

Lithium and sodium tellurolates are used for the reductive dehalogenation of a- 

(157) 

halocarbonyl compounds (equation 1 57)41 8-420. 
ArTe-/H + 

RCOCH,X + ArTe- --r [RCOCH,TeAr] - RCOMe + (ArTe), 

B. Tellurenyl Compounds 

In general tellurenyl derivatives are unstable. Therefore they have been isolated as 
complexes with donor molecules such as thioureas or selenoureas. An alkyltellurenyl 
chloride-thiourea complex has been prepared from tellurinyl trichloride and thio- 
urea426-429 (equation 158). 

RTeCI, + 3 S=C(NH,), --t RTeCl.S=C(NH,), (1 58)  
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The isolation of aryltellurenyl halides having an electron-withdrawing group in the 
position ortho to the Te atom has been successfully achieved (equation 159)430-433 

( 1  59) 

X = CI ,B r , I ,CN 

Vicentini and coworkers have reported that 2-naphthyltellurenyl iodide 17 can be 
isolated in a pure form by reaction of the ditelluride with I ,  (equation 160)15s. 

Similarly, several aryltellurenyl halides (ArTeX: Ar = Ph, 4-MeOC6H,, 3,4- 
(MeO),C,H,, 4-PhC,H4, 2-PhC6H,; X = Br, I) have been isolated from the reaction of 
diary1 ditellurides with  halogen^^^'^^^^. 2-Naphthyltellurenyl iodide undergoes various 
types of reactions as shown in equation ( 1  61). 

ph&CHzTeAr (Ref. 208) 
H2C= CHCH,CPh,COOH . Ph 

0 0  
10% oq NOOH II II - ArTe-0-TeAr + (ArTe)2 (Ref. 158) 

0 (161) 
(EtO),P II 

(ArTeIz + (EtO),PI (Ref. 434) 

H,C= CHMqCl 
H2C = CHTe Ar (Refs. 437,. 438) 

Ar = 2-naphthyl 

Several tellurocyanides have been prepared as shown in equations ( I  62) and ( I  63). 
nrcF: 

(PhTe),- PhTeNa- PhTeCN (Ref. 439) 

” : 
(162) 

( 1  63) 

Benzyl tellurocyanide is reactive towards both oxidizing and reducing reagents 

N a R H 4  

Q- EtOH ElOH 

Mr i s 0  PhCHZCI 
KCN + Te - KTeCN- PhCH,TeCN (Ref 440) 

(equation 1 64)44’-444. 

0, / uv 
Te + PhCH20H + PhCHO 

(164) 
NOOH/ MeOH 

or H,PO, 
(PhCHz)2Tez 

/----- 
PhCHzTeCN 

\ 
CH,CI, CH,CI, . PhCH2TeBr3 ___) TeBr, + PhCH2Br 

8‘2 % 
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C. Tellurinyl Compounds 

RTe(0)X) with respect to their structures, 

7 .  RTeX, ( X  = halogen, OH, etc.) 

Tellurinyl compounds are classified into four groups (RTeX,, R,TeX,, R,TeX, and 

Organotellurinyl trihalides have been prepared by the four methods given in equations 

( i )  Reaction of ditellurides with halogens 
(1 65)-( 168). 

R2Te, + X, + RTeX, (Refs. 158,454,455) (165) 

( i i )  Addition to olefins 

0 + TeC14 ___) (Refs. 445-451) (166) 

(iii) Aromuric substitution 

R a  + Teci4 - t ? e e c 1 3  (Refs. 452, 453) ( I  67) 

(iu) Reaction of’ tellurium tetrachloride with ctctiue methylene groups 

0 0  0 0  
I1 I I  

R,CCCH,CCR, + TeCI, + R,C CR, (Refs. 454,456,457) (168) 
I 
TeCI, 

uic-Dihalides can be derived from the adducts of TeC1, to olefins as shown in equations 
(1 69) and (1 70). Combined application of the addition reaction of TeCI, to olefins and a 

5 5 % 2 0 v o  1 7 % 

k? CJ; (Ref. 461) 

TeCI, 

CCI. 
P h C E C R  - \ 

ph 

CI 
,c= 

( 169) 
I J M ~ C N  Ph\  ,R 

‘I 

‘TeCI3 ’R -r: NEWCCI, Ph ‘\ ,c=c ,R 

CI ‘& 

,c=c 

(Ref. 451) (170) 
subsequent reduction of the adducts with Na S rovides a new method for the conversion 
of trans-olefins into cis isomers (equation 1 
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L 

The C-C bond formations shown in equations (1 72)-( 174) have been successfully 
achieved with the aid of transition metal derivatives. 

Teci3 Ronay NI . m*m 
I .  Ni(C0I4 

2. H,O/ H 
ArTeCI, - ArCOOH 

PdCl,/AcOH/RCH=CH, 

ArTeCI, 

(or  Ar,TeCI,) 

(Ref. 462) ( I  72) 

(Ref. 463) ( 1  73) 

\ 
R 

H 'Ar 
/c=c 

(Refs. 464, 465) ( I  74) 

Ar- A! 

2. R,TeX, 

Several methods for the preparation of R,TeX, have been reported (equations 175- 
178). 

RTeC1, 

TeCI, 

RI or R N ~ + C I  ~ W R * I  +CI - 
Te + R,TeX, (Refs. 466-4701 (175) 

RTeR - R2TeX2 (Refs. 471-473) (1 76) 

x = CI, I 
x 1  or so2x2 

RHgCl 
R2TeC12 

p-YC6H4TeRCl,(.Y = MeO, EtO, Me2N, etc.) 

RTe-CHCHCI (Refs. 446, 473-476) (177) 
1 

:I R' 

RHgCl 
R$eCI2 

CI 

RCHCHTeCHCHR 
RCH=CHR I 

I I I I  I 

0 CI 0 
RC c H, R' I1 1 I1 

R C C H  Te CH CR 

R CI R' 

(Refs. 445, 452, 455, 
456, 458, 460, 
466,474-477) ( I  78) 

I ,  I I 
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Diaryltellurium dichlorides are reduced with -Raney Ni to give aromatic coupling 

(p-XC,H,),TeCI, F ~ - X C ~ H ~ - C ~ H ~ X - P  ( 1  79) 
Recently, Uemura and Fukuzawa have reported that olefins, allylic alcohols and/or 

allylic ethers are obtained in high yields by treatment of s-alkyl(phenyl)tellurium 
dibromides with aqueous NaOH (equations 180-1 82)480. 

OH aq NaOH + ooH (180) 

products (equation I 79)4h2.463.478.479 
Raney Ni 

1 .  [PhTe-] 

Ph r.t 
67 O/o 

Do ? a T e /  

~ r '  'Br 

___* ;;[;:I - aq.r,;oH a (181) 

70 '10 

aq NaOH - (PhTe MeOH )2 / Br, *--A r t  

BrHT;\ph 8 0 ° / o  (182) 

0 
HN03 I1 H 9 ,  

R2Te2 RTeON02 
or NaOH 

Br 
3. R,TeX 

0 

(185) 
II 

e RTeOH (Ref. 490) 

Triorganyltellurium compounds have been synthesized by the methods shown in 
equation (183). 

H,O/ HX 
(Refs. 48 I ,  482) 

(Refs. 391, 392, 483-485) 

(Refs. 48 I ,  486) 
R ST" X (1 83) 

RMgX, RLI , R2Zn 1 
TeCI4 (Refs. 48 I ,  487) 

4. R J e ( 0 ) X  

Several synthetic routes for tellurinic acids (RTe(0)OH) and their derivatives 
(RTe(0)X; X =halogen, NO,, OTe(0)R) have been reported, and examples are given in 
equations (1 84)-( 187). 

R 2Te I (Refs. 488, 489) ( 1  84) 
0 2  

H O  NaOH 
RTeCI3 2 RTeX 

or Na2C03 
(Refs. 392, 491) (186) 

0 0  
NaOH 11 II 

RTeI - RTeOTeR (Ref. 158) (1 87) 
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D. Telluronyl Compounds 

Little is known about telluronyl compounds, probably because of their instability. Lee 
and Cava have reported that alkyl aryl telluroxide is oxidized by NaIO, to  the 
corresponding telluron (or its hydrate) which is then pyrolysed to give a mixture of the 
olefin, the alcohol and the coupling product. Pyrolysis of the telluroxide gives only the 
olefinic product (equation 188)492. 

N. Sonoda and A. Ogawa 

I .  NBS 0 0 
2. aq. Noon 11 N o Q  i1 

RCH2CH2TeAr ___) RCH2CH2TeAr RCH2CH2TeAr 

110 oc I 
RCH=CH2 RCH=CH2 + RCH2CH20H 

+ (RCH2CH212 

More details on organotellurium chemistry are summarized in several of Irgolic’s 
books373.374 and r e v i e ~ s ~ ~ ~ - ~ ~ ~ .  
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1. GENERAL CONSIDERATIONS 

Optical activity, as optical rotation or its dispersion with wavelengths (ORD), circular 
dichroism (CD) and the development of ellipticity, requires the presence of at least one 
element of chirality in its molecules'. Such may involve the Se or Te atom itselfin cases 
where this is either a centre of chirality (selenonium and telluronium salts, selenoxides), or 
part of an axis of chirality (diselenides, ditellurides). When this chiral moiety also gives 
observable Cotton effects, a correlation may be possible between the (local) absolute 
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configuration and the signs of these effects. For the diselenides and ditellurides a 'helicity 
rule', similar to the one known for disulphides2, is expected, and for all other cases 'sector 
rules' may hold. 

In order to estimate whether a sector rule may be valid at all, Ruch's3 general algebraic 
treatment of chirality has first to be consulted. To this end the number n of ligand places in 
a transitivity area has to be determined, as well as the chirality order o. The first is the 
number of ligand places which are equivalent under the symmetry operations of the 
molecule, the second is the maximal number of alike ligands which can be present in a 
transitivity area without making this molecule achiral. Only if the difference (n - o) equals 
I is a sector rule possible. 

In the onium compounds n = 3 and for the selenoxides n = 2. As in both cases the 
chirality order o = 1, only for the latter is the difference (n - o) = 1 and a general sector rule 
possible; according to  Schellman4 the simplest one is a hemisphere rule. For  the onium 
compounds, a t  most a 'local' hemisphere rule may be envisaged if one keeps one ligand 
constant and thus reduces the C3" to  C, symmetry around the positive ion. 

A comprehensive review of the chiroptical properties of Se and Te compounds (at that 
time mainly optical rotations and O R D  data) appeared in 1973'; a shorter comparison 
between UV, C D  and MCD (Magneto-CD) data was published more recently6. This 
present review summarizes mainly papers describing Cotton effects (anomalous O R D  or 
CD). 

II. SELENIUM OR TELLURIUM AS PART OF THE CHIRALITY ELEMENT 

A. Selenonium and Telluronium Compounds 

In analogy to the corresponding sulphonium salts a pyramidal arrangement can be 
assumed, and although crystal structure determinations have shown that selenonium' and 
telluronium' compounds contain a fivecoordinate central atom, the R,X moiety (X = Se 
or Te) has trigonal pyramidal geometry (average bond angles: C-Se-C 101 O, C-Te- 
C 94 "). NMR measurements have proved that this pyramid is fairly stable6, so that optical 
activity can be expected with three different ligands. Indeed compounds 1 and 2 have been 

(1) (2) (3) 

resolvedg-10 and both enantiomers prepared, although the absolute configuration has not 
been determined and only the rotation at the Na, line recordedg.lO. No Cotton effect in the 
accessible range has been observed for either type of compound (e.g. for 3, Z = Se or Te), 
even with more modern equipment6, with the exception of a telluronium iodide; the very 
weak Cotton effect for this compound around 270-290 nm has therefore been associated 
with some charge transfer between Te and 16. The MCD bands come only from the iodine 
anion6. 

B. Selenoxides 

In general selenoxides are rather unstable, but a few optically active ones have been 
prepared and their chiroptical properties could be studied. Jones and coworkers" have 
succeeded in obtaining a few selenoxides in the steroid series (e.g. 4 and its diastereomer at  
Se) and their stereochemistry has been determined from their different rates in pyrolyses. 
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The ( S )  isomer showed a negative Cotton effect (by ORD) around 260-270 nm and this is 
in full agreement with the correlation between sign and stereochemistry in the case of the 
corresponding sulphoxides'l. Most probably this is not actually a Se transition but one 
from the chirally perturbed benzene ring (a-band). 

Several such chiral selenoxides which are surprisingly thermally stable have been 
prepared by Zylber and coworkers" in the nucleoside series. X-ray analysis has proved 
the ( S )  configuration of one of the compounds which give a positive CD band around 
250nm. As, however, nucleosides alone give Cotton effects in the same range, the 
assignment of the CD band is not unambiguous. Hence, for investigation of the chiroptical 
properties, the simple methyl glycoside 5, whose chemical and NMR properties suggest 
the same configuration at the chiral Se atom, was prepared". Its CD spectrum is given in 
Figure 1. Three Cotton effects around 250,220 and 200 nm are clearly visible, but the long- 
wavelength tail of the first CD band is very broad, so that an additional (positive) Cotton 
effect could still be present around 270 nm. Of course, the older ORD curves did not show 
such subtleties' ', but the positive sign of the 250 nm CD band agrees with the results found 

FIGURE I .  CD spectrum of 5 in acetonitrile solution. 
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for 4, if indeed 5 and its adenosine analogue have the same absolute configuration at the Se 
centre. 

The existence of two diastereomeric selenoxides which give Cotton effects of opposite 
signs shows clearly that the stereochemistry around the Se atom must be similar to that 
around S in the corresponding sulphoxides; X-ray diffraction of 6, which could have 
proved this and which was done side-by-side with the corresponding S compound 
revealed, however, that this compound is present exclusively in the crystal as the ring- 
closed isomer * '. 

0 HO, ,Me I - 
4-- 

/ 

0 

C. Diselenides and Ditellurides 

As i n  the isologous 0 and S compounds, the torsional angle (C-)X-X(-C) in 
diselenides and ditellurides is approximately 90" (e.g.. 87.5" for dimethyl diselenide in the 
gas phaseI4 and 87.7" for di-p-tolyl telluride in the crystalline phaseI5). The barrier to 
rotation is, however, smalller than for disulphides6.'6, so that in the absence of chiral 
ligands the racemates cannot be resolved. 

In the presence of a chiral ligand diastereomers are possible, but the deviation from a 1 : 1 
ratio for the P- and M-helical forms is nevertheless expected to be quite small. Any CD 
measurement for such compounds will thus mirror the cliiral perturbation of the 
diselenide chromophore (and should then follow a sector rule) rather than be due to its 
inherent helicity. Furthermore, in analogy to the corresponding disulphides,degeneracy of 
the first two absorption bands is expected for a torsional angle of around 90" and as the 
two Cotton effects have opposite signs they will approximately cancel each other. 

The chiroptical properties of the inherently chiral isologous disulphides have been 
predicted by theoretical calculations at different levels of sophistication's' '; the first two 
bands at longest wavelengths are associated with the excitations from the n-  and n +  
combination, respectively, of the two energetically highest lying n orbitals on the two S 
atoms into the o* MO of the S-S bond, and a positive torsional angle (ranging 
approximatelyfrom 15" to 75") leads to a positive first, and negative second, Cotton effect. 
These same results can also easily be rationalized by using qualitative MO theoryIb. The 
same correlation has been found for diselenides", but all bands are shifted bathochromi- 
cally. In addition, two other Cotton effects have been detected at shorter wavelengths, and 
the data for, e.g., 7 are as follows: 364 ( -  3.0), 275 (+ 4.2), 237sh (- 2.0) and 220 nm (Ae = 
- 17.1)6. It has been proposed that the 237 nm CD corresponds to the n-  +u* (C-Se) 
transition and the band at shortest wavelengths to the u+u* transition of the Se-Se 

H 

H 

H02C se /dZH 
(7) 
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moiety. Since the rotational strength of the 220nm band is, however, one order of 
magnitude larger than that of the 237 nm shoulder, and the excitation from n -  into the 
energetically lower lying combination with A-symmetry of the two o* (C-Se) moieties is 
associated with the stronger magnetic transition moment, we believe that the assignment 
of these two bands should be exchanged. 

The torsional (C-)Se-Se(-C) angle of the preferred conformation of the diselenane 
8 is + 57", since the two carboxylic groups adopt equatorial positionlg; in agreement with 
this the first two Cotton effects are positive and negative, respectively: 351 (+ 1.43), 277 
( - 2.39) and 249 nm (A& = + 4.90)' 8b. As the band positions and magnitudes of these 
Cotton effects d o  not drastically deviate from those of 7 the carboxylic groups in the 
position a to the Se, grouping d o  not strongly influence the CD. 

The chiroptical data of open-chain diselenides are much smaller: for the dialkyl 
diselenide 9 Cotton effects at 342 (+ 0. lo), 286 ( -  0.12), 233sh (+ 0.85) and 2 1 8 nm (A& = 
+ 18) have been reported6, whereas ,the isologous ditelluride 10 gives the following 

(9)Z = Se 
(1O)Z = Te 

data6: 442 (+ 0.032), 350 ( -  0.022), 279 (+ 0.35) and 236 nm (A& = + 0.74). Again, strong 
bathochromicity is found on going from the Se, to the Te, compound, but all the 
corresponding Cotton effects have the same sign for these homochirally analogous 
compounds. When the torsional angle of the (C-)Z-Z(-C) (Z = S, Se or Te) unit is 
fixed around 60" the UV and C D  maxima at long wavelengths coincide approximately. In 
case of open-chain compounds such as 9 and 10 (and their S isologues) the first UV 
maximum lies, on the contrary, between two (small) Cotton effects of opposite signs6, as 
predicted from theory" for an almost perpendicular geometry of the two halves. The 
position of the first band follows in the Se, compounds the easily explained trend'.' ' that 
the longer is A,,, the closer the torsional angle (C-)Se-Se(-C) approaches to 0". 

The C D  of the Se isologue 11 of L-cystine and of its enantiomer have been investigated in 
more detail". In the protonated form (pH = 0.5) the C D  bands are at 306 ( -  0.24), 241 
(-0.88), 225 (+ 1.10) and 207nm (A& = -6.1). Instead of two Cotton effects at longest 
wavelengths as found for 9, only one such CD band is observed. Furthermore, the 225 nm 
Cotton effect is most probably due to the carboxylic acid chromophore, because it is very 
similar to that found for other L-amino acids. At pH 5.5 the zwitterion is present in 
solution, and the positions ofits Cotton effects resemble more those of the simple reference 
compound 9: 320 ( -  0.46), 272 (+ 0.32), 232 ( -  2.53), 21 1 ( -  3.1) and 200 nm (A& = + 3.6). 
Preference of M-helicity of the C-Se-Se-C moiety has be inferred from these values". 
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FIGURE 2. CD spectra of 12 (M), 13 (-) and 14 (----) in 
acetonitrile solution. Curves at shorter wavelengths were reduced by a 
factor of 10 for 13 and 14 and by a factor of 25 for 12. 

Many other diselenides have been prepared, but only their rotations at the Na, line 
have been reported”. We have measured the full C D  curve for two diselenides 12 and 14 in 
the sugar seriesz3 as well as that of 13, the Te, isologue of 1223 (Figure 2). Three Cotton 
effects have been observed: e.g., 12 gives C D  maxima at 314 ( -  0.66), 273 (+ 0.22) and 
194 nm (A& = - 45). These band positions differ somewhat from those in the CD spectrum 
of 9, but resemble more those of 11 in the zwitterion form. The long-wavelength tail of the 
first Cotton effect extends out to more than 400nm; it cannot be excluded, therefore, that 
another weak Cotton effect of same sign as  the 31 5 nm effect is still hidden around 379 to 
380nm although the shape of the CD curve matches perfectly that of a Gaussian curve of 
half-band width 6 170 cm- ’. Moreover, for these sugar derivatives the Cotton effects of the 
Te, compound are smaller than those of the Se, isologue. 

111. SELENIUM OR TELLURIUM NOT PART OF THE CHIRALITY ELEMENT 

A. Selenides and Tellurides 

For isologous dialkyl sulphides the first three Cotton effects appear around 240,220 and 
200nm, and theoretical considerations lead to  the assignment that the first twocorrespond 
to n -+ Q* (C-S) transitions and in the third one a Rydberg transition may be involvedz4. 
The CD spectrum of the (-)-(S,S)-trans-selenahydrindane 15 also shows three Cotton 
effects at 273 ( -  1.7), 218 (+ 2.9) and 200nm (A& = + 4.4)6, and they even have the same 
signs as their counterparts in the spectrum of its homochirally analogous S isologue for 
which, for technical reasons, only first and second Cotton effects have been measured6. 
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The corresponding data for the Te compound 16 are 350 ( -  I .38), 260 ( -  0.35), 240 (+ 4.4) 
and 200 nm (A& = + 2.9)6. The same parentage for the first three transitions as for the 
sulphides seems therefore probable at least for the selenides but the MCD spectra are 
somewhat more complex6. It is, therefore, tentatively assumed that for the absorptions at  
longest wavelengths excited triplet states may be involved6. 

Even less clear is the situation with open-chain compounds, because several conformers 
may be present; the C D  spectrum of the selenide 17 contains three bands at  274 ( -  0.027), 
251 (+0.125) and 220nm (A& = + 1.1) in the accessible range6, but the corresponding 
telluride 18 shows five bands: 378 (+ 0.002), 355 ( -  0.0055), 3 12 (+ 0.1 3), 239 (- 0.48) and 
223 nm (A& = - 0.28)6. Since at lower temperatures this latter CD spectrum simplifies and 
the Cotton effects become larger, conformational equilibria may (at least to  a great extent) 
be the reason for the complexity of these CD spectra. 

The C D  spectra of a few selenoamino acids, such as  the Se isologue of lanthionine, have 
been publishedz5; with one exception only a single Cotton effect can be recognized, and all 
CD maxima are a t  wavelenths not longer than 220nm, as  for any amino acid. These 
Cotton effects might, therefore, be mainly due to n + x* transitions within the COOR,  
chromophore. 

Many optical rotations at the Na, line but only a very few Cotton effects have been 
published for sugar and amino acid derivatives (see Ref. 22) in which Se replaces 0 or S. 
Selenophenyl esters of amino acids give a Cotton effect around 284nm, and selenonaph- 
thy1 esters a t  ca. 291 nm26. Acetylation at the amino group leads to sign inversion and 
bathochromicity of this Cotton effect; thus it has been ascribed to an n + x *  transition 
mainly within the seleno ester moietyz6. For  the P-phenylselenolacetone 19 small but 
distinct Cotton effects have been found” at 305 (+ 0.19), 278 (+ 0.20), 251 (+ 0.95), 242 
( -  0.41) and 223 nm (A& = + 3.66), of which only the last one should come from the lactone 
chromophore; the others involve both the aromatic x system and the Se atom. It is, 
therefore, more probable that the 284 nm Cotton effect of the phenylseleno esters also has 
a large contribution from a x + x* transition of the benzene ring. 

A strong interaction between the Se atom and the two carbonyls of the selenaadaman- 
tanedione 20 can be inferred from its C D  spectrum”: in this case Se acts (similarly to  S) in 
the same way as an axial halogen in a position a to a carbonyl, and therefore the C D  is 
extremely strong for the carbonyl n + IT* band (A& = + 33.20 at 308 nm); in addition, 
however, bands are also found at 336 ( -  7.70), 322sh (app. + 12), 253 ( -  8.00) and 212nm 
(+ 8.10). Similar, though slightly smaller, large values are found for the S i s o l o g ~ e ~ ~ * ~ ~ .  
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( 2 1 ) ~  = Se 
(22)z = s 

Analogy between the spectra is expected in the series furan, thiophene, selenophene, as 
overlap between the 2p AOs of the butadiene system and the chalcogen AOs with main 
quantum number 3 or 4 is not very good. Yet the usual bathochromic shift is found, as seen 
by comparison of the CD spectra of 21 and its S isologue 22 (Figure 3)30.  A strong positive 
Cotton effect (determined by ORD measurements) has been published for the bis- 
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FIGURE 3. CD spectra of 21 in isooctane (+) and of 22 in isooctane (----) 
and in ethanol (-) solution. 



17. Stereochemistry and chiroptical properties 675 

selenophene derivative 23 with R-axial chirality". Here also the homochirally analogous 
S isologue gives a very similar Cotton effectJ2. 

Addition of Br, or I, to 16 leads to the corresponding dihalogeno adducts. The CD data 
for the dibromo compound 24 are 285 ( -  6.3), 265 ( -  6.2) and 233 nm (A& = + 22.4)6. 
Hence, the Cotton effect at longest wavelengths is strongly blue-shifted as compared to 
that of its halogen-free parent compound, and all CD values are intensified. The CD 
spectrum of the iodo product is, however, completely different6. 

Se 

(26) z = s 
(27) 2 = Se 

B. Selenoketones 

The CD of selenofenchone (25) derived from ( -  )-fenchone was recently published33, 
together with that of fenchone and its thioketone derivative, but no Cotton effect was given 
for the absorption band found at 626nm in the UV/visible spectrum. Obviously this was 
for instrumental reasons, and remeasurement of a new sample34 gave the CD spectrum 
shown in Figure 4. The missing CD band was at 638 nm (A& = + 0.033, cyclohexane 
solution). In the same stereochemical series the main bands at longest wavelengths have 
for all 3 compounds the same signs, which, at least for the ketone and its thio derivative, is 
in agreement with recent  calculation^^^. It is possible that the 638nm Cotton effect comes 
from an excitation into a triplet state, but it is also not uncommon that n --* n* CD bands 
are bisignate for one single electronic transition. 

"'I 

FIGURE 4. CD spectrum of 25 in isooctane solution. A& scales: 0.02 from 
660 to 625 nm, 0.2 from 625 to 500nm and 0.5 from 330 to 21 5 nm. 
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C. Biopolymers Containing Selenium 

In diaminooxytocin the S, bridge has been replaced by Se, and both possible SeS 
 combination^^^. The identification of the corresponding CD bands is, however, com- 
plicated by the presence of tyrosine in the peptide. The labile S atom of natural parsley 
ferredoxin has also been replaced by Se (approximately 1 Se per atom Fe)37, and the CD 
spectra of the fully oxidized, the 50% reduced and the fully reduced forms have been 
compared in both series. A slight bathochromic shift is observed by this exchange, but the 
bands are most probably associated with d-d transitions of the Fe. 

D. Raman Optical Activity 

Data for Raman optical activit have been published in two spectral ranges for 15, but 
no interpretation has been tried 2 . 

E. Selenophosphinic Acid Derivatives 

Alkyl(pheny1)thiophosphinic acids (like 26) complex in situ with dimolybdenum 
tetraacetate in trifluoracetic acid solution and give CD bands around 480 and 400 nm (and 
eventually around 540 nm)”. The isologous Se compound 27 also forms such a complex 
and gives (besides the 540nm CD band) practically the same CD curve as 26 of the same 
absolute conf ig~ra t ion~~ .  
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1 . INTRODUCTION 

Selenium and tellurium ligands have. until recently. been rather neglected in the 
renaissance of transition-metal coordination and organometallic chemistry'*' beginning 
in the late 1950s . Although selenourea3 was first described as a ligand in 1886. and dialkyl 
selenide4-' and telluride complexes6*' of Pd(n) and Pt(n) were first reported near the 
beginning of this century. the ligand chemistry of these two elements has been relatively 
unexplored compared to the lighter Group 5a (N'e9. P1*lO) and 6a ( 0 ' s '  '. S'.I2)elements. 
This situation is probably. to a considerable extent. the result of the commonly held 
assumption that the organometallic derivatives of Se and Te are generally toxic. foul- 
smelling. air-sensitive materials . Indeed. a review by Murray and HartleyI3 in 1981 of 
transition-metal cordination complexes of thio. seleno and telluro ethers includes the 
statement: 'It is difficult to prepare all but the simplest organotellurium ligands. and at the 
present time only monodentate tellurium ligands are known.' 

This general misconception is no doubt based on the fact that the early work in this area 
did indeed involve rather unstable and foul-smelling Se and Te ligands (e.g. selenourea and 
low-molecular-weight dialkyl selenides and tellurides) . Current methodology. however. 
allows the synthesis of a wide variety of stable SeI4 and Te" ligands . 

For example. increasing the chain length of the simple dialkyl derivatives can give air- 
stable solids (e.g. Te(C16H33-n)2'6. m.p. 45 "C). and the aromatic derivatives are generally 
air-stable solids . Ironically. the structural diversity of Se and Te ligands is considerably 
greater than that of the most widely used ligand class in modern coordination chemistry. 
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triorganophosphines'*". Recent work in Se" and Te' 5 * 1 8  ligand chemistry has centred on 
the synthesis of new ligand types rather than on the synthesis and detailed studies of the 
properties ofmetal complexes with the most common ligands of these elements (e.g. ER, I 

and ER- 19, E = Se, Te). 
Only a few descriptions of applications-oriented work have appeared. A few examples 

have been reported of metal selenide electroless plating solutions that contain Se ligands in 
combination with main-group metal halides (PbSezo, Sb,Se,", T1SeZ2, CdSeZ3). 

and C U ( I ) ~ ~  complexes with 
organotellurium ligands in thermally processed imaging elements. The use of 
PtCI,(SePh,),/SnCl, as a homogeneous catalyst for the hydrogenation of non-aromatic 
olefins has also been reportedz6. 

Recently, metal complexes with 1,2diseleno ligands have been prepared and their 
conductivities measured". The current interest in 'organic metals'28 suggests that this 
chemistry will be the subject of future extensions with both Se ligands and their Te 
analogues. 

A variety of chemical vapour deposition processes for thin-film fabrication (e.g. CdTe, 
ZnTe, PbTe, SnTe) have been described in which TeR, (R = Me, Et)" is codeposited on a 
hot substrate with an appropriate metal alkyl (in corresponding processes for metal 
selenide deposition, H,Se is generally used as the chalcogen source2933o). 

With the recent increased interest in Se'3*'4*31 and Te'5B*18.31 ligands, as evidenced by 
publications describing such complexes, more fundamental studies of such complexes can 
be expected. Of particular interest are comparative studies of the Se and Te ligand 
analogues of the many well-established transition-metal phosphine complexes that have 
applications as homogeneous catalysts3'. As this ligand chemistry is developed, it can be 
expected to produce new transition-metal coordination complexes with a variety of 
applications. The diverse scope of Se and Te ligands should allow for considerable 
flexibility in fine-tuning the electronic and steric properties of coordination complexes 
with these types of ligands. 

This chapter will summarize the various types of Se and Te ligands that have been 
reported. Since the emphasis of this volume is on the organic chemistry of these elements, 
the classification used is based on the number and type of donor atoms incorporated in the 
ligands. To avoid repetition of structures as well as to define the various bonding modes 
either established by single-crystal X-ray diffraction or proposed on the basis of spectral 
data, tables in each section summarize this structural information. 

Finally, since comprehensive monographs and reviews have summarized the synthetic 
methodology associated with many of the Se14 and Te" ligands described here, 
discussions of this aspect will be limited to recent work. 

Table I summarizes the notations used to indicate the ligand bonding modes in chelates, 
dimers and clusters. 

A few examples have been reported of the use of 

A. Abbreviations 

acac 
bipyr 
COD 
CP 
CP' 
Cp" 
detc 
DME 
DMF 
dmgH 

= acetylacetonato 
= 2,2'-bipyridine 
= 1,s-cyclooctadiene 
= qs-cyclopentadienyl 
= q5-pentamethylcyclopentadienyl 
= ~s-methylcyclopentadienyl 
= N,N-diethyldithiocarbamato; Et,NCS, - 
= 1,2-dimethoxyethane 
= N ,  Ndimethylformamide 
= dimethylglyoxime 
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TABLE I .  Notations for ligand bonding modes 

Prefix Bonding mode 

P" Ligand bridges n metal centres in the complex 

PCN\ 
-M(p2-SCNl2M- = -M 

\NCS'- 

... I : 
' M '  

(M.. .M; a metal-metal bond may or may not be present) 

Ligand bonds to a single metal atom through n sites of the ligand 

M a  
(o'-C,H,)M = (O'-Cp)M 

(n5-C,H,)M = ($-Cp)M 

(n2-Se2)M- = -M\ '7 Se 

(+-scH2)M- = -./g 
CH2 

\ 

The ligand both bridges n metal centres and chelates to a metal centre via m sites on the 
ligand 
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= ethylenediamine 
= ethyleneselenourea 
= hexafluoroacetylacetonato 
= hexamethylphosphoramide 
= isoamyl 
= Ph,PCH2CH2PPh2 
= norbornadiene 
= N(CH,CH,PPh,), 
= 1,lO-phenanthroline 
= [(Ph3P)zNI + 

= selenourea 
= tetrahydrofuran 
= CH,C(CH,PPh,), 
= X-ray photoelectron spectroscopy 

683 

en 
esu 
F,acac 
HMPA 
i-Am 
dPPe 
NBD 
nP3 
phen 
PPN 

THF 
triphos 
XPS 

su 

It. ORGANOSELENIUM LIGANDS 

A. Neutral Monodentate Ligands 

1.  Selenourea 

Although the first reported complexes with a Se ligand involved selenourea (i.e. the 
poorly characterized complexes Ag(su),Cl, Hg(su),Cl and Hg(~u)Cl)~, the oxidative 
instability of this ligand and its N-alkyl-substituted derivatives has limited the study of its 
coordination chemistry. Indeed, the isolation of these complexes was apparently 
fortuitous (e.g. the use of acid solutions of su and correct su/metal stoichiometries), since a 
subsequent paper33 describing the reaction of AgCl with a concentrated aqueous su 
solution reported the deposition of elemental Ag and Se and yellow crystals of a,a'- 
diselenobisformamidinium dichloride via a redox process. The same su oxidation product 
was obtained by oxidation of a cooled HC1-ethanol solution of su with H,0,33; it was 
characterized by a single-crystal X-ray diffraction study (equation 1). In the first detailed 

of the ligand properties of su, it was reported to form the yellow [Bi(su),13+ and 
red [Bi(su),J3' complexes in 0 . 1 ~  HNO, solution. Although the solid complexes were 
not isolated, the stability constants of the two species were estimated to be lo-' and 
10-2.5 , respectively. The stability and intense colour of these complexes suggested their 
use for qualitative and quantitative detection of this element (e.g. sensitivity limit of Ipg/ml 
for the yellow complex and 2.5 pg/ml for the red complex). Qualitative observations of the 
reactions of su solutions with various metal salts were also reported by these 
CU(II), Hg(n), Ag(r), Sn(ir), Au(nr) and Pd(n) all gave precipitates that dissolved in 
excess su, and Pb(n) gave a yellow precipitate that was insoluble in excess su. 

A spectrophotometric i n~es t iga t ion~~  of the aqueous Os04/su system established that 
su initially reduces OS(VIII) to OS(N) with the subsequent formation of an intense 
blue-green 8: 1 OS(III) complex (equation 2). 



684 Henry J. Gysling 

IY n a  
OsO, + 4 H,NC(Se)NH, - OsO, + 2[{(H,N)2CSe},]2+ + 2 H,O 

COs(Se=C(NH2)2),13 + + +C{(H2N)2CSe}212 + 

9HzNC(Se)NH? (2) 

+ 2 H 2 0  

1 
Thiourea gives a similar five-electron initial reduction but forms a final 6: 1 complex, 

A variety ofcomplexes of selenourea with transition metals and Te(n) have been isolated 
[Os(thiourea),13 +. 

and characterized (Table 2). 

TABLE 2. Data for some typical selenourea complexes 

Complex Reported data' Reference 

36 

CPd(S~)4lC12 Wine-red crystals 36 
M.p. 179 "C dec. 
"Pd -Sc 

aq. s o h ,  R: 178(P) 
powder, R: 182s, 176sh 

IR: 253m, 235s 
Yellow crystals 
M.p. 160 "C dec. 
"Pl -sc 

powder, R: 202s, 182s 
IR: 227s, 215w 

Air-sensitive, deep olive-green, platelike crystals 
M.p. 142 "C dec. 
Strong su IR bands: 1625, 1400,575,500,380 37 
vc0-* = 245s, 2 I8m, sh 38 
Visible absorptions 38 
Air-sensitive, blue-green solid 38, 39 
vCo-se = 213~,  189w(sh) 38 
Visible absorptions 38, 39 
vZn-Sc = 208~,  196s 38 
vZn-* = 205~,  18Om (sh) 38 
vcdcd--sc = 188s. 165s(br) 38 
X-Ray powder pattern 40 

vHg--Sc = 176 

Moderately air-sensitive, white microcrystalline 
solid 37,38 

VHg-C, = 204, 200 
Moderately air-sensitive, white microcrystalline 

solid 37, 38 
vHE-CI = 276s 37,38 
vHs-cI-HS = 200s 38 
vHp--sc = I83s(br) 38 

[ T H ~ U ) ~ I C ~ Z  Yellow crystals 41 
Single-crystal X-ray diffraction analysis 
Te-Se bond lengths = 2.814(3) A, 2.809(3)A 
Se-Te-Se angles = 90" 

[PhTe(su)CI] Orange-red monoclinic prisms 42 

"Infrared (IR) and Raman (R) data in cm-'; recorded as Nujol mulls unless otherwise indicated; s=strong, 
m =medium, w =weak, sp = sharp, sh = shoulder, br = broad, P = polarized band. 
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In both su complexes that have been unequivocally characterized structurally by single- 
crystal X-ray diffraction, Se bonding was found ([Te(~u)~]Cl,~',  Te(~u),(Ph)Cl~~). A 
similar Se bonding mode has been established from the X-ray powder pattern of 
CdCl,(su),, which shows it to be isostructural with the analogous thiourea complex, for 
which a single-crystal X-ray diffraction study has established a CdCI,S, tetrahedral 
coordination sphere4'. For the other complexes, infrared spectroscopy36- 39*44 has been 
most generally used to determine the bonding mode of the potentially ambidentate su 
ligand, and Se bonding has been assigned in all cases. 

In contrast, urea and thiourea coordinate through both N and 0 or S in their 
coordination complexes44. The tendency of su to coordinate via its Se atom is supported 
by forceconstant calculationsJs, which support the increasing importance of canonical 
forms B and C in the series X = Se > S > 0: 

A 0 C 

Although metal-Se vibrations have been measured for several M-su complexes 
(M = Pd36, PtJ6, Co", Zn", Cd3', Hg3'; Table 21 these low-energy bands are often 
weak and diffcult to assign, and careful measurements of infrared shifts of ligand- 
localized absorptions upon coordination are generally more useful in establishing 
coordination sites of such potentially ambidentate ligands. 

Although there is considerable mixing in the normal modes of su, those bands with a 
strong CN stretching contribution (v4 = 1400cm-', s; v5 = 1085cm-', w; v 1 6  = 
1480cm-', m) generally increase upon coordination (to 1400-1410, 1090-1 120 and 
1500-1 520cm-', respectively), and those with a strong C-Se stretching contribution 
( v6 = 640 and v, = 390 cm - I )  generally decrease 10-20 cm - ' upon coordination3'. The 
vN-" vibrations of free su (3320 and 3250cm-') also generally sharpen and increase 
up to IOOcm-' 3 1  on coordination, owing to the destruction of the weakly hydrogen- 
bonded structure of the free ligand4'. 

The selenourea complexes (Table 2) are readily prepared by reaction of an appropriate 
metal salt (in aqueous solution) with the stoichiometric amount of selenourea. In aqueous 
systems a relatively low pH (a. 3) is used to prevent decomposition of su34-36. Non- 
aqueous solvents include MeOH4', EtOH3', ~ - B U O H " - ~ ~  and a ~ e t o n e ~ ~ , ~ * .  The 
syntheses are generally carried out in an inert atmosphere with minimum exposure to 
light37. As with thiourea, reactions of selenourea with reducible metal species (e.g. T e ( ~ v ) ~ '  
and CU(II)~) can give complexes in a lower oxidation state (e.g. Te(I1) and CU(I), 
respectively), the su functioning as both a reducing agent and a stabilizing ligand for the 
lower oxidation state. With Te, the complex isolated depends on the stoichiometry of su 
used (equations 3-5). 

HCI 4 su 
Te0,-TeC~62--TeCI,(su), 1 + [(H,N),C-Se]2+2 (Ref. 41) (3) 

I 1 zau 

[T~(SU)~]C~Z 
PhTeTePh + C1, + 2 su +2 [PhTeCl(su)] 
PhTeTePh + C1, + 4 su -+ 2 [PhTe(su),]CI 

(Ref. 42) 

(Ref. 42) 
(4) 
(5) 

The crystal structure of [Te(~u),]Cl,~' has established that the Te(n) is surrounded 
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by four Se atoms in a square planar configuration and the bond lengths and angles in 
the selenourea ligands are similar to those of free selenourea4’. 

The complex PhTe(su),Cl contains essentially planar three-coordinate Te(n) (i.e. 
[PhTe(su),] ‘Cl-) with a nearly linear three-centre Se-Te-Se system perpendicular to 
the bonded phenyl C atom43. In contrast, the thiourea analogue, PhTe(tu),CI, while 
having a similar structure, has a weak but observable Te . .CI  interaction to give a 
distorted square planar c~nf igu ra t ion~~ .  Such secondary bonding has been observed in a 
number of Te(n) and Te(Iv) complexes46. 

The complex HgCl,(su) has been formulated as a chloro-bridged dimer (1) on the basis 
of the presence of both terminal Hg-CI and bridging Hg-C1-Hg vibrations in the far- 
infrared region3 7 3 3 8 .  

“\ /cl\ /Se=C(NH2)2 

Hg Hg 
( H ~ N ) ~ C = S J  \c,/ \cl 

(1)  

Several electroless plating solutions containing selenourea or N ,  N-dimethylselenourea, 
which are useful for the deposition of thin films of CdSeZ3 and PbSeZo, have been reported. 
These solutions generally incorporate an additional chelating agent for Cd(n) and are used 
under alkaline conditions. Such plating processes presumably involve the formation of 
unstable M-Se=C(NR,),-type complexes. 

In addition to s e l e n o u ~ e a ~ . ~ ~ - ~ ~  itself, . several N, N’-disubstituted s e l e n o ~ r e a s ~ ~ - ~ ~  have 
been reported to form coordination complexes (Table 3). These substituted derivatives, 
prepared from the corresponding isoselenocyanates and primary amines”, form unusual 
square pyramidal five-coordinate Pd(n) and Pt(rr) ~ c ~ m p l e x e s ~ ~ . ~ ~  (equation 6). The 
infrared data support Se bonding in all cases (Table 3). The formulation of the apparently 
square planar M(R,R’-su),CI, complexes (i.e. [M(R,R’-su),]Cl,) as pentacoordinate 
species (i.e. [M(R,R’-su) ,CI]C~)~~.~~ is based on their electronic spectra, 1 : 1 electrolyte 
behaviour in non-polar organic solvents (Table 3) and the isolation of [M(R,R’-su),CI]Y 
(Y = ClO,, BPh,) complexes on reaction of solutions of the dichloro complexes with 
excess of the poorly coordinating C10,- or BPh, - anions” (equation 6). Although they 
are relatively rare, five-coordinate Pd(I1) and Pt(n) complexes have been characterized 
crystallographically (e.g. [M(F,acac),(PR,)]; M = Pd. R = o-Tol; M = Pt, R = C - H ~ X ) ~ ~ .  

Se 
II KzMCI, 

RNCSe + R’NH, RNHCNHR’ - [M(R,R’-su),CI]Cl (6) 
acetone/H,O i 

HC104 

(NaBPh,) I R = Ph,CH 
R’ = Ph, n-Bu 

M = Pd, Pt 
(R, R ’ -SU) 

[M(R, R’-su),CI]Y 
Y = ClO,, BPh, 

Several Ni(r1) complexes with N,N’-disubstituted selenoureas have been prepared: 
tetrahedral [NiL2X2], square planar, diamagnetic ~iL,](C10,)2 and the unique 
tetrahedral [Ni(N-Ph,CH, N’-Bu-~u),BrlBr~~ (Table 3). The stereochemistries 
of these complexes have been established by electronic spectroscopy and magnetic 
susceptibility measurements (Table 3). 

The solution and reflectance spectra of the NiL,X, derivatives are identical, indicating 
that the tetrahedral coordination is retained in solution. The monomeric formulations of 
these complexes are confirmed by molecular weight measurements, and conductivity 
measurements show nonelectrolyte behaviour. 
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Se 
I1 

TABLE 3. Data for some complexes with N,N'-disubstituted selenoureas, RHNCNHR' (L) 

Complex Reported data" Complex Reported data" 

R = Ph2CH, R' = Ph 
[PdL4Cl]C147.48 Red solid 

M.P. 136-138°C 
\lC --h' = I 5 6 9  
I ' ~ = ~ ~  = 788' 
A,(MeOH) = 105 

(acetone) = 75 
(CH2CI,) = 48 

Red-yellow solid 

A,(MeOH) = 125 
(CH2ClZ) = 56 
(acetone) = I70 

M.P. 122-124°C 

Yellow solid 
M.P. 147-149°C 
\'c --N = 1 560b 
vc=sc = 785' 
A,(MeOH) = 9 I 

(acetone) = 80 
(CH2C12) = 59 

Dark-red solid 
M.p. 160- I63 "C 
vc--F: = I 552h 
i ~ ~ = ~ ~  = 7 8 8  
A,(MeOH) = 85 

R = Ph,CH, R' = n-Bu 
[PdL4CI]C148 

[PtL,CI]C148 

miL3Br]Br49 

Red-brown solid 

Light yellow solid 

Yellow-brown solid 

M.P. 120-127°C 

M.P. 118-121 "C 

M.P. 140- I42 "C 
pCrr = 3.40 

R = R ' = P h  
NiL2C1249 Green solid 

M.P. 131-134°C 
peff = 3.34 
Green solid 
M.P. 126-128°C 
Diamagnetic 

R = Ph, R' =al ly /  
NiLzBr249 

R = Ph3C, R' = Bu 
NiL2Br249 

NiL21,49 

Green solid 
M.P. 118-122°C 
perf = 3.30 

M.P. 1 35- I 37 "C 
Green solid 

Diamagnetic 

Green solid 
M.P. 160-163°C 
perf = 3.57 
Brown solid 
M.P. 128- I30 "C 
perf = 3.28 

R = Ph,C, R' = Ph2CH 
NiLzBr249 Green solid 

M.P. 178- I80 "C 
perf = 3.33 

NiL21249 Yellow-brown solid 
M.P. 134-136°C 
perf = 3.26 

"AM =molar conductance (ohm-' cm2 mol-') of 5 x 1 0 - 4 ~  solution (typical values for 1 : I  electrolytes are 80-1 I5 
(MeOH)50, 100-400 (acetoneyo); perf = magnetic moment in Bohr magnetons (B.M.) measured at 293 K. 
bCorresponding band for free N-Ph,CH,N'-Ph-su is at 1535cm-'. 
'Corresponding band for free N-Ph,CH,N'-Ph-su is at 788cm-I. 

Although the [NiL,](CIO,), complexes (Table 3) have been formulated as  square 
planar complexes in the solid state on the basis of their electronic spectra and magnetic 
susceptibilities, their instability in solution, even in the presence of excess L, precludes 
solution studies. 

The unique Ni(N-Ph,CH, N'-Bu-su),Br, complex has been formulated on the basis of 
electronic spectroscopy and magnetic susceptibility as the tetrahedral species 
[NiL,Br]+Br- in the solid state. However, in acetone solution, its conductivity is about 
zero, and its molecular weight is about half the theoretical value, supporting the 
dissociation shown in equation (7). 

[NiL,Br]Br +NiL,Br, + L (7) 
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TABLE 4. Complexes with cyclic selenourea derivatives 

Complex Reported data" Reference 

PhTe(esu),CI 

PhTe(esu)Br 

PhTe(esu)I 

Orange-red orthorhombic prisms 54 

Orange-red monoclinic crystals 54 

M.p. 190-191 "C dec. 
Crystallographic data 

M.P. 163-164°C 
Single-crystal X-ray diffraction study 56 

Te-Se = 2.61 60( 16) A 
Te-Br = 3.0537(16)A 
Te-C =2.118(7)A 
LSe-Te-C = 89.94(19)" 
LBr-Te-C = 86.67(19)" 
LSe-Te-Br = 175.62(3)" 
Te . .  . Br (intermolecular) = 3.8490(16)A 

~ ~ e - i c - - B r , s y m  = 
130w (IR) 59 
169m (RI 

M.P. 137-139°C 
Single-crystal X-ray diffraction study 

Te-Se = 2.679 I (1 8) A 
Te-I = 3.0951(14)A 
Te-C = 2.1 12(7)A 
LSe-Te-C = 89.92(17)" 
LI-Te-C = 88.15(17)" 
LSe-Te-I = 177.31(2)" 

l'Sc--Tc--l.asym = 180111 (IR), 
178w (R) 

Trimethyleneselenourea 
Yellow monoclinic prisms and plates 

Crystallographic data 
Br M.p. 152-1 53 "C 

55 

59 

54 

"Uni t s  a s  i n  Table 3. 

The only reported complexes with a tetrasubstituted selenourea (tetramethylselenourea, 
tmsu) were prepared by the route described in equation (4) (i.e. PhTeX (tmsu); X = CI (m.p. 
151-152"C), X =  Br (m.p. 162-163"C)54. 

Attempted formation of Ni(rr)-ethyleneselenourea (esu) complexes resulted in im- 
mediate decomposition with deposition of elemental Se. In contrast, ethylenethiourea 
gave stable NiL4X, complexes49. Esu complexes of Te(Ii), however, have been isolated 
(PhTe(esu)X; X = C154, BrS4, 15'; P h T e ( e ~ u ) , C l ~ ~ )  and characterized by far-infrared 
spectroscopy and, for X = Br and I, by single-crystal X-ray diffraction (Table 4). The 
chloro and bromo complexes were prepared54 by halogen cleavage of Ph,Te, in the 
presence of esu in methanol solution, as described for the corresponding su complexes 
(equation 4). The iodo complex was prepared via a metathetical reaction of the bromo 
analogue and 2 equiv. of NaI in methanol5'. The formation of these complexes of PhTeX 
illustrates the stabilizing influence of selenourea ligands, since the parent phenyl tellurenyl 
halides, although useful as synthetic reagents", are unstable5'. 
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TABLE 5. Ni(n) complexes with polymethylenebis(phenylseleno- 
ureas), PhHNCNH(CH,),NHCNHPh (LJ60 

II 
Se 

II 
Se 

Complex Reported data" 

x = CI 
X = Br 
X = I  

X=CI 
X = Br 
X = I  

Ni(L,),CI2 
Ni(L7)2Br2 

Ni(L7)212 

Ni(L8)2C12 
Ni(L,)2Br2 
Ni(L,)2I2 

Green solid, m.p. 161 -1 64 "C 
Green solid, m.p. 154-1 56 "C 
Brown-yellow solid, m.p. 132-1 35 "C 

Green-yellow solid, m.p. 120-125 "C 
Green-yellow solid, m.p. 130-1 35 "C 
Yellow-green solid, m.p. 1 15-1 18 "C 
Green solid, m.p. 1 1 1-1 14 "C 
Green solid, m.p. 126-129 "C 
Green solid, m.p. 133-1 36 "C 
Green-yellow solid, m.p. 1 10-1 12 "C 
Green solid, m.p. 1 15-1 18 "C 
Green-brown solid, m.p. 125-1 28 "C 

Ni(L42X2 

Single-crystal X-ray diffraction studies of PhTe(esu)X (X = Brs6, Is5) were carried out as 
part of a of the stereochemistry of Te@) complexes and the trans influence of 
various thio- and seleno-urea ligands (i.e. variation of Te-X,,o,, bond distances in three- 
coordinate PhTeLX-type complexes). The infrared and Raman spectra of these two 
complexes have also been recordeds9 in the solid state in the 50-500cm-' region, and 
bands due to the asymmetric and symmetric stretching frequencies of the linear Se-Te- 
X have been assigned (Table 4). 

Polymethylenebis(phen ylselenourea), PhNHC(Se)NH(CH,),NHC(Se)NHPh (n = 2-5, 
7,8) (prepared from the corresponding diamines, H,N(CH,),NH, and PhNCSe), gives a 
variety of complexes with Ni(n), the structures being determined by the Ni(lr) salt 
used in the reaction as well as the reaction temperature6' (Table 5). 

With n = 2 or 3, and with acetone or ethanol as the reaction solvent, unstable 
monomeric tetrahedral complexes of the type [NiLX,] containing (Se, Se) chelating 
selenourea ligands are formed6' (see Section JI.C.3). Use of BuOH as the reaction solvent 
with L, or any of the above solvents with the higher homologues gives complexes of the 
composition Ni(LJ,X, (Table 5). O n  the basis of their low solubility, electronic spectra 
and magnetic susceptibilities, these complexes have been formulated as polymeric, square 
planar species (2) with NiSe, coordination spheres formed by bridging selenourea ligands 
with ionic halide. 

(2) 

If the reaction temperature is not kept low during the synthesis, the magnetic 
susceptibility of the products tends to be higher (up to 1.5 B.M.) than the limiting zero 
value expected for the square-planar diamagnetic products. 

Chelating (Se, 0) and (Se, S) selenoureas have also been reported (see Section II.D.2). 
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2. Diorganoselenides (SeR,; R = alkyl, aryl) 

Dialkyl selenides can be synthesized by a variety of standard routesI4. Recently, 
SuperhydrideTM, LiBEt,H, has been used as a convenient reagent in such syntheses in 
non-aqueous solvents (equation 8). 

THF 2 R X  

Se + LiBEt,H-Li,Se-SeR, 

R =n-C5Hl 16',C6H,CH261, p-CIC6H4CHZ6', PhCH2CH261, -SiMe,62, 0:; 
(analogous reactions of allylic halides with Te2- give coupled 1 , S d i e n e ~ ) ~ ~  

Unsymmetrical diorganoselenides have also been prepared according to equation (9). 

(Ref. 61) (9) RSeSeR + 2 LiBEt,H -+ 2 RSeLi + 2 Et,B + H, 
2 R ' X  

RSeR' 
R = Ph, R' = PhCH, 
R = PhCH,, R' = Me 

Complexes of several metals with various dialkyl selenides have been reported 

Ru101-104 7 g  H 89* '05  > IrIo6, Au107, Cr'"'), and the few reported complexes with diary1 
selenides involve Seph25.6.69.73.96.101,109- 1 1  1 . A few examples of metal complexes with 
alkyl aryl selenides (EtSePh102*103*'05 , (Me3SiCH2)SePh I 1 2 )  have also been prepared. 

The MX,(Se(alkyl),), (M = Pd, Pt;  X = C1, Br, 1)complexes have been the subject of the 
most investigation. The solid-state and solution geometries (cisltrans) of these square- 
planar complexes have been studied by infrared67.6s.71,74.78, Raman67.68.78 and dipole- 
moment  measurement^^'.^^. In a number of studies, Variable-temperature 'H-NMR 
spectroscopy was used to investigate inversion about the Se atom in solutions of such 
species, e.g. MX2(SeEt2), (X = CI, Br, I ;  M = Pd, Pt76.77), MC12(Se(CH2SiMe,)2)2 
(M = Pd, Pt79), RuX,(NO)(SeEt,), (X = CI, BrIo3), R U C I , ( N O ) ( P ~ S ~ E ~ ) , ~ ~ ~ ,  
MX,{PhSe(CH,SiMe,)}, (M = Pd, X =Cl;  M = Pt, X = Br1I2), PdC12(EtSePh),lo5. 
Such spectra are often complicated by simultaneous intramolecular cis-trans isomeriz- 
ation and intermolecular ligand exchange proce~ses'~. 

The earliest reports involved the dialkyl selenide complexes of Pt and Pd halides, which 
readily precipitate upon addition of 2 equiv. of the selenide to an aqueous solution of 
potassium tetrachlorometallate. The corresponding bromo and iodo complexes are 
generally prepared by metathetical reactions, although bromo complexes have also been 
prepared directly (equation 10). 

(pd6.7.64-79 p t 4 . 5 . 7 . 6 7 . 6 8 , 7 1 . 7 6 . 7 7 , 7 9 - 9 2  Ag89.93.94 Ga93 W95, Re96.97 Rh98- 100 
9 

H 1 0  2 NaX/acetone 

K2MC14 + 2 SeR, - [MCl,(SeR,),] 1 ' CMX2(SeR2)21 (10) 

X = Br, I 
M = Pd, Pt 
R = Me, Et, i-Am 

The PtX,(SeR,), complexes generally precipitate as mixtures of the cis and trans 
isomers, which can be separated by their solubility differences in CHCI, (the cis isomers 
are considerably more soluble than the trans). 

Hieber and coworkers first prepared transition-metal carbonyl complexes with 
diorganoselenide ligands (equations 1 1-14). Similar substitution reactions have been used 
to prepare several other diorganoselenide complexes of transition-metal carbonyls (e.g. 
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Mo(CO),(phen)(SePh,)' lo ,  tran~-Rh(COXSeEt,),C1~~, Re(CO), -,(SeEt,),CI (n = l,2)", 
[Ir(CO),(SeEt,)C1].'06). 

EtOH 
Re(CO)5X + 2 SeEt, 7 Re(CO),X(SeEt,), (Ref. 96) ( 1  1) 

X = Br, I 
EtOH 

2 Re(CO)SX + 2 SeR, 7 (OC),(R2Se)Re(pX),Re(CO),(SeR,) (Ref. 96) (12) 

X = C l ; R = E t  
X = C1, Br, I; R = Ph 

(1 3) 

[Ru(CO),I,J, + SeR, + Ru(CO),(SeR,),I, (Ref. 101) (14) 

CsH6 
Mn(CO)5Br + 2 SePh, 7 Mn(CO),Br(SePh,), (Ref. 1 1 1) 

R = Et, Ph 

The only metal complex with a diorganoselenide ligand that has been characterized by 
singlecrystal X-ray diffraction is trans-PdC1,(SeEt,),70. The small decrease in the 
observed Pd-Se distance (2.424(7) A) compared to the sum of the covalent radii (2.45 A) 
indicates little or no Pd + Se s back-donation. 

A novel route to a diorganoselenide ligand involving alkylation of coordinated Se has 
been reported recently (equation 15). 

hv LiZSc 

THF 
Cr(CO), -Cr(CO),THF- [Cr(CO),SeH]- (Ref. 108) (15) 1 [E~JO][RF.] 

Cr(CO),SeEt, 

A more complete discussion of the chemistry and spectroscopic properties of complexes 
with seleno ethers is given by Murray and Hartley',. 

3. Triorganophosphine selenides (Se= PR,) 

Triorganophosphine selenides are most commonly prepared by the reaction of the 
phosphine with red Sell3. 

The first coordination complexes with a triorganophosphine selenides ligand were 
reported by Bannister and Cotton in 1960 (PdCI,(SePPh,),, SnCl,(SePPh,),)' 14. These 
complexes, which were isolated by reaction of the phosphine selenide with metal chloride 
complexes (H,PdCl,/aqueous ethanol reaction solvent; SnCl.,(Et,O),/ether reaction 
solvent), were not characterized by these authors, but subsequent work has established the 
utility of infrared spectroscopy as a convenient probe for coordination of such ligands115. 
Upon coordination, the v ~ = ~ ~  vibration generally shifts 10-40cm- ' to lower 
energy vs. the free ligand. Such shifts are smaller than those observed for analogous 
EPR, (E = 0, S) complexes ( A v ~ = ~  = - (38-70)cm-'; Av,,, = - (40-50)), and it has 
been suggested''6 that these shifts indicate that P-Se x bonding is weaker than in 
the lighter phosphine chalcogens, although this effect is probably at least partly due to 
the lower sensitivity of the heavier Se atom to coordination. 

A number of complexes with triaryl- and trialkyl-phosphine selenides have been 
reported, and one such complex, [HgCI,(SePPh,)], (3), has been characterized by single- 



692 Henry J. Gysling 

crystal X-ray diffraction, which established a chloro-bridged dimeric structure with 
distorted tetrahedral coordination about Hg' ' '. 

(3) 

Pd, Pt and Cd complexes of unusual stoichiometries have been reported, the proposed 
structures (4-7) assigned primarily on the basis of infrared spectral data. 

(4 

L = SePPh, 

( 5 )  h4 = Pd"' 

(6 )  M = pt'I9 
L = SePPh, 

(7f20 

L = SeP(C6H4Me-p)3 

TABLE 6. Complexes with triorganophosphine selenides 

Complex Reported data" Reference 

PdC1z(SePPh,)2 Orange-brown solid 
M .p. 206 "C 
Vp,se = 543b 

(PdBrz),(SePPh,), Red-brown solid 
(4) M.p. 220°C dec. 

AM(PhN02) = 2.55 
v ~ , ~ ~  = 538s 

vp,sc = 558' 
PdCI,(SeP(C6H,Me-m),), Pale orange solid 

A,(MeCN) = 3.2 
CPd(SCN),I,(SePPh,), I ' ~ , ~ ~  = 540ms 

(5) Y,--~ = 2 I55ms 
(Pd- SCN - Pd bridge) 
2 I22mw 
(terminal Pd-SCN) 

1 I4 
1 I6 
I I6 
118 

119 

1 I9 
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TABLE 6. (Continued) 

Complex Reported data" Reference 

PtCI,(SePPh,), 

CdBr,(SePBu,), 

CdCI,(SePBu,), 

CdBr,(SePPh,), 

CdI,(SePPhBu,), 

I I ~ = ~ ~  = 540ms 121 
II,--~ =2154m, 2122m 
Light tan solid 1 I9 
I'p,sc = 544 
M.p. 201 "C 1 I6 
Formulated as cis isomer on basis of colour and 

insolubility 
vCZN =2160m, 2105mw 121 
I ' ~ = ~ ~  = 537111s 
Red-brown solid I22 
vp,Se = 4 0 8 ~ ~  
vNi-sc = 250m 
p = 3.41 B.M. 
~ l ~ , ~ ~  = 5 4 6 ~ s  123 
A,(MeN02) = 69 
Colourless solid I I9 
A,(MeCN) = I32 
vp=sc = 55 I ,  542 
Colourless solid 1 I6 
M.p. 145°C 
M.p. 240 "C I20 
A,(PhNO,) = 17.70 
vp,se = 532s 
M.p. 278 "C dec. 120 
AM = 15.88 
I ' ~ , ~ ~  = 520s' 
l'Sc-zn = 345w 
White solid 122 
vpzSc = 414s 
vZn--Se = 202ms 
White solid I22 
vp,Se = 419s 
vZn-cI = 297~,  285s 
vZn-sc = 225m 
M.P. 68-69°C 124 
,'P-NMR' (CH,CI,-CHCI,) 

33 "C: 6 = 42.3 
( I  JpSe = 569) 

- 62 "C: ('Jpsc = 543)' 
- 72"C:(lJps, = 542, JKd =40)' 

M.P. 76-77 "C 
,IP-NMR (CH,CI,-CHCI,) 

33 "C: 6 = 42.5 
( ' J p s c  = 564) 

- 59°C: (IJpsc = 544)' 
- 85 "C: ('Jpse = 530)' 

,'P-NMR (CH,CI,-CHCI,) 
33 "C: 6 = 34.6 

('JpSc = 696)* 
"P-NMR 

33 "C: 6 = 40.8 
('Jmc = 591)' 

I24 

I24 

124 
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TABLE 6. (Continued) 

HgBr,(SePPh,) 

HgCI,(SePPh,) 

Hg2C14(SePBu3)2 

HgCI,(SePPhBu2), 

HgBr,(SePPhBu,), 

Complex Reported data" 

[CdBr,(SeP(C6H,Me-p),),1, White crystalline solid 
(7) M.p. 234 "C 

AM(PhN02) = 6.20 
vI.,sc = 525s 

I I L  AM(PhN0,) = 3.85 
Cd )I,,=~~ = 520s 

L/ ' 1 1  'I Tetrahedral coordination 

L = SeP(C,H,Me-p)3 

\ / \Cd/ 

HgIz(SePPh3) Light yellow solid 
Y ~ . = ~ ~  = 542 
M.p. 221 "C 
P 2p binding energy 

(XPS) = 132.4 0.3 eV 
(value for SePPh, = 133.0 0.2) 

Colourless solid 
M.p. 260 "C (sublimes) 
vp,sc = 542 
Colourless solid 
M.p. 231 "C 
\'p=sc = 543 
Molecular structure 3 
M.P. 91-92°C 

P-NMR (CH,CI,-CHCI,)' 
33°C: 6=45.1 

- 12 "C: 6 = 45.4 

- 45 "C: 6 = 45.5 

- 55°C: ('JpsC = 526, 

-65"C:('Jps, = 525 

('JpSe = 551) 

(IJpse = 539) 

(IJpsc = 535) 

2JPH, = 157) 

2JPHB = 157) 

ZJ,", = 159) 
-96"C:('JpSc=524, 

6(77Se)= 1535d (Jscp=518) 
6(199Hg) = 325s 
S(,'P) =45.1 (Jpsc = 527) 
6(77Se) = 1555d (J,,,  = 505) 
6(199Hg) = - 335s 
"P-NMR (CHZCIZ-CHC13) 

33 "C: 6 = 43.5 
(Jpsc = 555y 

(IJpSc = 575) 

,'P-NMR (CHZCI2-CHCI,) 
33 "C: 6 = 42.5 

-29"C:6=43.2 
(IJpSc = 563) 

Hg,I,(SePPh,Bu),) 
[HgCI2(SeP(C6H4Me-p),)1, M.p. 205-220 "C dec. 

c ~ ( ~ ' P )  = 37.4 (Jpsc = 586)k, 33 "C 

AM(PhNOz) = 3.56 
I ' ~ , ~ ~  = 520s 

Reference 

120 

I20 

I I9 

1 I6 

125 

1 I6 

1 I6 

1 I7 
124 

I26 

I26 

I24 

124 

I24 
120 
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Complex Reported data' Reference 

[Co(SePMe,),CI,] 

Ru(CO),(SePPh,),I, 
Cr(CO),(SePPhMe,) 

WCI,(SePPh,) 

CW2CIdSePPh,),lCI2 
(9) 

WCI,(PPh,)(SePPh,) 

SnCI,(SePPh,), 

Green solid 122 
I J ~ , ~ ~  = 409s 
vco-sc = 273m 
p = 4.40 B.M. 
Blue solid 122 
vp,sc = 414s 
~ l ~ ~ - ~ ~  = 321s, 301s 
vCo-se = 227m 
p = 4.38 B.M. 
M.p. 1 17 "C 
vCEN = 2099 
vN=o = 1849, 1791 
Yellow crystals 

vp,sc = 484' 

M.p. 102 "C 
vCSN = 208 I 

Brown-yellow solid 
Moderately air-stable yellow crystals 
M.p. 95 "C 
vpGSe = 483 
Vc=0=2058, 1980, 1941, 1927, 1912 
Moderately air-stable yelldw crystals 
M.p. 121 "C 
vP=Se = 482 
k=0=2064, 1975, 1924, 1935, 1907 
Air-sensitive yellow-green powder 130 
Y ~ , ~ ~  = 532 
vW-CI = 331sh, 329sh, 3 2 0 ~ ~  130 

MW(PhN0,) = 475 15 

Yellow solid 131 
p = 1.98 B.M. (W(IV)) 
Yellow air-sensitive solid 1 I4 
M.p. 168 "C 
A,(DMF) = 5.8 132 

M.P. 128-130°C 

VRh-CI =275 

vN=O = 1820, 1729 

AM(PhNO2) = 42.2 

(theor. = 468) 

127 

128 

I27 

98 
129 

129 

"NMR chemical shift values in ppm and J values in Hz. "P: 85% aqueous H,PO, external reference: "Se: I M  
aqueousselenousacidexternal reference; I 99Hg: I M PhHgOAc in DMSOasexternal reference. Otherdataare in units 
given in Table 3. The stretching frequencies for the carbonyl and nitrosyl ligands are given as 
respectively,although theactual bondordersin theseligandsdepend on thespecific propertiesofagivencomplex (eg. 
metal oxidation state, the donor properties of the other ligands present in the coordination sphere etc.; see Ref. I ) .  
hThe corresponding value for free SePPh, is 562cm-' 'I7. 

'The corresponding value for free SeP(C,H,Me-m), is 574 cm- '. 
dThe corresponding value for free SePMe, is 436cm-' lzZ, 

'The corresponding value for free SeP(C,H,Me-p), is 5 3 5 ~ 1 ~ '  "O. 

'The corresponding values for free SePBu, are 6 = 37.0 ppm, Jpsc = 693 Hz. 
#The reference (85% H,PO,) freezes, so that accurate chemical shift values were not recorded. 
hThe corresponding value for free SePPh, is 693 Hz. 
'The corresponding value for free SePPhBu, is 693 Hz. 
'The corresponding value for free SePPhBu, is 715 Hz. 
'The corresponding value for free SePPh,Bu is 730 Hz'? 
'The corresponding value for free SePPhMe, is 495cm-' Iz6. 

and 
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The complex Pd(SCN),(SePPh,) (8) has a dimeric structure with both S-bonded 
terminal and bridging thiocyanate (see infrared data, Table 6). 

L\  ISCN\ Pd ISCN 
Pd 

NCS' '"3' 'L 

( ell2' 
L = Ph3PSe 

These complexes are readily prepared by reaction of the phosphine selenide in a non- 
aqueous solvent such as ethanol 01 acetone with an appropriate aqueous or non-aqueous 
solution of the metal salt. The CU(I) complex'23 (Table 6), however, was prepared by 
adding an ethanol solution containing 3 equiv. of the phosphine selenide to an ethanol 
solution of Cu(BF,), .6 H,O saturated with SOz to effect the Cu(n) + Cu(r) reduction. 
Triorganophosphines ' 33  and phosphine s u l p h i d e ~ ' ~ ~ * '  34 are well known to effect this 
reduction without a supplementary reducing agent. Although the bidentate phosphine 
selenide, Ph,P(Se)CH,P(Se)Ph,, reduces Cu(CIO,),.6 HzO with the formation of 
[ C U ( S ~ , S ~ ) , ] C I O ~ ' ~ ~ ,  no example of the use of a monodentate R,PSe derivative as a 
reductant has been reported. 

A trigonal planar three-coordinate CU(I) complex has been formulated for 
[CU(S~PP~ , ) , ]BF , '~~  on the basis of the ionic characterization of the tetrafluoroborate 
anion by infrared spectroscopy and analogy with the X-ray structure of 
[Cu(SPMe,),]ClO,, for which this structure has been unequivocally established. 

The solution lability of Hg(n) and Cd(n) complexes with SePR, ligands has been studied 
by variable-temperature 31P124, "SeIz6 and 199Hg'26 NMR spectroscopy (see Table 6). In 
the cases of the CdX,(SePBu,), complexes, the crystallization of the chloro and iodo 
complexes at low temperatures prevented freezing out the static tetrahedral structure, but 
the exchange in the bromo complex was stopped at ca. - 70°C'24. The complexes 
HgX,(SePBu,), (X = CI, Br, I ;  n = 1, 2) have been studied by multinuclear NMR (,'P, 
"Se, '99Hg)'z6. In all cases the selenide ligand is labile and exchanges rapidly on the 
NMR time-scale at room temperature, but the exchange can be slowed down at ca. 
- 100 "C, as evidenced by the appearance of 31P-199Hg coupling. Halogen exchange is 
also fast at room temperature in these complexesIz6. 

The Co(n) complexes (Table 6) were precipitated from concentrated ethanol solutions 
containing SePMe, and the appropriate salt by addition of ether (ethyl orthoformate was 
used for in situ chemical dehydration of the metal salts)'22. Tetrahedral geometries were 
assigned to these complexes on the basis of their electronic spectra and magnetic 
susceptibilities. Electronic spectroscopy also showed that the ligand field strength of 
EPMe, (E = 0, S, Se) were comparable in the ionic complexes [ C O ( E P M ~ ~ ) ~ ] ( C I O ~ ) ~ ' ~ ~ .  

The moderately air-stable complex (COD)RhCl(SePPhMe,) was prepared by a bridge- 
cleavage reaction (equation 16). 

\ C, He 
(C0D)Rh Rh(C0D) -t 2 SePPhMeZ --+ 2 (COD)RhCI(SePPhMe2) (16) 

r . t .  

The only reported Ru complex with a phosphine selenide, R U ( C O ) , ( S ~ P P ~ , ) ~ I ~ ' ~ ' ,  
undergoes solvent-induced polymerization in DMF (equation 17). 

(1 7) 
DMF 

Ru(CO),(SePPh,),I, - [Ru,(CO)(SePPh,),I4(MeZNCHO)] 
C6H6 ScPPh,/1OOoC/25 h v c E 0  = 1931 vscm-' 

CRu(CO),I,I" vc=o (DMF)= 1647scm-' 
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The decrease in the DMF carbonyl stretching frequency ( -  3 1 cm- ' vs. free DMF) is 
characteristic of the coordination of this ~olvent '~ ' .  Phosphine selenide complexes of a 
few transition-metal nitrosyls (CoIz7, Felz7) and carbonyls (Ru"', Cr'") have also been 
described briefly. The weak coordination of SePPhMe, in Cr(CO),(SePPhMe,) is 
evidenced by its facile replacement by CO or PPh, (equation 18). Attempts to prepare 
Cr(CO),(SePPhMe,) directly by a thermal reaction with Cr(CO),, rather than the 
thermally labile THF complex, gave decomposition. This problem of metal-promoted Se 
extrusion from phosphine selenides has been observed in a number of cases1'6*L34. Se 
transfer between SePR, and PR, in solution is rapid on the NMR time-scale, and a 
bimolecular process has been proposed' 36. 

The problem of Se extrusion from selenocyanate complexes containing organophos- 
phine ligands (i.e. with formation of SePR, and a cyanide complex) has been discussed in 
several papers'37-'39 , and the syntheses of complexes incorporating these two types of 
ligands must generally be carried out under mild conditions. Indeed, the reaction of 
KSeCN with PR, is a standard preparative route to phosphine ~ e l e n i d e s ' ~ ~  (the other 

The tungsten complex WCl,(SePPh,) (9) has been formulated, on the bases of infrared 
spectroscopy, molecular weight and solution conductivity measurements' 30 (Table 6), as 
an ionic dimer with bridging phosphine selenide ligands. 

route being reaction with red Se1'3*'22~'41 1. 

PPh3 
I 

Fe\ 
"""\ Se i C I 4  

I 
PPh3 

2 CI- 

(9) 

The corresponding SPPh, complex shows an especially large decrease in its vpZs 
vibration (A = - 96cm-' vs. - - 30 for the SePPh, complex)'30. 

The complex WCI,(PPh,)(SePPh,) was formed by an unusual reaction of a coordinated 
Se atom',' (equation 19). The evidence for this formulation includes13': (a) a v ~ = ~ ~  
vibration was absent in the infrared spectrum of the product, (b) hydrolysis of the product 
gave a I : 1 mixture of PPh, and OPPh,, (c) the of the coordinated SPPh, ligand in 
the S analogue was observed, although the vpsc band was obscured in the infrared 
spectrum of the SePPh, complex. 

C,H, 

WC1,Se + excess PPh, - WCI,(PPh,)(SePPh,) (1 9) 
sealed 

ampoule 
1 week 
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Although several examples of metal complexes with bidentate bis phosphine selenides 
(R,P(Se)(CH,),(Se)PR,, n = 1-4) have been reported (see Section Il.C.3), in a few cases 
bridging monodentate coordination modes (10-15) have been proposed on the basis of 
spectroscopic evidence. 

Se Se 
II II 

PdBr2(Ph;g(Cb)4PP%)142 

n 

Br Se-Se 

(10) (11 1 

Se Se 

II II 
(PdC12)3(Ph2P(CH2),PPh2)2 ( n  = 2, 6142)  

= CI, n = 4 142 j X = B r , n  = 6 )  

n 

x\  /Se se\ / x  
se /pd\x/pd\x 

(13) 

ZnI,(Ph,P(Se)(CH,),(Se)PPh,) (polymeric”0) 

I I 

L i I J n  

(14) 

[PdCl,(Ph,P(Se)(CH,),(Se)PPhz)ln’ I 

Ph Ph CI 
\ /  I \ /  

L CI CI 

(16) 
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An interesting reaction sequence involving selenation of a coordinated phosphido 
ligand and thermally or photochemically induced chelation of the phosphido selenide 
ligand has been described’43 (equation 20). 

Se /T” (20) 
1 .  Ph,PCI 11 A or bu 

Cp(OC)3WPPh2 - Cp(OC)2W 
No[W(C0)3CPl 2, Se - co 

‘PPh2 

Bridging phosphido- and arsenido-selenide ligands have also been reported’44 
(equation 21). The phosphido selenide complexes A are very reactive and readily give the 
six-membered heterocycles C. In the arsenidoselenide systems, both the four-membered 
ring intermediates (A: M = Mn, Re; E = As) and the six-membered ring products (C) were 
isoiated. 

%MeJ 
I 
I 

/se\ 
(OCLM, M ( C O L  

Se 
I 

S n M e 3  

M = M n ,  Re 

EMe2 
I 

I 
EMe2 

(A) 

4. Selenium heterocycles 

Several Se heterocycles have been shown to function as ligands for transition metals. 
Metal complexes with 2,1,3-benzoselenadiazole (16) and some substituted derivatives 
(17-19) have been prepared (Table 7). The 2,1,3-benzoselenadiazole (bsd) complex with 
palladium, PdCl,(bsd),, has been used for the spectrophotometric determination of the 
metall4’, in which the excess bsd is determined after removal of the insoluble precipitate of 
the yellow PdClJbsd), by centrifugation. This application, which was also the emphasis of 
much of the early coordination chemistry of various Se ligands, is no longer of interest 
because of the developments in modern analytical chemistry (e.g. atomic absorption’ ” 

and neutron activation analysis’”). 

(16) R = R’ = H (bsd) 
(17) R = R’ = Me (5,6-Me2-bsd) 
(18) R = Me; R’ = H (5-Me-bsd) 
(19) R = C1; R’ = H (5-C1-bsd) 
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TABLE 7. Metal complexes with 2,1,3-benzoselenadiazoles 

Ligand Metal complexes/properties" Ligand Metal complexes/properties" 

bsd [PdCl,(bsd),] 145 

(Wb [CdCl,(bsd)] 148 

yellow solid 
no terminal vcd-cI > 250 

[CdCI,( bsd),] I 48 

white solid 
no terminal vCd-cI > 250 

[HgCl,(bsd)], 14' 

yellow solid 
I ' ~ ~ - ~ ~  = 305 cm-'  (terminal) 

white solid 
vHg-cI = 304, 326 (terminal) 

C ~ C l , ( b s d ) ~ ~ *  
brown solid 

CHgC~z(bsd)zl 

vcU-ci = 306 
CuCl,(bsd), 

green solid 

CoCl,(bsd)l 49 

\lcu --cI = 3 16 

no terminal I ~ ~ ~ - ~ ~  > 250 
/ I  = 4.86 B.M. (Oh) 

N i C l , ( b ~ d ) ' ~ ~  
no terminal l'Ni-c, > 250 
p = 3.05 B.M. (0,) 

purple crystals 
vc=o (hexane): 2078, 1947, 
I927 

W(C0),(bsd)l5' 

'H-NMR S(C,D,, 27 "Cy 
6.51 (IH, dd), 6.64 (IH, 
dd), 7.14 (IH, d), 7.24 (IH, 
d) 

'5(4,5) z 'J(6,7)  = 9.2 
'5(5,6) = 6.5 

5-Me-bsd C~Cl , (S-Me-bsd) '~~  
(18) yellow-brown solid 

vcU -ci -cu = 3 1 8 
CdCl , (S-Me-b~d) '~~  

VCd -CI = 270 
S-CI-bsd C~Cl , (S-Cl-bsd) '~~  

(19) yellow-brown solid 
V C ~ - C I - C ~  = 275, 290 

CdC12(5-C1-bsd)' 48 

"Data are in the units given in Table 3. 0, = octahedral. 
bThis ring is also called 1,2,5-selenadiaz0le'~~~'~'. 
'The spectrum at 100°C had four broad signals at about the same 6 values. 

A number of Cd(n), CU(II), Hg(n), Ag(I), Ni(r1) and Fe(m) complexes of 2,1,3- 
benzoselenadiazole (16) and some substituted derivatives (17-19) have been prepared and 
characterized by elemental analyses and infrared spectroscopy, and their thermal stability 
has been studied by thermogravimetric and differential thermal analyses under a nitrogen 
a t m ~ s p h e r e ' ~ ~ . ' ~ ~  (Table 7). 

These complexes, MCl,L, (n = l,2), which are readily precipitated by the addition of an 
appropriate amount of the selenadiazole to the metal chloride in aqueous ethanol 
(anhydrous ethanol for Ni and Co), were formulated as dimeric or polymeric species with 
bridging chloro and/or selenadiazole ligands, except for the monomeric tetrahedral 
H g C l , ( b ~ d ) ~ ' ~ ~ * ~ ~ ~ .  The structural characterization of these complexes is tentative; 
indeed, the bonding sites of the selenadiazole ligands were not clearly established, 
although nitrogen bonding was inferred by the trend of the thermal stabilities of the 
complexes as a function of the substituent in the 5-position of the heterocyclic system. 
Most likely, the bonding sites of such heterocycles vary according to the nature of the 
metal ion and other ligands present in the coordination sphere of the complex, as has been 
well established for other ambidentate ligandslS3. 

of the complexes Cu(bsd),X, (X = F, CI, Br) Cu-Se bonding (and 
Cu-S bonding in the benzothiadiazole (btd) analogues) was proposed. A subsequent 
i nves t iga t i~n '~~  of the btd complexes by ESR and infrared spectroscopy and magnetic 
susceptibility measurements led to the conclusion that these complexes are mononuclear 
and contain N-bonded btd. Bonding via N(l) has been established by a single-crystal X- 

In an ESR 
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ray diffraction analysis' 56 of CdBr, (4-NH,-btd),, which has octahedral geometry around 
the Cd(n) with bridging bromo ligands that form infinite chains and two 4-NH,-btd 
ligands coordinated to each Cd in trans positions. 

This work all illustrates the importance of caution in assigning the structures of 
complexes containing such ambidentate ligands. Ideally, it is possible to make such 
assignments on the basis of high-resolution infrared spectroscopy if the appropriate model 
compounds have been characterized by single-crystal X-ray diffraction. Thiocyanate and 
selenocyanate complexes, which have the added advantage of having strong vCEN bands 
in a rather isolated infrared spectral region (2000-2200 cm- '), are examples for which this 
is a fairly safe p r o c e d ~ r e ' ~ ~ .  More recently, XPS"' and solid-state NMR'"  have been 
used to 'fingerprint' bonding sites of ambidentate ligands and should prove more generally 
useful for such studies. 

The observation that the polarographic reduction waves of the 2,I13-benzo-X-diazoles 
(X = 0, S, Se) are shifted only for the S and Se compounds upon addition of Cu(n) and 
Cd(n) was explained by coordination of only these two ambidentate heterocycles to the 
metals via the S or Se atoms'59. In a related study160, 2,1,3-benzoselenadiazole was 
shown to function as a catalytically active ligand for the reduction of Ni(n) at a dropping- 
mercury electrode. A prewave of Ni(n) observed here was assigned to a polarographically 
active complex formed between the metal ion and the adsorbed ligand. 

The radical anion of 2,1,3-benzoselenadiazole (16), observed in the two-step polarog- 
raphic reduction of these heterocycles in DMFIs4, has been shown by ESR spectroscopy 
to form I : 1 and 2: 1 complexes with M(CO), (M = Cr, Mo, W)'" (equation 22). 

,,M(COI, ,,M(COI, 

M(CO), 
\ 

The formation of the monosubstituted product is rapid, with the formation of the 
disubstituted product decreasing in the order Cr > Mo > W; [W(CO),],(bsdT) forms 
only after several months at room temperature. These reactions were run in ESR tubes 
with ca. 5 :  1 molar ratios of M(C0)6 to bsd. These paramagnetic species are stable in THF 
for several months at room temperature. The spectra of the Cr and Mo complexes 
indicated static M-N bonding, whereas the spectrum of W(CO),(bsd :) suggested rapid 
fluctuation of the W(CO), fragment between the two N sites (equation 23). Attempts to 
freeze out a static structure were hampered by typical anisotropic line-broadening effects 
below 0°C. 

\ 
MCO), 

The lH-NMR spectrum of the neutral complex W(CO),(bsd), prepared from 
W(CO),(THF) and bsd in THF, gave a resolved spectrum at room temperature (Table 7), 
and at 120 "C the four resonances were still resolved but slightly broadened with loss of the 
35 coupling. 

Complexes with terminal and bridging N-bonded cycloalkenyl-l,2,3-selenadiazoles 
(20a-d) have been obtained with Cr, Mo and W carbonyls'6'*162 (Table 8; equations 
24-26). 
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TABLE 8. Metal complexes with cycloalkenyl- 1,2,3-selenadiazoles (20) 

Metal complexes/ Metal complexes/ Metal complexes/ 
properties" I 62  properties" properties" 

21b: m.p. 1 1  1 "C dec. 23b: m.p. 115 "C dec. 24: m.p. 90°C dec. 
ilCEob = 2070~. 1980w, 

1944s, 192h 1940s, 1920m 18405 
vCFOb = 2070~, 1989~, vC-od = 2020~, 1907~, 

22b: m.p. I 12 "C dec. 6('H)': 3.2m and 3.0m 25: m.p. 176°C dec. 
v,,$ = 2070w, 1980w, (aH); 1.85m vcEoe= 1905~, 1818s 

1935s, 1915111 (BH) 
6(' 'CY: spzC, 162.5, 

159.5; sp'C, 
25.2, 25. I, 22.6, 
21.7; trans-CO, 
202.7; cis-CO, 
200.4 

Data are in the units given in Table 3. SP =square planar. 
hexane solution. 

' In  CDCI,, internal TMS. 
CH,C12. 

'In THF. 

(20) 

( 0 )  n = 3 
(b) n = 4 
( C )  n = 5 

(d) n = 6 

2 0 b  - cis- 

M = Cr (210-d) 
M = MO ( 2 2 b )  
M = W (230-d) 

1 

2 0 b  + 
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Reactions of 1,2,3-selenadiazoles with Fe,(CO),, however, result in facile extrusion of 
N, from the heterocyclic ring system and formation of iron dimers containing bridging 
selenoketocarbene ligands'61-'64 (equation 27). The isomeric ratios of products obtained 
from the latter two unsymmetrically substituted derivatives were obtained by 'H-NMR 
spectroscopy of the crude reaction product obtained after one preparative TLC 
separation, the major isomer then being isolated by further chromatography and 
recrystallization' 63 .  The by-products, Fe3(p3-Se),(CO)g and PhC=C-p,-t-BuC6H4, were 
obtained only in small amounts in these reactions, although in the reaction with the 
unsubstituted 1,2,3-~elenadiazole, the only iron complex formed was the known cluster 
F ~ ~ ( P , - S ~ ) Z ( C O ) ~ ' ~ ~ .  

R1 = R 2 = P h  6%16, 
2 1 % ' ~ ~  

R' = Ph, RZ = p-t-B~C6H4 R' = Ph, R2 = p-t-BUC,jH,: 
R1 = p-t-BuC6H4, RZ = Ph: 
R' = p-t-B~C6H4, RZ = Ph: 
R' = Ph, R2 = p-t-BuC,H,: 

R' = p-t-BuC6H4, R2 = Ph 

260/,163 

26%'63 
8% 

8% 

In subsequent work16', such reactions at room temperature gave intermediate 
selenaferrole complexes that could be isolated by chromatography (equation 28). The 
selenaferrole complexes (A) readily gave the selenoketocarbene complexes (B) upon UV 
irradiation or thermolysis. Examples of both products have been unequivocally 
characterized by single-crystal X-ray diffraction (A, n = 4'65;  B, n = 6166). 

t 
h0 or A (60 OC) 

- co 

Beck and coworkers have reported complexes of benzoselenazole (26a)167 and its 2- 
methyl derivative (26b)I6' with Cr, Mo and W carbonyls (Table 9). These complexes 
were prepared by typical substitution reactions (equations 29 and 30). 

a > C - R  \ 

bs, (26a) R = H 
mbs, (26b) R = Me 



104 Henry J. Gysling 

Characterization by I4N- and 'H-NMR spectroscopy has indicated that in the bs 

TABLE 9. Complexes with benzoselenazoles 26a (bs) and 26b (mbs) 

Metal complexes/properties" Metal complexes/properties 

Cr(CO),(bS)'6' 
yellow solid 
m.p. 153 "C dec. 

6(I4N)b*': +118(A=+64) 
vc,ob=2071, 1938, 1895 

6('H)": - 10.70 (A = - 0.59) 
Mo(CO),@S)'~' 

yellow solid 
m.p. 145°C 
vCEOb = 2078, 1944, 1894 
6(14N)b*': + 117 (A = + 63) 
6('HY': - 10.78 (A = -0.67) 

W(CO)5bs' 67 

yellow solid 
m.p. 167°C 
vCEOb = 2078, 1934, 1896 
c ~ ( ' H ) ~ :  - 10.94 (A = -0.83) 

M0(C0)~(bs),' 67  

yellow solid 
m.p. 141 "C 

Cr(CO)5(mbs)168 
green-yellow solid 
m.p. I10"C 
vCIOb = 2073, 1939, I 887 
6(l4N)b.C: + 49 (A = - 10) 
6('H)d: -2.82(A= -0.11) 

~c-0' = 2019, 1898, 1859, 1804 

W(CO),(mbs)l 
yellow crystals 

m.p. 168°C 
vc-ob = 207 1, 1930, I886 
linkage isomers in acetone solution 

W-Se 
6(14N)b*c: + 45 (A = - 14) 
6('H)d: N-Me, -2.83 ( A =  -0.12) 

6(I4N)b.': + 180 (A = + 121) 
W-N 

6('H)": - 3.28 (A = - 0.57) 
NiCl,(mbs)l 6 9  

red crystals 
m.p. 2 I6 "C dec. 

Ni(N0,)2(mbs)2' 69 

pale green crystals 
m.p. 222 "C dec. 
p = 3.71 B.M. 

pale blue crystals 
m.p. 170-171 dec. 

dark green solid 
m.p. 234-235°C dec 

Ni(NCS),(mbs), I 6 9  

red solid 
m.p. 199 "C (colour change to green at 
132 "C) 

~(135°C) =3.6 B.M. 

NiBr,(mbs), 

NiI,(mbs), 

~(20-130 "C) = 1.05 B.M. 

"Data are in the units given in Table 3. 
bh acetone solution. 
'Vs. external aqueous NaNO,; A = shift vs. free ligand. 
'Resonance in acetone-d, solution (internal TMS) of R in 26; A =shift vs. free ligand. 
'In Nujol. 
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complexes the heterocycles coordinate via the nitrogen, whereas W(CO),mbs contains 
about equal amounts of the W-N and W-Se linkage isomers, and the Mo analogue, 
primarily N-bonded, forms a small amount of the Se-bonded isomer on standing in 
acetone solution (Table 9). The structure of W(CO),mbs in the solid state has not been 
established but would be a problem amenable to solid-state Se-NMR'" or X-ray 
photoelectron spec t ro~copy '~~.  

Several Ni(n) complexes of 26b have been isolated and characterized by infrared and 
electronic spectroscopy as well as magnetic susceptibility measurements (Table 9)' 69.  

Electronic spectroscopy and conductivity measurements indicated significant dis- 
sociation of the heterocyclic ligand in methanol. The complex Ni(NCS),(mbs), exhibited 
an unusual transition from an equilibrium mixture of paramagnetic tetrahedral- 
diamagnetic square planar to pure tetrahedral stereochemistry at - 132 "C, a change 
accompanied by a colour change from red to green. A broad v ~ - ~  band in the bridging 
region (2125-21 75 cm- ') indicated a dimeric or polymeric formulation for this complex. 

n 
"e/" 
dse, (27) 

1,4-Diselenan (dse) (27), prepared in 10% yield from AI,Se, and BrCH,CH,Br'70, 
forms complexes with a variety of transition metals' 70*' 7 1  (Table 10). This heterocycle can, 
in principle, function as a monodentate (terminal, A, or bridging, B) or bidentate ligand 

C). Since no definitive single-crystal X-ray diffraction analysis has been reported for such 
complexes, the proposed bonding modes, in some cases tentative, are based on the 
stoichiometries as well as infraredI7' and NMR' 72 spectroscopy. The complexes of the 
stoichiometry (MX,),(dse) (M = Cd, Hg; X = CI, Br; Table 10) were formulated as dimers 
with a bridging dse ligand'" : 

The vy-c, bands in these complexes all occur in the terminal regionL7'. 
A centrosymmetric chair configuration of the bridging ligand has been proposed on the 

basis of the similarity of its infrared ~pec t rum '~ '  to that of free dse, for which this 
conformation has been established by X-ray crystallography' 73. The cuprous chloride 
complex, CuCl(dse), also gave an infrared spectrum similar to that of the free ligand, but its 
insolubility suggested a polymeric formulation with dse in a chair conformation. Either 
bridging chloro or dse ligands (or both) may be present in this cornplexl7'. 



706 Henry J. Gysling 

TABLE 10. Complexes with 1,Cdiselenan (dse) (27) 

Complex Properties" Complex 

[PdCl,(dse)] Bright yellow solidI7' 

[PdBr,(dse)] Orange yellow solid'" 

[PtCl,(dse)] Pale yellow powder'" 

(HgCl,),dse White solid"' 

vpd-cI = 303, 31817' 

vpd--8r = 253, 268 

vp(-cI = 314, 324 

'vHg-,-, = 310 

(HgBr,),dse 
(CdCl,),dse 
(CuCl,)dse 
(CuBr,),dse 
AgNOJdse) 
CuCl(dse) 
AuCl,(dse) 
AuBrJdse) 

Properties 

White solid'71 
White solid17' 
Dark violet crystals17' 
Brown powder'71 
White powderL7' 
White powderL7' 
Pale yellow solidL7' 
Dark brown solid'7' 

"Data are in the units given in Table 3. 

The infrared spectra of the complexes MX,(dse) (Table 10) are markedly different from 
the above complexes and have been interpreted in terms of either a monomeric 
formulation with chelating dse in a boat conformation (C) or dimers with two bridging dse 
ligands in boat conformations. The stoichiometries and infrared spectra of the AuX,(dse) 
(X = CI, Br) complexes suggest monomeric, four-coordinate complexes containing 
monodentate dse in the chair configuration"'. 

The ambidentate 1,Coxaselenan (ose) (28) coordinates through its Se atom as a 
terminal ligand or via both 0 and Se atoms as a bridge ligand", (Table 1 I), but no well- 
established examples of terminal oxygen or chelating (0, Se) coordination have been 
reported. The essentially unchanged values of the symmetric and unsymmetric C-0-C 

TABLE 1 1 .  Complexes with 1,4-oxaselenan (ose) (28) 

Complex Properties" Complex Properties" 

SnCl,(ose), 74 

SnBr,(ose),' 74 

TiCl,(ose),' 74 

vc -0 - C,arym = 1 I r n s b  
v ~ - ~ - ~ . ~ ~ ~  = 818m' 
6:OCH, =4.13 (A=0.08)d 

SeCH, = 2.91 (A = 0.25)' 
vC-o-c,asym = 1 100vsb 
vC-o-c,sym = 891111' 
6: OCH, =4.10 (A =O.OS)' 

SeCH, = 2.71 (A = 0.05)d 
Orange solid 

vC-o-c.qm = 812m' 
vC-o-c, . ,ym= 1 102vsb 

6: OCH, = 4.13 (A = 0.08)' 
SeCH, = 2.91 (A = 0.25)' 

NbCl,(ose)' 74 v ~ - ~ - ~ . ~ ~ ~ ~  = 1 IOOvsb 

6: OCH, =4.20 (6 =0.15)' 
~ C - o - c . ~ ~ ~  = 819s' 

SeCH, = 3.66 (A = 1 .OO)d 
TiCl,(ose)' 74 Orange-red solid 

M X , ( ~ s e ) , l ~ ~  vC-o-c.,ym 790s' 

=Cl, Br 

v C - ~ - c , s r y m  = 1043vsb 

M = P d , P t ; X  

Variable-temperature 'H- 
NMR 

trans- 

P t B r , ( o ~ e ) ~ ' ~ ~  Molecular structure 
Pt-Se: 2.430A 
Pt-Br: 2.442A 
<Se-Pt-Br: 93.3" 

"Data are in the units given in Table 3. 
bThe corresponding value in the free ligand is I102vs. 
'The corresponding value in the free ligand is 812s. 
dShifts downfield vs. free ose. 
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stretching modes of the heterocycle in the complexes SnX,(ose), (X = CI, Br), 
TiCl,(ose), and NbCl,(ose) vs. the free ligand support Se bonding in these complexes' 74. 

The decrease in the shifts of these bands to lower values for TiCl,(ose) vs. the free hetero- 
cycle (Table 1 1 )  and the stoichiometry of this complex support a polymeric formulation 
with octahedral coordination of the Ti and bridging ose l i g a n d ~ ' ~ ~ .  

The weakness of the corresponding CSeC modes precludes direct verification of the 
proposed Se bonding in these complexes. The larger shift of the methylene protons 
adjacent to the Se vs. those adjacent to the 0 in the 'H-NMR of these complexes relative 
to the free heterocycle (e.g. A 8 S c C H I  N 1.0 vs. A&H2 N 0.1) further supports monodentate 
Se bonding in the above monomeric complexes (Table 11). These results indicate that 
these halides (Cl, Br) exhibit class B Lewis acid behaviour; the fluorides however, exhibit 
the class A behaviour expected of such elements in their highest common oxidation 
states (e.g. BF,.O(CH,CH,),S exhibits 0 coordination; the corresponding selenan 
complex was not reported)'74. 

A variable-temperature 'H-NMR study'75 of the complexes MX,(ose), (M = Pt, Pd; 
X = CI, Br) showed that the observed coalescence phenomena are caused by site inversion 
about the Se atom rather than by ring inversion of the heterocyclic ligand. 

A single-crystal X-ray diffraction study of the monomeric square-planar complex trans- 
PtBr,(ose), confirmed a monodentate Se bonding mode of the 1,4-oxaselenan ligand with 
an axial orientation of the Pt-Se bond relative to the ring (the analogous oxathian 
complex has this bond equatorial to the ring)' 76.  

Thiazolidine-2-selenone (tzse) (29), prepared by the reaction of NaHSe and 113- 
thiazolidine-2-methyIthiol, also exhibits ambidentate ligand behaviour ' '. The electronic 
spectra and magnetic susceptibilities of its CO(II) and Ni(n) complexes (Table 12) indicate 
tetrahedral geometries in all cases, and infrared spectroscopy supports N bonding in the 
CO(II) complexes and Se bonding in the Ni(i1) complexes. The vNPH bands for the CO(II) 
complexes exhibit large negative shifts of - 270cm-' vs. the free ligand; but the bands 
associated with the S(vC-J and Se (vc=sc + 8N--c--se) are essentially unchanged or show 
slight positive shifts. More direct evidence for N bonding is found in the far-infrared 
region, where vCoPN bands for the three complexes are observed at - 250cm-'; vco-s 
bands would be expected to appear at -230cm-'. The electronic spectra of the 
complexes also support CoN,X, (X = CI, Br, I) tetrahedral coordination spheres. 

ti 

S-CH, 

tzse, (29) 

The vN-.H vibrations of the Ni(n) complexes appear as broad bands in the region 3350- 
3400cm- I ,  near that of the free ligand, and bands in the FIR region, at 170-1 80cm-', are 
assigned to V N ~ - ~ ~  vibrations (vNiPN bands would be expected at 220-230cm-'). The 
proposed Se bonding mode is further supported by the essentially unchanged position of 
the NH resonance vs. the free ligand in the 'H-NMR spectra of the Ni(n) complexes, 
whereas shifts of - I .5 ppm to lower field are observed for the Co(n) complexes. 
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TABLE 12. Complexes with thiazolidine-2-selenone (tzse) (29)' " 

Complex Properties" Complex Properties" 

[Co(tzse),Cl,] .2 H,O Turquoise solid 
M.p. > 350°C 
p = 5.1 B.M. 
VN-H = 3130vsb 
11c-N = 1 5 3 0 ~ ~ '  
%=sc + 6-N --N -se 

~ c - s . . ~ ~ ~  = 71 5' 
= 1310vsd 

vC-s,rym = 660md 
vco-cI = 321m, 305m 
vCo-se = 252m 

[Co(tzse),Br,] .2 H20 Dark green solid 
M.p. 300°C dec. 
p = 4.6 B.M. 
vNPH = 3 1 4 0 ~ ~  
vCPN = 1520~s' 

= 1 300vsd 
vC=Se + 6N-C-Se 

vC-s.srym = 69511-1' 
vcPs, SF = 660ms' 
vco--Br = 283m, 21 5m 
vcO-ss = 250111 

[Co(tzse),I,].2 H,O Dark green solid 
M.p. 224 "C dec. 
p = 4.6 B.M. 
vN-H = 3230mb 
vCPN = 1505~s'  

= 1290vsd 
vc =Se + 6-N -c -se 

~ c - s . ~ ~ ~ ~  = 6 9 5 ~ '  
vc-s,rrm = 66.5~' 
vc.-, = 206ms 
vco-sc = 255s 

~iCI,(tzse)] Olive green solid 
M.p. >350°C 
p = 3.6 B.M. 
vN-H = 3 4 0 0 ~ s ~  
vCPN = I560m' 
vC=Sc + 6N-C-Se 
= 1310md 

V C - S , ~ ~ ~  = 7 1 0 ~ '  
vNi 
v ~ ~ - ~ ,  = 268m, 240s 
vNI-N = I80ms 

-Ni = 204m, 1 54m 

piBr,(tzse)] Dark brown solid 
M.p. > 350°C 
p = 3.7 B.M. 
vNPH = 3 3 5 0 ~ s ~  
VC-N = 1 5 1 h '  
vc,ss + 6N--C-se 

= 1295msd 
\'C-s.srym = 7 0 0 ~ '  
v-~.,).,,, = 660w' 
I ' ~ , - ~ ~ - ~ ~  = 158111, 148m 
vNiPBr = 200m 

= 171ms 

M.p. > 350°C 
[NiI,(tzse),] Black solid 

p = 3.9 B.M. 
vN-H = 3 I 30vsb 
VC-N = I 5 5 W  
VC-Se + 6N-c-sc 

= 1310wd 
~ c - s . ~ ~  = 6 9 0 ~ '  
"C-S,SF = 660' 
vNi-, = 210m 
vNiPN = 176ms 

"Data are in the units given in Table 3. 
'Corresponding band in free tzse = 3100~s (solid) and 3400vs (CHCI, solution). 

I51 5vs in free tzse. 
1 2 8 5 s  in free tzse. 
705ms in free tzse. 
'655m in free tzse. 

Reaction of Pd(F,acac), with 1 or 2 equiv. of phenoselenazine (psz) (30) in acetone/ 
toluene gives, on concentration of the reaction solution, blue microcrystals of the 
composition Pd(F6aCaC),(pSZ),' '* (Table 13). An ionic structure, 
[Pd(F6acac)(psz)2](F6acac), is supported by the presence ofa vc=o band at 1670cm-' (vs. 

H 

PSZ , (30)  
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TABLE 13. Complexes with phenoselenazine (psz) (30) 

Complex Properties" 

[Pd(psz)2(F,acac)](F,acac) I ' * Deep blue solid 
A,,, (Nujol) = 610, 735 nrn 

trans-PtCl,(psz), ' Orange crystals 

cis-[PtCl,(psz),]. MeCN' 79 Orange needles 
\1p1--cI = 325 

vpt-CI = 310, 285 
vCzN = 2260 (lattice MeCN) 
Molecular structure 

Pt-Se: 2.376(2), 2.400(2) A 
trans-PdCl,(psz), '' YPd-CI = 335 

"Data are in the units given in Table 3. 

1603 cm- ' in Pd(F,aCaC),). The proposed structure was unequivocally established by a 
single-crystal X-ray diffraction analysis for the bipy complex 
([Pd(F,acac)bipy]'(F,acac)-)' 78. The visible absorption bands of this complex (Table 
13) were assigned to ligand +metal charge-transfer processes, since free psz is readily 
oxidized to a stable radical cation. Dilute acetone solutions of the complex are readily 
bleached in air"'. Nucleophilic attack by excess psz at Pd is not observed in this complex 
although in the cases of L = pyr, Ph,As and i-PrNH,, further substitution to give 
ultimately [PdL4](F,aCaC)l has been reported' 'O. 

Reaction of psz with K[PtCI,(C,H4)] in acetonitrile gives an initial orange precipitate 
of trans-PtCl,(psz), ; after filtration and concentration of the solution, large orange 
crystals of cis-PtCl,(psz),*MeCN are is~lated"~. The cis isomer is apparently the 
thermodynamically stable form, since recrystallization of the trans isomer from hot 
acetonitrile gives the cis isomer along with some decomposition products, as evidenced by 
infrared spectroscopy. Exposure of the cis and trans complexes to iodine vapour gives the 
partially oxidized non-crystalline compounds cis-PtC12(psz),I,,, and trans- 
PtC12(p~~)213~5, respectively'". These latter complexes have significantly greater electri- 
cal conductivity than the insulating precursors. Resonance Raman and XPS indicate that 
the hole sites are localized on the psz ligand and that the iodine is present predominantly 
as 1,- 

Tetraphenylselenophene has been obtained in 60% yield by heating a mixture of 
powered amorphous Se and Fez(C0)6(C2Ph2)2 at 200°C'8'. An ESR study of the 
interaction of tetrahydroselenophene with the planar Co(n) complex N ,  N'-  
bis(sa1icyliden)-o-phenylenediaminocobalt(u) (Co(saphen)) has indicated the formation of 
a 2: 1 adductI8'. 

5. Diorganodiselenides (RSeSeR) and related ligands (RSeER;; E = P, As) 

Although the most characteristic reaction of these derivatives in transition-metal 
chemistry involves the cleavage of the Se-Se bond with formal oxidation of the metal 
centre and formation of terminal or bridging SeR- ligands (see Section II.B.2), several 
examples of coordination of intact RSeSeR ligands have been reported (Table 14). 

The Pt(rv) dimers were prepared according to equation (31)18,. The yellow products 
were isolated by addition of light petroleum after concentration of the reaction solutions. 
The crystal structural determinati~n' '~*'*~ of the bromo analogue established it as the 
first example of a complex containing a bridging diorganodiselenide ligand. A similar 
structure was subsequently established for the iodo analogueIs6. A variable-temperature 
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TABLE 14. Metal complexes with RSeSeR and RSeERi (E = P, As) ligands 

Complex Reported data Reference 

pc,-(Alkyl)SeSe(alkyI) 
31a 

31b 

31c 

32a 

32b 

Terminal (alkyl) SeSe(alkyl) 
W(CO),(RzSez) 

R = CH,SiMe, 

p2-( Aryl)SeSe(aryl) 
32c 

32d 
32e 

Yellow solid 
M.p. 144-146°C dec. 

Molecular structure 
Pt-Pt: 3.740(3) 8, 
Pt-Br: 2.629 A 
Se-Se: 2.36(1) 8, 

Yellow solid 
M.p. 150-1 51 "C dec. 
MW = 73W (calc. 739) 
'H-NMR 
Yellow solid 

MW =929" (calc. 921) 
'H-NMR 
Molecular structure 

Pt-Pt: 3.901(2) 8, 
Pt-I: 2.798(2) A, 

2.778(2) A 
Se-Se: 2.358(4) A 

Pale yellow crystals 
M.p. 158-1 59 "C dec. 
vCGOb = 2054, 2038, 1950, 1926 
Variable-temperature 'H-NMR 
Molecular structure 

Re-Re: 3.883 A 
Re-Br: 2.644A 
Se-!k: 2.375(4) 8, 

'H-NMR 

M.P. 120-1 25 "C d a .  

Red-orange solid 

v c ~ o c  = 2040, 2027, 1956, I925 

Variable-temperature 'H-NMR 

M.P. 181-182"C d a .  

(kl mol- ') 
inversion: 59.8 f 0.8 

1,2-shift: 82.6 f 1.6 

Oranee-red solid - 
vCGod =2057m, 2041s, 1963s, 1960sh, 

1936s 
Molecular structure 

Re-Re: 3.899(43) A 
Re-Br: 2.656(20) A 
Se-Se: 2.41 l(23) 8, 
Re-Se: 2.604(4) 8, 

vcGod =2051m, 2035s, 2022w, 1961s 
vCGod =2053m, 2036s, 2 0 2 3 ~ .  1977s, 

Molecular structure 
1973sh. 1946s 

Mn-Se :2.478(3)8, 
Mn-Mn: 3.680(5)A 
Se-Se : 2.4O1(3) 8, 
Mn-Br : 2.542(4), 2.541(3) 

Molecular structure (Figure I )  

I83 

183-185 
184 

I83 

183, 185 
183 

183, 185 
I86 

I87 

187 

188 

I89 

190 

191 

191a 
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TABLE 14. (Continued) 

Complex Reported data Reference 
~ 

R,PSeR‘  
Cr(CO),(Me,PSeMe) 

Mo(CO),(Me,PSeMe) 

Mo(CO),{ (CF,),PSeMe} 

W(CO),(Me,PSeMe) 

R ,  AsSeR I 

Cr(CO),(MezAsSeMe) 

Cr(CO),{ (CF,),AsSeMe} 

Cr(CO),(Me, AsSeCF,) 

Mo(CO),( Me, AsSeMe) 

Mo(CO),{ CF,),AsSeMe} 

Mo(CO),( Me, AsSeCF,) 

W(CO),(Me,AsSeMe)i 

Dark yellow air-sensitive crystals 
vc-oc = 2071 m, I987w, I960s, I949vs 
6(’ H) = I .28 (A’ = - 0.03) 

1.38 (A’ = - 0.44) 
6(,’P) = 38.5 (A’ = 37.7) 
Yellow-brown oil 
vCeOe = 2094rn, 201 6vw, 1989s. 

1984vs 
S(’H)= 1.80 (A’= -0.04) 
6(I9F) = - 56.6 (A’ = - 2.5) 
c~(~’P)‘  =99.0 (A’= 74.1) 

6(’H) = 1.29 (A’ = 0.04) 
6(,’P)= 12.3 (A’= 11.5) 

6(’H) = 1.82 (A’ = 0.06) 
6(”F)‘= - 52.0 (A’ = - 2.0) 
6(,lP)# = 72.2 (A’ =44.3) 

6(I9F)’ = -68.4 (P(CF3)Z) 

vCEO =2080m, 1994w, 1962s. sh, 1955s  

vcE0 = 2095111, 1992s, I987vs 

vcE0 = 2096111, 2022w, 1996s, 1986vs 

(A’ = - 14.6) 
- 33.0 (SeCF,) 
(A’ = I .8) 

c~(~’P)’=  129.7 (A’= 115.2) 
Prepared in quantitative yield via 
equation (36) 

Colourless air-sensitive crystals 
vcEoe = 2073w, 1988vw, 1959s, 1952~s 
6(’H) = 1.24 (A’ = 0.04) 

Brown air-sensitive oil 
~ ~ , ~ ‘ = 2 0 7 7 w ,  1961s, 1954~s 
6(’H) = 0.23 (A’ = 1.52) 
A(I9F)’ = - 52.4 (A’ = - 2.4) 

1.63 (A’ = - 0.27) 

Red-brown air-sensitive oil 
vC,Oe = 2076111, I997vw, 1966s, 1956vs 
6lH)= 1.55 (A’= -0.1) 
6(’ ’F)’ = - 25.2 (A’ = 0.6) 
6(’H) = 1.25 (A’ = 0.02), 

1.68 (A’ = - 0.22) 
6(’H) = 0.23 (A’ = - 1.52) 
6(”F)’ = - 52.0 (A = - 2.0) 
6(’H) = 1.67 (A’=O.O2) 
6(”F)’ = - 24.8 (A’ = 1.0) 

192, 193 

192 

194 

194 

194 

193 

192,193 

192 

192 

193, 194 
194 

194 

193 

“Determined osmometrically in CHCI, at 37°C. 
Measured in toluene. 

‘Measured in CHCI,. 
Measured in CCI,. 

‘In cyclohexane solution. 

pVs.  external 85% H,PO,. 
hVs. internal CCI,F. 
‘Prepared in quantitative yield via equation (36). 

’A = ~cornp~en - &rec limnd’ 
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'H-NMR study185 gave the barrier energies for pyramidal inversion of Se atoms, Se atom 
switching between Pt atoms and scrambling of PtMe groups in these three complexes. 

X 

/- \ 
CHCI, Me3Pt\ P M e 3  I x I  [Me3PtX], f MeSeSeMe - 

Meie-SeMe 

(310) X = Br 

(31b) X = CI 

(31~)  X = I 

and Mnl" carbonyl dimers with similar bridging structures (32) have 
been prepared according to equations (32) and (33). The diselenide bridged dimers 32a, 32c 
and 32d were also obtained when Se,R, (R=PhCH,, Ph) reacted with 
Re,(CO)BBr,/toluene187, Re(CO),Br/C6H6189 or Re(CO),I/ tol~ene'~~ under reflux 
conditions, which suggests that these dimers are thermodynamically, not kinetically, 
controlled products. 

R~ I 87. I 89.190 

R /Se-se 'R 

(32a) M =Re, R = CH,Ph, X = Br 
(32b) M = Re, R = CH,SiMe,, X = Br 
(3242) M = Re, R = Ph, X = Br 
(32d) M = Re, R = Ph, X = I 
(32e) M = Mn, R = Ph, X = Br 

(33) 
E l 2 0  

Mn(CO),Br + Se,Ph, 7 32e (Ref. 191) 

Refluxing a solution of 32e in diisopropyl ether gave a precipitate of MnBr, and 
(OC),Mn(p,-SePh),Mn(CO), was isolated from the solution I". 

The structures with bridging diorganodiselenide ligands have been unequivocally 
established by single-crystal X-ray diffraction for 32aI8', 3 2 ~ ' ~ '  and 32e'" (Table 14). 

The reaction of Ph,Se, with AgAsF, in liquid SO, gave a product, 
[Ag,(Se,Ph,),](AsF,),, which has been characterized by single-crystal X-ray 
d i f f ra~t ion '~~" .  The structure(Figure 1)contains centrosymmetric 6-membered rings with 
two Ph,Se, ligands bridging pairs of Ag atoms and three coordination about the Ag 
atoms being completed by 'intermolecular' Ph,Se, bridges. The Se-Se distances in these 
bridging ligands are longer than in the free diselenide as generally obser- 
~ e d ' ~ ~ . " . ' ~ ~ . ' ~ ' . ' ~ ~ ,  but the Se-Se distance in the 6-membered ring (2.344(2)A) is 
significantly shorter than that for the other type of bridging ligand (2.360(2)& 

briefly describes three examples of a terminally bonded diorganodise- 
lenide ligand (equation 34). Variable-temperature 'H-NMR has demonstrated the 
occurrence of two distinct fluxional processes in these complexes: pyramidal inversion 
about the coordinated Se atom and, at higher temperature, a novel 1,2-metal shift between 

A single report 
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f 
FIGURE 1. 
permission from Ref. 191a 

Molecular structure of [Ag,(Se,Ph,),](AsF,),. Reproduced with 

the two chalcogenide atoms of the diselenide'88. Activation parameters have been 
reported for the W complex (Table 14). 

M(CO)5THF + Me,SiCH,SeSeCH,SiMe, -P (OC),M(Me,SiCH,SeSeCH,SiMe,) 
M = Cr, Mo, W (34) 

Grobe and LeVan'92-'94 have studied the coordination chemistry of a wide variety of 
ambidentate ligands of the type R,EE'R, (E,E' = P, As; n = m = 2. E = P, As; n = 2; 
EL = S, Se, Te; rn = 1). Included in this work are the synthesis and bonding characteriza- 
tion of some of the R'ESeR' ( E = P ,  As) complexes of Cr, Mo and W (Table 14). 
These complexes were prepared as shown in equations (35) and (36). 

M(CO),THF + RzESeR' + M(CO),(ER,SeR') (35) 
M = Cr 

M = Mo 

E = P ;  R = Me, CF,; R' = Me 
E = A s ;  R = Me, CF,; R '  = Me, CF3 

E = P ;  R = Me, CF,; R' =Me,  CF, 
E = As; R = Me, CF,; R' = Me 

R = Me; R' = CF, 
M(CO),(R,EER,) + Se,R: -P M(CO)5(R,ESeR') + R,ESeR' (36) 

M = Cr, Mo, W;  E = P, As; R = R' = Me 
M = Mo; E = P ,  As; R = Me; R '  =CF, 

For the complexes described in equation ( 3 9 ,  preparative-scale reactions were run, and 
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products were isolated and characterized spectroscopically (infrared, 'H-, 9F- and 3'P- 
NMR; Table 14). Dismutation reactions (equation 36) were run in NMR tubes, and 
products were characterized in situ by 'H- and/or "F-NMR. 

In the initial workIg2, NMR was shown to be useful for assigning the bonding mode of 
these ambidentate ligands. In the 'H-NMR spectra methyl signals of groups bonded to the 
metal are shifted to lower fields vs. the free ligand (the absolute values of the PH coupling 
constants change little (e.g. ca. 12Hz) but the sign changes). Methyl signals of non- 
coordinated groups generally shift - 0.4 ppm to higher fields, and the shift is larger for 
(CF,),AsSeMe than for (CF,),PSeMe complexes. The changes in PH coupling constants 
for the Me groups of non-coordinated groups vs. the free ligands fall in the range 1.5-5 Hz. 

In the I9F-NMR spectra the 6(CF3) of coordinated groups shifts N 2-4 ppm to higher 
field, and the effect is larger for (CF3),As- than for (CF3)2P- ligands. The 6(CF3) of 
non-coordinated groups exhibits only a slight shift to lower field. In general, the coupling 
constants in both cases change by 2-6 Hz vs. the free ligand. 

In the 31P-NMR spectra coordinated R,P-sites show a strong shift to low field (e.g. - 40 ppm for Me2P- and - 70 ppm for (CF,)*P- ligands). Non-coordinated R2P- 
groups exhibit only a small shift. 

The spectroscopic data (Table 14) indicate that, except for Cr(CO),(SeMeAs(CF,),}, 
the ambidentate ligands coordinate via the P or As site. 

6. Se(EMe,), (E= Ge. Sn, Pb) 

The octahedralcomplexes M(CO),\Se(EMe,),} (M = Cr, Mo, W; E = Ge, Sn, Pb) have 
been prepared by reaction (37)'96*'9 . The Sn derivatives have also been prepared by 
direct photochemical substitution reactions (equation 38). All nine of these complexes are 
yellow solids that are sensitive to atmospheric oxygen and water and decompose in the 
range 82-105 "C with the thermal stability within each series increasing in the order 
W > M o > C r .  They have been characterized by infrared, Raman and 'H-NMR 
spec t ros~opy '~~ ;  since they are isostructural, representative data for only one 
complex, W(CO), {Se(SnMe,),), are given below: 

hv W E M e d ,  
M(CO)6 THF. M(CO),THF - M(CO),(Se(EMe,),} (Ref. 197) (37) 

Iv~(CO)~ + Se(SnMe,), - M(CO),{Se(SnMe3)2} (Ref. 196) (38) 
THF/r.l. 

hv 

M =Cr, Mo, W 

For M = W: M.p. 105°C 
v,-=,, (IR, pentane soln.): 2068, 1973, 1935, 1928,1917m, 1892cm-' 
Raman, solid (rel. int.): 2067(8), 1974(10), 1940(1), 1924(1), 1918(3), 1883(8)cm-' 
v ~ ~ ~ ~ ~ , ~ ~ ~  = 228 (IR); 230(1) (Raman)cm-' 
V S , , , S ~ , ~ ~ , , ,  = 220(IR); 224(2) (Raman)cm-' 
6('H) = + 409.2 Hz vs. internal C6H6 

J('HC'''Sn) = 52.8Hz 
J('HC"'Sn) = 55.0Hz 
J( H C S ~ I ~ ~ S ~ )  = 2.4 Hz 

This complex has also been structurally characterized by single-crystal X-ray diffrac- 
tion"'. Consideration of the W-Se and Se-Sn distances and the Sn-Se-W angles 
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TABLE 15. Selenocarbonyl complexes 
~ 

Complex/properties' Complex/properties" 

RuX,(CO)(CSe)(PPh,), (X = CI (Figure 2), 
Br),'4 
Colourless air-stable solids 

RuI(OH)(CO)(CSe)(PPh,),Z l 4  

RuCI, (CSe)@-MeC6H4CN)(PPh,),21 

[RuCl(CO)(CSe)(p- 

vC,se = 1125; vC-0 =2030 

vc-s. = 1 137; vc-0 = 2070 

vC-N=2175; YC-S~= 1134 

MeC6H4CN)(PPh,),]C1042 I 

vCEN=220I; ~ c , ~ = 2 0 7 0 ;  v~-~~= 1135 
OsC1,(CSe)(CO)(PPh3), (35)" 

colourless air-stable solid 
vC=Se = 1 1 5 6 ~ ~ ;  vc,o=2036, 2018 

IrC1(CSe)(PPh,),21 
orange needles 
m.p. 247-249 "C 
vc=se = I 198 

vc,Se = 1200; vlr-H = 2240 
IrHC1,(CSe)(PPh,)ZZ ' 
IrCI,(PPh,),(CSe)Z' 

v,,, = i Z O l  
[Ir(NCMe)(PPh,),(CSe)]C104z17 

[Ir(CSe)(CO),(PPh,)z]C104z' 

IrCI(PPh,),(CSe)(02)2 I ' 
Fe(TPP)(CSe)(EtOH)" * 

vc,sS = I 184; vC-N = 2320 

vC,Se = 1 145; ~c-0 = 2060, 2000 

vC,sc = I 165; 1'0-0 = 848 

purple crystals 

S('H, CDCI,, TMS): 8.88 (s, 8H), 8.15 
vC,Se = 1 140s 

(m, 8H), 7.75 (m, 12H) 
TPP=5,  10, 15,20- 

tetraphenylporphinato 
EtOH: 1.25 (t, J = 6.5, 3H), 

3.78 (q, J = 6.5, 2H) 
6(13C, CDCI,, TMS) 

TPP: 145.8, 141.6, 133.6, 132.5, 127.8, 
126.9, 122.1 

EtOH:58.4, 18.2 
CSe: 320.1 

CpMn(CO),(CSe)" 2 . 2 1 9 . 2 2 0  

yellow air-stable crystals (moderately light- 
sensitive) 
m.p. 67-68 "C 
vc-o (hexane) = 201 5s, 1965s 
vc,sc = I I 13vs 
G(Mn-C-Se)= 515s, 508s; 
V M ~ - C ( S ~ )  = 363x11 (R) 
6(13C, CS,, TMS) = 85.8 (s, Cp), 205.5 

mass spectrum: [MI", [M - 2CO]+, 
(s, (CO),), 358.0 (s, CSe) 

[M - 2CO - CSe]+212.219- 221  

Cp"Mn(CO),(CSe)220 
golden oil (b.p. 30-60 'C/O.OOI Torr) 
vcG0 = 2003, 1953; vc,sc = I106 
mass spectrum: [MI +., [M - 2CO] +', 
[MnCSe]' 220*221 

CpRe(CO),(CSe)220 
pale yellow air-stable crystals 
m.p. 97-100°C 
vc,o=2005, 1946; v y = S e =  1124 
mass spectrum: [M]'T[M--ZCO]+-, 

rReCSel+ 2 2 0 . 2 2 1  

(rr-C,H,CO;Me)Cr(CO),(CSe)Z I 9 * z 2 0  

orange-red air-stable solid 
m.p. 185 "C dec. 
~ c - o =  1986, 1946; vC,se = 1063 

(n-C6H6)Cr(CO),(CSe)21 3220 

air-stable orange-yellow crystal (moderately 

m.p. 99°C 
light-sensi tive) 

vc=o(CS2) = I976~, 1932s; vC=SE = I061 
6("C, CH,CI,, TMS) = 100.9 (s, C6H,), 
229.0 (s, (CO),), 363.7 (s, CSe) 

volatile, deep yellow air-stable crystals 
sublimes before melting 
moderately light-sensitive 
vC,,(hexane) = 2093m,2031m, 2000 

6(13C, CH,CI,, TMS) = 208.1 (s, trans-CO), 

6(' 70, CH,CI,, 70H,) = 373.4 (s, cis-CO), 

mass spectrum: [MI", [M - nCO]+ 

Cr(CO),(CSe)2 I 3222 

VS; vC-, = 1077s 

21 1.7 (s, cis-CO), 360.7 (s, CSe) 

385.3 (s, trans-CO) 

(n = 2-5), Cr+ 
Me,N[L(OC), Mo(CSe)] 2 2 3  

L =37 
moderately air-stable solid 
~c-0 = 1913, 1 8 2 4 ~ ~ ;  vC,Se = 1005s 

C ~ C O ( C S ~ ) P M ~ , " ~  
vc =Se = I I28 
6( I H, C,D6) = 4.70 (d, Cp) ( J ~ H  = I .O); I .  I4 

(d, Me) ( J p H  = 9.9) 
m.p. 58°C dec. 

CpCo(CSe)PPh, 224  

vc=sc = I130 
6('H, C&,)=4.58 (d, Cp) ( J p ~ = 0 . 8 ) ;  7.24 
(m, 3H(Ph)); 7.84 (m, 2H(Ph)) 

"Data are in the units given in Table 3 
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indicates that the W-Se bonds are single bonds 
contribution. 

The ligands, Se(EMe,), (E=Ge, Sn, Pb), used to 
prepared according to equations (39) and (40) 

without a significant n-bond 

prepare these complexes were 

Mc3ECl 
(Me’ESe), + 3 LiMe+ 3 Me,ESeLi - (Me,E),Se (Ref. 199) (39) 

E =Ge, Sn 

(Ref. 197) (40) 

More recently, several derivatives of this type were prepared by simplified routes’” 

C6H6 
2 Me,PbCl + Na,Se - (Me,Pb),Se 

(Equations 41 and 42). 
NaBH4/H20/E10H Ph3SnC1 

P Na’EH- - E(SnPh,), 
E = Se, Te C6H6 

E 

LiBEtsH 2 MesSnCl 
E - Li,E - E(SnMe,), (42) 

THF 

The derivatives E(SiR,), (E = Se, Te; R = H’’’, Me6’, Et”’) and EtESiMe,’’’ have 
also been prepared, but their ligand properties have not been evaluated. 

7. Selenocarbonyl complexes (M-CSe) 

Although a vast literature of transition-metal carbonyl complexes’ exists, considerably 
less ligand chemistry of thiocarbony1203-’ ’ and selenocarbony1’03~’04 has been de- 
scribed. Although the diatomic.molecules CO and CS can be readily synthesized, free CSe 
has never been isolated. It can, however, be stabilized when coordinated in transition- 
metal complexesz1 ’.” (Table 15). The instability of free CSe requires that indirect routes 

2.44 (2) 

FIGURE 2. Molecular structure of 
duced with permission from Ref. 214. 

RuCI,(CO)(PPh,),(CSe). Repro- 
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be used to prepare selenocarbonyl complexes, two such preparative methods having been 
used: ( I )  extrusion of Se from coordinated CSe, ($-CSe,, see Section 
II.C.l.a)z12~2’4~219.220.224 and (2) substitution reactions of M=CCIzZ16*219 or ME 
CCI2’-’ complexes. 

The first selenocarbonyl complexes were prepared by conversion of a CSe, complex by 
alkylation followed by acidification (equation 43). The crystal structure of the chloro 
complex (Figure 2) has verified a carbon bonding mode of the potentially ambidentate 
selenocarbonyl ligand. The rather long Ru-CI distance trans to the CSe ligand (e.g. 
compared to typical values of 2.29-2.39A) indicates a strong trans influence of this ligand. 
The conversion of RuI,(CO)(CSe)(PPh,), to RuI(OH)(CO)(CSe)(PPh,), on attempted 
chromatography on alumina is a chemical manifestation of this structural feature2I4. 

a e 2  Me1 
R u ( C O ) ~ ( P P ~ , ) ~  Ru(CO)z(PPh,)z(CSez) -co. (Ref. 214) (43) 

Ru(CO)(PPh,),(CSe,Me)I - RuX,(CO)(PPh,),(CSe) 
HX 

(-McSeH) 

X = CI, Br 

A four-step conversion of a coordinated thiocarbonyl ligand to a selenocarbonyl ligand 
has been describedz1’ (equation 44). 

1. AgC10, 

2. co 
L~CI~RU(CS) - [L,(OC)CIR~(CS)]+ CIO,- 

L 

HCI 

- MeSH 
- co 

I -  - L3RuCI2(CSe) 

(34) 

L3 = (PPh3)2(p-MeC6H4CN) 

The linkage-isomeric intermediates 33a and 33b were separated by chromatography on 
silica gel prior to the S-methylation and final conversion to the selenocarbonyl complex by 
treatment with aqueous HCI in refluxing toluene/ethanol solution. 
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The analogous reaction with L,Cl,Os(CS) gave a very slow reaction in the final 
acidification step with formation of only traces of the selenocarbonyl complex, as 
evidenced by infrared spectroscopy. 

The selenocarbonyl complex (34) was converted to the cationic complex 
[RuL,CI(CO)(CSe)] +C104- by treatment with AgC104 followed by CO. 

Synthesis of a selenocarbonyl complex via a dichlorocarbene precursor is illustrated by 
equation (45). The proposed stereochemistry of this complex, confirmed for the CS 
analogue by single-crystal X-ray diffraction225 is shown in formula 35. 

(45) 
sen - 

C12(Ph3P)2(OC)OsCC12--+ Cl,(Ph,P),(OC)Os(CSe) (Ref. 216) 

PPh3 

CI \pse 
ci’ I \co 

PPh3 

( 35) 

The Ru analogue, C12(Ph3P)2(0C)RuCC1,, was reported to react with SeH, to give the 
corresponding CI,(Ph,P),(OC)Ru(CSe), although characterization of this product was 
not reported226. 

A five-step conversion of Vaska’s complex, IrC1(CO)(PPh3)2227, to its CSe analogue has 
been de~cr ibed”~ (equation 46). This complex undergoes oxidative addition and 
chloride substitution reactions typical of the parent Vaska’s compound227 (equation 47). 

BH,- - /H 

\C=Se 

SeMe 

CI(Ph3P),(OC) Ir 

I 

HCI ( 8 )  /C,H. 

-CO, - MeSeH I 
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PPh3 
I 
I 

MeCN-Ir-CSe 

PPh3 

+ 

CIO,- (Ref. 2 17) 

(4 7) 

The vCESe bands in these adducts (Table 15) do not reflect the metal electron density as 
for the carbonyl analogues'*227 e.g. in the O2 adduct I'~-~~ is lowered by 33cm-' vs. the 
parent selenocarbonyl complex rather than increased to reflect decreased metal-to-CSe 
ligand back-donation upon effective metal oxidation. This observation has been 
attributed to extensive mixing of the ~ j ~ - ~ ~  modes with lower energy modes (e.g. 

Reaction of the parent selenocarbonyl complex with NaBH, in the presence of excess 
PPh, gives complete reduction of the CSe ligand rather than the simple hydride formed 
from the CO and CS analogues (equation 48). Stable complexes containing the proposed 
selenoformaldehyde reduction intermediate have been isolated recently (see 
Section 1I.C.l.c). 

2 1 7  
Vlr--(CSe)) ' 

The complex Fe(TPP)(CSe) (TPP = 5,10,15,2O-tetraphenylporphinato) has been pre- 
pared from a selenocarbene precursor'" (equation 49). Addition of a catalytic amount of 
FeCI, in acetonitrile to a solution of the carbene complex 36 gave ca. 50xyield of the 
Fe(TPPXCSe) product, on the basis of 'H-NMR spectroscopy. The reaction used to 
isolate this complex, however, was the Fe-powder reduction of PhCH2SeCC1, in the 
presence of Fe(TPP). This reaction produced a product containing ca. equimolar amounts 
of the carbene complex 36 and the selenocarbonyl complex, which was purified by silica 
gel thin-layer chromatography and recrystallization from CH,CI,/EtOH to give the 
octahedral ethanol complex, [Fe(TPP)(CSe)(EtOH)], in 40% yield (Table 15). 

(49) 
w e  

FeTPP + PhCH+eCI, FecTPP) (C(CI)SeCt+Ph) 
Na2S204 

]::;/pTc \ CH,C12 / (=)FheCN -PhCH,CI 
MeOH 

PhCH2SeCN [Fe(TPP)(CSe)] 

Electronic spectroscopy showed that the ethanol complex was in equilibrium with the 
pentacoordinate [Fe(TPP)(CSe)] complex and that more basic ligands ( N -  
methylimidazole, pyridine) gave hexacoordinate adducts with enhanced stabilityzL8. The 
Fe-CSe bond in these complexes is considcrably stronger than in the corresponding 
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Fe-CO species, as evidenced by the integrity of the former complex in high 
dilution (2 x I O - * M )  as well as by the fact that the above purification can be 
done under atmospheric conditions'". An EXAFS study of this complex showed linear 
Fe-C-Se bonding with Se-C = 1.64 8, and Fe-Se = 3.37 8,22a. 

Butler and coworkers2'2*213*220 have used the reaction of CSe, with labile transition- 
metal complexes (equation 50), in some cases with the addition of PPh, as a Se extrusion 
reagent (equation 5 I ) ,  to synthesize selenocarbonyl complexes. 

43% (Refs. 213, 220) (50) 

($- C, H6 Cr (CO), 

(R-Cp)M(CO), hu b (R- Cp)M (CO)&THF) PPh, W (R-CpIM (CO),(CSe) 
THF CSe2 

(-SePPh,) (Refs. 212, 220) (51) 
R = H,Me;  M = Mn,Re 

These complexes are air-stable in the solid state, although they darken slowly on 
exposure to light (rapidly in solution). Their mass spectra"' are characterized by their 
tendency to lose CO and organic radicals before the CSe ligand, indicating that the latter is 
bonded rather strongly to the metal. These complexes have been characterized by infrared 
and NMR spectroscopy (Table 15). 

In a recently reported application of this PPh,-induced Se extrusion. reaction a 
selenocarbonyl complex incorporating PPh, as a ligand was obtained along with the 
expected product (e.g. CpCo($-CSe,)(PMe,) gave a mixture of CpCo(CSe)(PMe,) and 
CpCo(CSe)(PPh,), which was separated by column chr~matography)~'~. 

A unique example of a selenocarbonyl complex containing CO as the only other 
ligand has been prepared (equation 52). 

(r16-C6H6)Cr(C0)2(CSe) -k 3 CO a Cr(CO),(CSe) -k C6H6 (Refs. 21 3, 222) (52) 
2 0  a m .  CO 

A detailed study of the vibrational spectra of the complexes M(CO),CE (M = Cr, Mo, 
W; E = S, Se) has also appeared"'. 

Nucleophilic displacement by Se2 - at the carbon atom of a terminal methylidyne 
ligand has recentlyzz3 provided a new route (equation 53) to a selenocarbonyl complex 
(the CS and CTe derivatives were also prepared by this route). This selenocarbonyl 
complex was isolated in - 60% yield as its Me4N+ salt (Table 15). 

Liz& + L(OC)2MoGCCI -+ L,(OC)zMo=L-Se-++~OC)2Mo--C~Se 
OH (Ref. 223) (53) 

L =  (37) 

(hydrotris(3,5-dimethylpyrazol- 1 -yl)borato) 
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Although at present only terminally bonded M-CSe complexes are known, the recent 
development of synthetic methodology for selenocarbonyl complexes should allow 
further investigations of this ligand chemistry. The carbonyl ligand can coordinate to 
transition metals in a variety of bonding modes and three bonding modes have been 
found for the thiocarbonyl ligand (A and B have been characterized by X-ray 
diffra~tion)'~ : 

M-CS M-M M-C=S--M 

(A )  ( 8 )  (C 1 

8. Diorganoselenoxides (R,SeO) 

and the ambidentate character of such ligands has been well established (including the 
crystal structure determination of both 0-bonded (e.g. [Rh,(02CCF3)4(0-Me2SO)z]z3', 
[Th(N03)4(0-Me,SO)3]232) and S-bonded (e.g. [Rh2(02CEt)4(S-MezSO)z]23L, 
[Ru(NH3)5(S-Me2SO)](PF6)zz33) complexes, as well as complexes containing both 0- 
and S-bonded Me,SO (e.g. ~ ~ ~ - [ R u C ~ , ( S - M ~ , S O ) ~ ( ~ - M ~ , S ~ ) ~ Z ~ ~ ) .  In contrast, only a 
few papers236-241 have described coordination complexes with diorganoselenoxides, and 
whenever spectroscopic data were presented, M-0  bonding was proposed. The sole 
exception to this is the first report236 of metal complexes with diorganoselenoxides, e.g. 
HgX,.(p-ROC,H,),SeO (R = Me, Et) and HgX, (dibenzoselenophene oxide) (X = C1, 
Br), where Hg-Se bonding was proposed. These complexes precipitated on cooling hot 
solutions of ca. equimolar amounts of the reagents in 95% ethanol. Attempts to isolate 
complexes with CuCI,, CdCI,, FeCl,, NiCI,, CrCI3 and ZnCI, using water or 95Xethanol 
gave only the starting materials236. Since the ligand field strength of 0-bonded 
s e l e n ~ x i d e s ~ ~ ~  is less than that of the aquo ligand, this result could be expected. 

In a subsequent study using rigorously anhydrous halides of Mn(u), Co(u), Ni(u), CU(II), 
Sn(N) and Zr(Iv), diphenyl selenoxide (DPSeO) complexes were isolated237. In this work 
the hydrated halides were thermally dehydrated, although chemical dehydrating agents 
(e.g. 2,2-dimethoxypropane, ethyl orthoformate) are widely used to form anhydrous metal 
salts in situ in reactions with weak l i g a n d ~ ~ ~ . ~ ~ ~ .  The more basic dimethyl selenoxide 
(DMSeO) ligand forms complexes with a variety of transition metals, with either the 
hydrated chloridez3* or perchlorate saltz3'. In the former case the isolated complexes 
contain dimethyl selenoxide ligands with the chloride still coordinated 
(HgCI,.(DMSeO); MCI,(DMSeO),, M = Cd, Cu, Co; PdCI,(DMSeO), ; 
FeC13(DMSe0),)238. In the latter case, however, the weakly coordinating perchlorate 
anion, as well as the water, is eliminated from the coordination sphere, the complexes 
formed having the stoichiometry [M(Me2Se0),]m+(C104-)m (M = Mn, Co, Ni, Zn, Cd, 
Mg; n =6,  m = 2. M = Cr, Fe; n = 5, m = 3. M = Ag; n = 2, m = 1. M =Cu;  n = m  = 2). 

In all of these cases, the lowering of the Se-0 stretching frequency (10-11Ocm-'; 
Table 16) is the basis of the assignment of M-0 bonding with these potentially 
ambidentate ligands, no definitive single-crystal X-ray diffraction study having been 
reported. The decrease in the vsc-o vibration vs. the free ligand is a measure of the M-0 
bond strength, and this value increases, as expected, as the charge on the metal ion 
increases (e.g. Pd(rv), Sn(w) and Zr(Iv) show the largest decreases). In analogous dimethyl 
sulphoxide complexes, the vs=o decreases on 0 coordination but increases on S 
c o ~ r d i n a t i o n ~ ~ ~ - ~  3 5 .  

The coordination chemistry of sulphoxides has received considerable 
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TABLE 16. 

Complexb V k - 0  vc-sc VhI -0 Ref. 

Inhared dara (cm- ’) for some metal diorganoselenoxide complexes“ 

DMSeO 
HgCI,(DMSeO) 
CdCI,(DMSeO), 

PdCI,(DMSeO), 

CuCI,(DMSeO), 

CoCI,(DMSeO), 

FeCI,(DMSeO), 
[crCr(DMseo)61(C104)3 
CFe(DMSeO)61(C104)3 

CMn(DMSe0)61(C104)2 

CCo(DMSeO)~l(C10& 

CNi(DMSe0)61(C104), 
CCu@MSe0)41(C104)2 

[Ag(DMSeO),]CIO, 

[SnCI,(DMSeO),] 

[Me,SnCI,(DMSeO),] 

[Et,SnCI2(DMSeO),] 

DPSeO 
MnCI,(DPSeO), 
CoCI,(DPSeO), 
NiCI,(DPSeO), 
~i(DPSeO),]Cl, 
CuCI,(DPSeO), 
HgCI,(DPSeO) 
zrc14(DPSeo)z 
SnCI,(DPSe0)2 

800vs 
770vs 
775vs. 
735vs 
698vs, 
690vs 
760vs, 
720vs 
760vs, 
705s 
760vs 
765vs 
772vs 

787vs 

787vs, 
775vs 
790vs 
770vs 

779vs 

756vs, 
740s 
737vs 

744vs 

831 
798,809 
767,782 
795,800 
797,801 
790 
800 
710 
789 

585vw 
580vw 
585w 

610w 

595w, 
580w 
590w 

580w 

602m, 
590m 
593111, 
580m 
595111, 
5811-11 
595s 
610111, 
493m 
593m, 
585111 
598w, 
583w 
594m, 
583111 
595m, 
584m 

520w, br 

515m, 
475m 
410s 

440s 
440s 
444s 

400m 

400s 

400s 
498m, 
484m 
405m 

466s, 
445s 
387s 

407s, 
200sh 

238 
238 
238 

238 

238 

238 

238 
239 
239 

239 

239 

239 
239 

239 

24 1 

24 I 

24 1 

237 
237 
237 
237 
237 
237 
237 
237 
237 

“Ionic CI0,- is confirmed in all cases by strong bands a1 - I100 and 625cm-’ ”. 
bDMSeO = Me,SeO; DPSeO = Ph,SeO. 

9. Selenium- functionalized carbene complexes (M=C(SeR)(R‘)) 

Since Fischer’s original discovery of transition-metal carbene complexes244 (equation 
54), this area has been one of the most actively investigated in organometallic 
chemistry245, the main impetus being its mechanistic implications in Fischer-Tropsch 
and olefin metathesis processes. 
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Included in Fischer's extensive investigations of metal carbene chemistry, and more 
recently metal carbyne chemistry, have been several de aling with Se- 
functionalized derivatives of these two classes of organometallics. The first attempt to 
prepare selenocarbene complexes by the route successful for thiocarbenes gave products 
containing M-Se bonds, presumably by nucleophilic replacement of the carbene carbon 
atom and proton migration (equation 55). 

/Me HSePh / Ph 
(OC),M= C - (OC)5M-Se 

hexone 
'OMe 

( 5 5 )  

. Me"H 
M = Cr, Mo, W 

The three complexes, which had similar properties, were characterized by infrared and 
'H-NMR spectroscopy (Table 17). The Se ligand was readily displaced by pyridine, with 
the formation of M(CO),pyr. 

Successful synthesis of the first selenocarbene complexes involved selenolysis with 
anhydrous, highly purified methylselenol a t  low temperature in the dark247 (equation 56). 
The triselenoboric acid ester was added to  the reaction to scavenge the water and 

/Me + MeOH (56) + HSeMe - (OC)5M=C 
\SeMe 

- 10 oc C0CI5M=C /Me 
B(SsMd3 

\OMe 

M = Cr,W 

TABLE 17. Selenium-functionalized carbene complexes 

Complex Complex 

(OC),CrSe(Ph)(CH(Me)(OMe))246 (OC), WC(SeMe)(PMe,)(Me)24 
brown-yellow solid yellow crystals 
m.p. 74°C 

vCEo4 = 2070, 1990, 1948, 1934 
d(lHY: Me, 1.6d; OMe, 3.55s; CH, 5.20q; (OC),CrC(SePh)(NEt,)248 

6(IH)d: CMe, 2.37d; SeMe, 1.87s; PMe,, 

vceoJ:  2055w, 196Ow, 1903~s. 1878s, sh 
1.82d 

Ph, 7.63111 pale yellow crystals 
(OC), WC(SeMe)(Me)247 m.p. 74°C dec. 

black crystals 
m.p. 35 "C 

= 2057, 1977, 1942, 1933 
vCLN = 1518 

v,,,," = 2069111, 1956~s  
6('HY: SeMe, 1.66s; Me, 2.80s 
6(13C)d,e:W=C, 355.5; trans-CO, 205.0; cis- 

6('H)h: NEt,, 1.00t, 1.44t, 3.73q, 4.35q 
Ph, 7.60111 

(OC),CrSePhEtZs0 
yellow needles 

~, ,~"=2075w, 1951vs, 1944s sh, 1938m 
6('H)': Ph, 7.7m; Et, 3.3q, 1.351 

CO, 197.86; SeMe, 21.79; CMe,  
54.27 m.p. 17 "C 

"In hexane, measured in cm ~ ' 
In CDCI,, internal TMS. 

'In toluene-d,. 
I n  acetone-d,. 

'The corresponding values for the C(Me) (OMe) complex are: 332.9, 203.62, 197.60, 69.69 and 51.51. 
'In CH,CI,; c m - ' .  
'In methylcyclohexane; c m - ' .  
hIn CCI,, internal TMS. 
'd values relative to acetone-d, = 2.1 ppm. 
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methanol released in the reaction. The air, light and thermal sensitivity of these complexes 
required careful purification by low-temperature chromatography (SiO,/hexane/ 
- 10 "C) followed by sublimation at 0 "C. The two complexes had similar chemical and 
spectroscopic properties (Table 17). 

Hindered rotation about the carbene C-Se bond and inversion at the Se atom were 
indicated by the reversible broadening of the C-Me and Se-Me NMR singlets as the 
temperature was decreased. The acidic character of the C-Me protons was reflected in 
the 13C chemical shift of the Me group as well as its uncatalysed deuteriation above 40 "C 
by acetone-d, (the OMe derivative requires OMe- catalysis for this reaction). The strong 
trans influence of the carbene ligand was reflected in the 3C chemical shift of the CO trans 
to this ligand (e.g. more deshielded than the cis-CO ligands). The low-field shift of the 
carbene C resonance vs. the OMe analogue (Table 17) indicated enhanced Lewis acidity, 
and this was reflected in the facile formation of an ylid complex with PMe3247 (equation 
57). 

(57) 
,SeMe Et,0/-50 % /SeMe 

(OC,,W=C + PMe3 - (OC),W--C-PMe3 

Me 
'Me \ 

The synthetically useful transformation carbyne -+ carbene +carbyne complex in 
equation (58) has been applied to organoselenium-functionalized  derivative^'^^, and the 
kinetics of the rearrangement to the final product have been studied in 

X = CI , Br, I , SnPh, , Se(C6H4R-p 

R = H ,  F, Br, Me,OMe, CF3 

The selenocarbene intermediates in this series were isolated by carrying out the initial 
conversion step and chromatographic purification of the products at low temperature (ca. 
- 25 0C)248. These carbenes, which upon warming readily eliminate CO with migration of 
the SeR- group from the carbene carbon to the Cr, were characterized spectroscopically 
(Table 17). An unusual feature of their infrared spectra was the high intensity of the 
formally infrared-forbidden B, bands ( -  1977cm-I) in the CO stretching region. This 
suggested that the ideal CqV symmetry of the M(CO),L-type complexes was lowered by 
some distortion. Such a distortion was confirmed for (OC),CrC(SePh)(NEt,) by single- 
crystal X-ray d i f f ra~t ion '~~.  The four equatorial carbonyl ligands are bent back away from 



I .  h S e - L i +  

2. [WI LBF4I 

THF-Et,O/- 30 OC 

CH,CI, /-30 OC 

Br(OC)&rCPh 

I .  p-MeC*H,S-Li' 

2. [E'3OI [BF4I 

THF-EtzO/-30 OC 

CH,CI, /- 30 O C  

10. Miscellaneous ligands 

reported (Table 18). 
A few other metal complexes containing monodentate neutral Se ligands have been 

(OC)5CrSe + (oc),Cr + ( O C ) , C r . ~ ~ ~ ~ ~ , ~ ~ C r ( C O ) ~  

\Se \ s i  
I 
Ph 

I 
'Et 

2 8 % Ph 

small amounts 

+ Ph2Se2 (59) 

,C6 H4 Me -P 

+ (OC)5CrS 
/Sc6H4Me-p 

(OC)5Cr=C 
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TABLE 18. 

Complex of Reported data Reference 

Selenosemicarbazones 

Complexes with miscellaneous monodentate neutral ligands 

Se [Co(dmg),(Ph-ssc)CI] . H 2 0  25 I 
II 

"I\ 
NC 

M -Se(CN), 

II 

H,NCNHN=C(H)R pale-brown microcrystals, 
R-SC sparingly water-soluble 

[Co(dmg),((C,H,OH-0)-ssc),]CI 
pale brown solid, 
sparingly soluble in water 
h ~ ( I o - ~ h (  aq. Sol.)= 65.3 

TiCI,{Se(CN),} 
yellow-orange hygroscopic solid 
m.p. 105 "C dec. 
vCENa.' = 2 2 7 0 ~ ,  2245s 

(R: 21981x1, 2145w) 

(R: 657w, 309m, br) 

(R: 392vs) 

~ c - 5 ~ '  = 6 4 8 ~ ~ ,  638~,  sh, 31 8sh 

vTi-cI = 3 8 5 ~ ~ ,  370sh 

6s,-c=N = 345 
vTi-N = 2 9 8 ~ ,  2 6 8 ~  

(R: 272w, br) 
ZrCI,{Se(CN),} 

bright yellow hygroscopic solid 
m.p. 125 "C dec. 
vC-N = 2198111, 2 1 4 5 ~  
~ c - 5 ~  = 6 1 8 ~ ,  570s 
vZr-cI = 345vs, 315sh 
vZr-N = 290sh, 270sh 

trans-VCI,{ Se(CN),}, 
yellow hygroscopic solid 
m.p. 196 "C dec. 
vC-NY.b = 2210s, 2160m 
IIC-SCC = 585~,  5 1 h  

6v-secN = 2 8 0 ~ ~  
vv-5c = 302sh 

MoCI, {Se(CN),} 
dark brown hygroscopic solid 
m.p. 130 "C dec. 
\i--N"*b = 2260s, 21 85m 
~1c-S~ = 5 8 0 ~ ,  510111 
vMo-CI = 380sh, ~ ~ O V S ,  ~ O O W ,  sh 
vn,-Se = ~ ~ O V W ,  sh 

(OC),Cr-Se=C(SeEt), 
red-purple plates 
m.p. 51 "C 

(OC),Cr{SePh(SPh) } 
molecular structure 

Cr-Se: 2.531(4)A 
Se-S: 2.226(6)A 

Se=C(SeEt), 

Se(Ph)(SPh) 

Selenoketones 
Se=CAr, (OC),Cr-Se=CPh, 

m.p. 58-59°C 

6(13C)e: C=Se, 243.1 ; 
v,-_od = 2060, 1991, 1956, I943 

CO(trans), 223.0; CO(cis), 2 14.6 

251 

252 

252 

253 

253 

2 54 

255 

256 
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TABLE 18. (Continued) 

Complex of Reported data Reference 

RSeCH,SR 

q -P,Se, 

q3-P,Se, 

q’-P,Se 

(OC), W -Se=CPh, 
black crystals 
m.p. 45-46 “C 

6(I3Cy: C=Se, 240.0: 
vcGod=2069, 1987, 1953, 1937 

CO(trans), 200.6; CO(cis), 196.9 
(OC),W-Se=C(Ph)C6H,CF,-p 

m.p. 70-71 “C 

6(”C),: C=Se, 236.7; 
vcEod=2070, 1991, 1959, 1944 

CO(trans), 200.4; CO(cis), 196.4 
Me,Pt(p-C1),(pMeSeCH,SMe)PtMe)PtMe3 

white air-stable crystals 
m.p. 210-212°C 
variable-temperature NMR study 

air-stable solid 
insoluble in common organic solvents 
crystal structure 

[triphos Rh(P,Se,)] 
orange air-stable crystals 

orange, moderately air-stable crystals 
AM(lo-3M, EtNO,) = 84 
c~ (~’P) /  = 32.70(3)br; - 145.50(2)q; 

crystal structure 

(np3)Ni(P4Se3)’2 C6H6 

[Co(triphos)(P,Se)]BF, ‘C6H6 

,JPp = 12 

256 

256 

257 

258 

259 
260 

26 I 

“The infrared spectra were recorded as Nujol mulls. 
bThe corresponding bands in free Se(CN), = 2183,2175. 
‘The corresponding bands in free Se(CN), = 608, 516. 

‘In acetone-d, at -20°C; d values relative to acetone-d,, 6 =205.1 ppm. 
’In CD,CI,; chemical shifts relative to 85% H,P04.  The spectra are the same at 301 and 203 K. 

hexane. 

Selenosemicarbazone complexes of Co(n1) have been prepared according to equation 
(60)25’. 

trans-[CoX(dmg),(H,O)] + n-PhCH=NNHC(Se)NH, + Co(dmg),(Ph-ssc),X 
(60) Ph-ssc 

X=Cl ,Br ;  n = l , 2  
The Co(m) in these complexes is octahedrally coordinated so that for n = 1, the product 

is a neutral complex, but for n = 2, ionic complexes (e.g. [C~(drng)~(Ph-ssc),]X) are 
obtained. These complexes were prepared by this substitution reaction to avoid the acidic 
reaction conditions usually used to prepare dmg complexes of this general type [i.e. aerial 
oxidation of hot aqueous solutions of the corresponding Co(n) salt, dmg-H and the other 
ligand to be incorporated into the coordination sphere (e.g. Co(dmg),L,X, L = 
thiosernicarbazonesz6’, t h i~urea ’~~) ] .  Analogous complexes with the selenosemicar- 
bazones of acetone, cyclohexanone, vanillin and salicylaldehyde were also prepared’”. 

A remarkable feature of these complexes is the significantly enhanced acid stability of 
the selenosemicarbazones upon coordination. The complex [Co(dmg),(Ph-ssc),] +, for 
example, was reported to be stable in boiling 1 : 1 aqueous HCI, whereas free selenosemi- 
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carbazones readily deposit elemental Se in even weakly acid  solution^^^'. This property 
was cited as evidence for Se bonding of the ambidentate selenosemicarbazone ligands in 
these complexes. No spectroscopic characterization of the complexes was reported. 

an (N,N) bidentate ligand (MCI,{ (NC),Se}; M =Ti, Zr)", or a monodentate Se donor 
(e.g. trans-VCI,{Se(CN),},, MoCI ,{S~(CN),})~~~ has been proposed on the basis of 
infrared and Raman spectroscopy (Table 18). The spectra of MC1,{ (NC),Se)(M = Ti, Zr) 
indicate Czv symmetry with bidentate (N,N) coordination of Se(CN),25 . For the Ti 
complex, both infrared and Raman spectra were recorded, but the facile decomposition of 
the Zr complex in the laser beam precluded the measurement of its Raman spectrum. In 
both cases, the increases in the vCzN and vc--sc bands vs. the free ligand, the expected 
number of vM-cI bands and the assignments of vM-N bands all support the 
[MCl,(N,N)] CZv structure. Similar reactions with S(CN), gave the octahedral complexes 
MCl,{S(CN),}, containing two S-bonded ligands in trans positions252. The larger CEC 
(E = Se, S) angle in Se(CN), (99") vs. S(CN), (95.6') and the larger size of Se vs. S both 
provide less steric strain for (N,N) bidentate coordination in the former case. 

Reactions of MoCI, and VCl, with Se(CN),, however, gave octahedral complexes with 
monodentate Se bonding of this ligand (MoCl,{Se(CN),}, VCl,{Se(CN),},)Z53. The 
infrared spectra of these complexes show increases in the v,--~ bands but decreases in the 
vC--Se bands vs. the free ligand (Table 18). The trans (D,,,) symmetry indicated by infrared 
data for VCI,{Se(CN),}, is supported by the ESR spectrum (V(rv), d') in acetone at 

Reactions of Se(CN), with some main-group organometallics gave cyano rather than 

Coordination of Se(CN),, prepared by disproportionation of s e l e n o c y a n ~ g e n ~ ~ ~ - ~ ~ ~  , as 

- 160°C. 

selenocyanato complexes (equations 61 and 62). 

HgPh, + Se(CN), -P PhHgCN + PhSeCN (Ref. 264) (61) 
PbPh, + Se(CN), -+ Ph,PbCN + PhSeCN (Ref. 265) (62) 

The first examples of diselenothiocarbonate and triselenocarbonate ligands were 
prepared according to equation (63)254. Other products were obtained in lower yields, and 
the mechanism of this complex reaction is not understood. 

LiN(Pr-i), I 

(OC)5Cr{Se=C(SeEt)2} + (OC)5Cr{S=C(SeEt)2] 

5 v.. 2 % 
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Coordination of the ambidentate ligand PhSSePh by its Se atom in (OC),Cr(PhSeSPh) 
was established by single-crystal X-ray diffraction255. This complex was formed in very 
low yield by the reaction of the carbyne complex Br(OC),CrCPh with PhSe-Li+ 
(equation 59) due to the presence (< 1%) of PhSH as an impurity in the PhSeH used to 
form the lithium reagent. Diffraction-quality crystals of this complex were manually 
separated from (OC),Cr(Se,Ph,), with which they crystallized. 

Diarylselenoketone complexes of Cr and W carbonyls have been prepared in good 
yields from the corresponding carbene complexes by use of phenyl isoselenocyanate or 
potassium selenocyanate as Se insertion reagents2,, (equation 64). 

El20 

-30 C 
(OC),M=C(Ph)(C,H,X-p) + PhNCSe- (OC),M-Se=C(Ph)(C,H,X-p) 

M =Cr;  R = H 
M = W; R = H, Br, CF,, Me, OMe, NMe, (64) 

The dimeric complexes incorporating bridging halo and the hybrid (Se, S) ligand, 
Me,Pt(p-X),(p-MeSeCH,SMe)PtMe, (X = CI, Br, I), have been prepared2" by reaction 
of the (Se, S) ligand with [Me,PtX],, as previously described for analogous complexes 
with bridging RSeSeR ligands (equation 31). Variable-temperature 'H-NMR studies have 
demonstrated configurational non-rigidity in these complexes (i.e. ligand ring inversion, 
pyramidal inversion of both S and Se atoms, ligand switching between Pt atom pairs and 
scrambling of the Pt methyl  environment^^^'). The energy barriers for these non- 
dissociative dynamic processes have been determined. 

The P4E, (E = S, Se) cage molecule (Figure 3a) has an unusual coordination chemistry, 
coordinating as an intact molecule (monodentate coordination through the apical P 
atom258*259 ; Figure 3b), or undergoing fragmentation to give complexes containing q3-  
P3',', q3-P,E261~268 (Figure 3c) or q3-P,E3260 (Figure 3dj ligands. 

The type of ligand that is incorporated in a metal complex upon reaction with P,E, 
depends on the particular transition metal, its oxidation state and the other types of 
ligands in the coordination sphere. Work to date with the P4Se3 system has involved 
complexes with the tridentate ligands triphos (MeC(CH,PPh,),) and np, (equations 
65-67). 

CeH,/THF 

35-40 OC 
M(np3) + P,Se,- M(np3)(q1(P)-P4Se3) (Ref. 258) (65) 

M = Ni, Pd 

[RhCl(COD)], + triphos + P4Se, - [Rh(triphos)(q3(P,P,Se)-P,Se3)] 'C& 
C6H6/THF 

EIuOH/A 

(Ref. 260) (66) 
CBH,/ElOH 

A 
Co(BF4),,6 H,O + triphos + P,Se3 ~ [ C O ( t r i p h O s ) ( q 3 - P z S e ) ] B F 4 . C 6 H 6  

(Ref. 261) (67) 

The proposed structures have been confirmed by single-crystal X-ray diffraction 
for CNi(np3Xq'(P)-P4Se3].2C6H6259, [Rh(triphOSX~3(P,P,s)-P~s3)].C6H,260, 

Because of the novel structures of these complexes, characterization was limited to 
elemental analysis, mass spectroscopy and single-crystal X-ray diffraction of typical 
complexes, and no spectroscopic data have been reported except for the ,lP-NMR data 
for [Co(triph~s)(q~-P,Se)]BF~~~' (Table 18). 

An interesting feature of this spectrum is the resolution of the ,'P resonance of the P,Se 

[C~(triphos)(q~-P,Se)]BF~.C~H,~~' and [CO(triphOS)(q3-P,S)]BF4'c6H6268. 
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FIGURE 3. Bonding modes of P,E3 (E = S, Se) and its fragments 

ring into a quartet at room temperature, while the triphos resonance is more affected by 
the cobalt quadrupole moment and remains broad down to - 70 "C. The resonance of the 
ring system in [Co(triphos)(q3-PzS)]BF4, in contrast, is broad at room temperature but is 
resolved into a quartet ('J = 12 Hz) at - 70 "C, while the P, resonance of [Co(triphos)(q3- 
P3)] is unresolved even at -80°C261. The larger quadrupolar effect on the triphos 
resonance vs. the q3-PzE (E = S, Se) resonances has been attributed to the involvement of 
the former ligand in lower-energy molecular orbitals than the latter cyclic ligandsZ6l. 

B. Anionic Monodentate Ligands 

1.  Selenocyanates 

The coordination chemistry of this ligand has been the most studied of any Se or Te 
ligand, several hundred papers describing its complexes having appearedz6'. Much of the 
interest in this ligand is related to its ambidentate ~haracter"~. The following bonding 
modes (a)-(d) have been unequivocally established by single-crystal X-ray diffraction, and 
the one-atom bridging mode (e) is strongly suggested by the spectroscopic similarity of the 
complex with the thiocyanate analogue, whose structure has been confirmed by 
crystallography. 

(a) M-SeCN, selenocyanato ligand 
NH,[tran~-Co(dmg),(SeCN)~] . 3  Hz0270  
Me,N[PhTe(SeCN),IZ 71 

~i(DMF)4(NCSe)z]z7z 

HgCo(NCSe),' 73 

(b) M-NCSe, isoselenocyanato ligand 

(c) M -SeCN-M, pz-selenocyanato 

M 

M 

[ C u ( H z O ) ( e ~ ~ z l ~ ~ ~ z ~ ~ ~ ~ 3 ~ ~ ~ ~ ~ ~ l z 7 4  

(d)  Se-C-N, p,(Se)-selenocyanato 
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L =  = (39) 

E = S (crystal struct~re)~’’, Se216 

(e) \ ,N-C=Se, p2(N)-selenocyanate.) 

M 

[ C O ~ L ( O E ~ ) ( N C E ) ~ ] ~ ~ ~ ;  L = 39 
E = S (crystal structure), Se 

(M(CNSe) indicates an undefined bonding mode of selenocyanate.) 

Several main-group organometallic complexes with selenocyanate have been pre- 
pared2’* (equations 68 and 69). These complexes can also be prepared by metathetical 
reactions (equations 70 and 71). All of these complexes except Ph,MNCSe (M = Si, Sn) 
were formulated as selenocyanato complexes on the basis of infrared spectroscopy 
(Table 19). 

Ph,BiSeCN + PhSeCN + Se 
RHgSeCN + RSeCN + Se 

2 Ph,PbNCSe + Se 
Ph,TISeCN + PhSeCN + Se E (Ref. 264) (69) HgR, + Hg(SeCN), + 2 RHgSeCN 

B#Ph,”* 

HgR, (R = Me, Ph)”‘ 

PbPh,“’ 

Ph, Ph.”’ Ph,PbSeCN + PhSeCN + Se (68) 

TIPh,”’ 

Se(SeCN), 

R = Me, Ph 
MeCN/pyr 

(p-MeC6H4),TIC1 + KSeCN ---+(p-MeC,H,),TISeCN (Ref. 280) (70) 
acetone 

Me,SiCI + AgSeCN-Me,SiNCSe + AgCl (Ref. 281) (71) 

Recent studies have examined the bonding mode of the selenocyanate ligand in 
Ph,PbSeCN as a function of adduct formation with 0 and N donors294 as well as 
solvent29’. The solid-state infrared spectrum of the parent compound has been 
reinterpreted, a polymeric structure with strong Pb-Se and weak Pb-N bonds being 
proposedzg4. In benzene or CH,CI2 solutions the spectra in the vCEN region indicates 
monomeric Se-bonded selenocyanate (Table 20). A more detailed studyz9’ of the infrared 
spectrum (vCSN) of Ph,PbSeCN in a variety of solvents showed that N-bonded, Se- 
bonded and ionic pentacoordinate species were formed, depending on the dielectric 
constant and donor properties of the solvent. These results (Table 20) were interpreted by 
the following equilibria. 

Ph3PbNCSe* L 

t l  & [Ph3PbL2]’ SeCN- (72) 
L 

Ph3PbSeCN 

Ph3PbSeCN*L 
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TABLE 19. Selenocyanate complexes /M-SeCN) 

Complex Reported data Reference 

PhHgSeCN 

CPt(biPY)(SeCN)ZI 

PdLz(SeCN)Z 

L = PPh, 
Cacetylp yridine 
Cmeth ylpyridine 
PYr 

Lz = phen 
NH3 

bipyr 

en 

CNi{P(OPh)~}z(S~N)zl 

~~~~ ~~~~ 

White photosensitive crystals 264 
v C ~ N  = 2129s 
vc-Sc = 5 4 2 ~  
Sse-crN = 373~, 398m 
vHP-- = 246s 

M.P. 212-214°C dm. 
vC,, = 2 0 9 0 ~ ~  
vC-S. = 5 7 1 ~ ~  
6N-CsSe = 4 0 2 ~ ~  

Air-stable white solid 

White crystals 
M.p. 192 "C 

Solid state: 
V C s N  = 2100 

v C ~ N  = 2 1 0 7 ~ ~ ,  2 0 6 3 ~  
vC-% = 566m 
2 6 N - c ~ S e  = 759vw, 7 9 8 ~ ~  

V C ~ N  = 2123~, SP 

vC-se = 528m 
6Sc-c-~ = 3 9 8 ~ ~ ,  373111 
vpt-se = 2 1 8 ~ ,  21Ow 
v ~ , N  = 2105~, SP, 2060 

acetone soln.: 
21 I ~ S ,  SP (,4=0.59 x 104p 

vC-% = 5 1 6 ~  

V C - ~  = 5 3 2 ~ ,  5 2 7 ~  
V C s N  21 35s3 2 135s 

vC E N  VC-% 
( A  x 1 0 - 4 p  

2127 2122 (0.61) 
2132 2115 (1.0) 531 
2119 2112(1.0) 
2116 2109 (1.0) 
2126 2111 (0.93) 528 
2 123, 530 
21 10 
2134, 528 
2119 
2126, 21 12 (0.65) 
2108 
red-brown solid 

d 

V C S N ( m d 1 )  = 21 2 8 ~ ~  (0.5r 
(CH,CI,) soln.: 2125 

VC-S  = 52Ow 
&,-c,N ~ 4 1 2 ~  

280 

265 

294 

282 

283 

284 

285 

286 

~ N i - s c  = 255 
KZCHg(SeCN),I vCEN = 2098s 

vc-sc = 543w 
6(77Se)p; (D,O)= - 191; -471 
(rel. int. = 1O:l)  

NH4[truns-Co(dmg),(SeCN)J.3 HZO vC-N = 2136 
VC-% = 550 
Crystal structure: 

Co-Se = 2.4A 

287 

288 

289,290 

270 
246 
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TABLE 19. (Continued) 

C o m p I e x Reported data  Reference 

trans-[Co(dmg),(PPh,)(SeCN)] vCGN = 2125 (2.4)” 29 I 
PhNO, soh:  2120 
( A  = 0.68 x 104)o 

( A  = 0.70 x 104p 
[ (Ph,P)AuSeCN] vC-N(CHzC12) = 2135s 292 

vC--Se = 529 
6NEC--Se = 312 

trans-Pd(PPh,),(SeCN), VCEN = 21 34s, sp 293 

293 

CH,CI,: 2131x11, sp 
( A  = 0.42 x 1 04)” 

CH,Cl,: 2131s, sp (Pt-SeCN) 
2 I OOs, br (Pt-NCSe) 

DMF: 2129s, sp (Pt-SeCN) 
2096s, br (Pt-NCSe) 
2053w, br (free SeCN-) 

trans-Pt(PPh,),(SeCN), vCEN = 2130s, sp 

“Solution ilCEN integrated absorption intensity (see Table 23) in units of M - ’  cm-’. 
’In DMF. 
‘Obscured by other vibrations. 
dComplex insoluble in  DMF. 
‘Selenocyanate ligand completely dissociates in DMF. 
f v C G N  intensity relative to internal salicyclic acid in the solid state (see Table 23). 
~ V S .  external I M  SeMe, in CHCI,. 
*vCSN intensity relative to internal 1,4-dicyanobenzene in the solid state (see Table 23). 

In non-coordinating non-polar solvents (C6H6, CH2CI2) the solution species is 
exclusively monomeric Ph,PbSeCN. Strong donors (e.g. DMF, OP(OMe),) and the 
highly polar but weak donor solvent MeCN cause complete ionization, as reflected in the 
appearance of only the ‘ionic’ value of vCEN for the selenocyanate. In acetone only partial 
ionization occurs, with the coordinated selenocyanate being N-bonded, but in THF, a 
stronger donor but less polar than acetone, an isomeric mixture of N- and Se-bonded 
monomers is observed. In pyridine partial ionization occurs, and the molecular species is 
an isomeric mixture. 

TABLE 20. Solution infrared spectra in the vCZN region of Ph,PbSeCNZ95 

i1C-N (cm-’) 

Ph,Pb(CNSe)L) 

Solvent DN“ & Ph,PbSeCN Pb-NCSe Pb-SeCN SeCN- 

C6H6 
CH,CI, 
DMF 
OP(OMe), 
Acetone 
MeCN 
T H F  

PYr 

0.1 
0.1 9. I 

26.6 36.1 
23.0 20.6 
17.0 20.1 
14.1 38.0 
20.0 1.6 
33.1 12.3 

2139 
2136 

2066 
2068 

2056 2066sh 
2066 
2036m 2 129s 
21 l7m 2049~s 2064s 

“Donor number as described by G ~ t m a n n * ~ ~  



7 34 Henry J. Gysling 

TABLE 21. Infrared spectral data (cm- ' )  for Ph,Pb(CNS)L ad duct^'^^ 

Reported data 
I'C E N  

i'c - sc 

(solid) (C6H6 s o h )  (solid) 

L 

OPPh, 21 19s, sp 
2055w 

4-pic0 2105s, sp 
206 1 vw 

PYrO 2 106s. sp 
2061vw 

HMPA 2053vs, br 
2010w 

2139vs, spa d 

2 125111, spb 
2037111, br' 
21 38m, spa 547w 
2123vs, spb 
2038m, br' 
2138vs, sp" d 

2 125111, spb 
203 lrn, br' 
2139s, sp" 609111 
21 23s, spb 
2037~s. br' 

"Band of Ph,PbSeCN formed by dissociation of the neutral ligand. 
Pb-SeCN. 

'Pb-NCSe. 
dObscured by other vibrations. 

A series of 1 : 1 adducts, Ph,Pb(CNSe).L (L = HMPA, pyridine-N-oxide (pyrO), 4- 
picoline-N-oxide (4-pic0) and OPPh,), have been prepared and the selenocyanate 
bonding modes in the solid state and solution (C6H6 and CH,CI,) have been determined 
by infrared spectroscopy294 (Table 21). In the solid state all the complexes are monomeric 
with the HMPA adduct containing N-bonded selenocyanate, and the other three oxygen 
donors give Se-bonded selenocyanate. In solution (C6H6 and CH,CI,) all four complexes 
partially dissociate with the intact soluble adduct being present as both N- and Se-linkage 
isomers (Table 21). 

The derivatives R,SiNCSe (R = Me, Et, Ph) were formulated as isoselenocyanates 
(Table 22),". Unlike the heavier main-group organometallic selenocyanates, these 
compounds readily decompose thermally or hydrolytically, depositing elemental Se2" 
(equations 73 and 74). As described for other systems'37-139, Se extrusion can also be 
effected by PPh,2s' (equation 75). 

(73) 

R,SiNCSe-+ R,SiCN + Se (74) 

Me,SiNCSe + PPh,-Me,SiCN (75) 

H2O 
2 R,SiNCSe-(R,Si),O + HCN + Se 

A 

-SePPh3 

The structure of Ph,SnNCSe, originally proposed to be monomeric with N-bonded 
~elenocyanate~~' ,  has recently been reformulated as polymeric with strong Sn-N bonds 
and weak Sn-Se bonds (a similar structure has been established by X-ray diffraction for 
Ph,SnNCS3'l). 

The general approach in structural ambidentate ligand chemistry has been to 
unequivocally establish the various bonding modes by single-crystal X-ray diffraction and 
then assign bonding modes in other complexes on the basis of some spectroscopic 
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TABLE 22. Isoselenocyanate complexes (M-NCSe) 

Complex Reported data Reference 

R,SiNCSe 
R = M e  

vC,N k - s e  281 
2055vs 625m 

Et 2065vs, 2090sh 600w 
Ph 2070vs 620w 

Ph,SnNCSe white powder 265 
vCEN = 2108br 
vC-* = 594m 

C(n-B~).dWW"3Se)61 v,,, = 2067s, br; 2030sh 283 
acetone soln.: 2068s, br 
( A  = 5.1 x 104)" 

vc-q. = 634m - I- 
6N=C-sc = 429m 
vCEN = 2060s, br 
vCEN = 2136~s (I.7)b; 

2096vs (2.0)b 

287,297 
298 

. .  
vc-0 = 2060s 

6N-c-Sc = 5 4 0 ~  

v C E O  = 201 ~ V S ;  

vc--sc = 575m 

Ru(C0)2(PPh,),(NCSe)2 vCEN = 2085ms (trans-Ru(NCSe),) 299 

2068vs (cis-Ru(CO),) 
vC--Se = 595m 

Cp,Ti(NCSe), vCEN = 2050 (2.4)b; 300 
2015 f2.3)b 

CH,CI, soin.:2050,2015 
v ~ - ~ ~  = 600, 593 
\'NIc-se = 457, 448 

Cp,V(NCSe), vCEN =2083 (1.8)b; 300 
2065 (1.9)' 

CH2CI2 soh.: 2080, 2063 
vc-Sc = 620,596 
6NEC-se = 472,450 

Cp,Cr(NCSe)(SeCN) vCIN = 2120 (0.4)b; Cr-SeCN 300 
2042 (1.8)'; Cr-NCSe 

CH,CI2 soln.: 2122, 2038 
vc-se = 590 (Cr-NCSe); 

540 (Cr-SeCN) 
BN=c-sc =435, 425 
vFN = 2 1 4 8 ~ ~  (1.8)b; CO-CN 
vCGN = 2100vs (1.9)'; Co-NCSe 
vCEO masked by other bands 
vc--sc = 575m 

CH,CI, solution: 
1'C-N = 2 1 4 3 ~ ~  (CO-CN) 

vcro = 2 0 4 3 ~ ~  (CO-CO) 
vCEN = 2100vs (Co-NCSe) 

"Solution v C E N  integrated absorption intensity (see Table 23) in units of M-' cm-2. 
bvCEN intensity relative to internal salicylic acid in the solid state (see Table 23). 

CpCo(CO)(CN)(NCSe) 298 
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technique, most commonly infrared spectroscopy. This approach has been most 
developed for thiocyanate complexes. Structural probes include infrared, Raman, 
electronic, NMR (‘H, I3C, I4N), NQR (I4N) and X-ray photoelectron spectroscopy (see 
Ref. 302 for a review of this work). Recent work in this area includes solid-state 
quantitative infrared303 (using an internal reference compound for measuring the relative 
intensity of the vCEN), 14N-NQR30d, XPS’57c, and solution305 and solid-state’58a I3C- 
NMR and solution ”Se-NMRZBB spectroscopy. All of these techniques should be 
applicable to selenocyanate ligand chemistry, although considerably less work has been 

TABLE 23. 

Bonding mode vCEN A x ISR‘ lSRd vC-s/ 6N-C-sc(l 

Infrared spectroscopic characterization of the selenocyanate ligand 

M-NCSe 2050-2 100 5- 12 1.5-3 20-30 600-650 410-460 
(broad) 

M-SeCN 2070-2130 0.5-1.5 0.3-0.6 2-13 520-550 370-410 
(sharp) 

M-SeCN-M 2100-2175 550-640 390-410 

>Se-CEN‘ 2105sp 7OOm 443w, 462w 

)N-C-SeJ 1995 

M 
M 

M 
Ionic SeCN 2068s, sp 1.8 558 416, 424 

’In an-’. 
Solution vCEN integrated absorption intensity in units 0 f M - l  cm-’. The concentration is based on selenccyanate. 

‘Internal standard ratio: the ratio of the intensity of the vCEN vs. salicyclic acid as an internal standard in the solid 
state306. 
dInternal standard ratio using 1,2dicyanobenzene as an internal reference for vCEN in the solid state”’. 
‘The data listed are for the only complex with this bonding mode which has been reported (Cu,L(SeCN),; 
L = 39)276. 
’Only one complex with this bonding mode has been reported: Co,L(OEt)(NCSe), (L = 39)”’. The crystal 
structure of the thiccyanate analogue was r e p ~ r t e d ” ~  and showed a structure involving a terminal isothiccyanate 
ligand on each Co, a bridging ethoxide ligand, and a N-bridged thiocyanate ligand. Two other N-bridging 
thiccyanate complexes have been structurally characterized by singlecrystal X-ray diffraction ( [ ( n -  
Bu),Nl,Re,(NCS),030’ and [Cd,(NCS),(buta),]. (buta  = Cr-butyl-I ,2,4-tria~ole)’~~). 
‘KSeCN in acetone’*’. 

TABLE 24. 
modes 

NMR spectroscopic characterization of selenocyanate bonding 

I3C-NMR (a, p p n ~ “ ) ” ~  
M -SeCN SeCN- M-NCSe 
105-1 14 116-121 120-1 30 

” S e - N M R  (6, pprnb)288 
K2HdSeCN)4 KSeCN ZnL,(NCSe),‘ 

CdL,(NCSe), 

CdL,(NCSe), 

- 191 - 273 -318 

- 305 

- 282 

Vs. internal TMS. Only three selenocyanate complexes and one isoselenocyanate complex 
were studied in this work but the SeCN- resonance tends to shift to high (M-NCSe) or 
low (M-SeCN) field vs. free SeCN- upon coordination. 
Vs. external I M Me,Se in CHCI,. Only four complexes have been studied, but again there 

seems to be a high fieldflow field shift vs. ionic SeCN- upon coordination. 
4-t-Butylpyridine. 
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done in this area, infrared spectroscopy being the most generally used spectroscopic 
technique. Infrared and NMR parameters for the assignment of selenocyanate bonding 
modes are summarized in Tables 23 and 24. 

Most of the reported coordination chemistry with this ligand involves transition-metal 
complexes, and the simple complexes, containing only selenocyanate ligands, follow the 
bonding pattern expected on the basis of Pearson’s hard-soft acid-base theory3’’. This 
generalization refers to simple complexes containing only selenocyanate ligands (e.g. 
[Co(NCSe),]’- vs. [Pt(SeCN),]’-), and a variety offactors such as metal oxidation state, 
steric and electronic effects of other ligands in the coordination sphere, and crystal- 
packing effects can influence the bonding mode of the ambidentate selenocyanate 
ligand’ 53. Two examples of isolated linkage isomeric pairs with this ligand have been 
reported: [Pd(Et4dien)(SeCN/NCSe)]BPh,310 (Et,dien = Et2NCH2CH2NHCH2- 
CH2NEt2) and CpFe(CO)(PPh3)(SeCN/CSe)311. The limited number of such isomeric 
pairs compared to the thiocyanate ligand indicates a significantly lower susceptibility of 
the selenocyanate ligand to the above steric and electronic influences on bonding 
mode. 

Selenocyanate can also form dimeric and polymeric complexes with bridging seleno- 
cyanate3I2 (Table 25). This bonding mode is most easily detected by an unusually high 
value of v,--~ (e.g. 2140-21 75 cm-I). The trend from Class A to Class B metal ions is well 
reflected in the bonding of the selenocyanate ion in the complexes of Group IIb, Zn(n) and 
Hg(n) giving tetrahedral Zn(NCSe),’ - and Hg(SeCN),’ - complexes with the expected 
Zn-NCSe (hard acid/hard N site) and Hg-SeCN (soft acid/soft Se site), whereas Cd(n) 
gives a dimeric complex with N-bonded terminal selenocyanate and bridging 
~elenocyanate’~~ : 

I SeCN\ ,SeCN \ /NCSe 
Cd Cd 

SeCN’ ‘NCSe’ ‘NCSe 

(40) 

( P B u ~ N  12 

TABLE 25. Complexes with bridging selenocyanate (M-SeCN-M) 

Complex Reported data Ref. 

{ AgSeCN), v C G N  =2141s, 2098sh 287 

HgCo(NCSe), v C S N  =2146 

(n-Bu,N)zCCd,(SeCN),I v C E N  = 2109s, br (Cd-NCSe) 283 

vC-se = 5 8 0 ~  

(Co-NCSe-Hg) VC -se = 639 273, 287 

(40) 2125sh (Cd-NCSe-Cd) 
acetone soh. :  

2120s, br ( A  = 3.2 x lo4)” 
2076s, br ( A  = 2.6 x lo4)” 

v ~ - ~ ~  = 589sh, 582m 
hN GC--Se = 41 7w, 408m 

{CoCAg(SeCN),IzL vC-N =2125s, 2150s 
(Co-NCSe- Ag) VC -se = 580, 598sh 313 

6 N G C - s s  = 395,405sh 
vCoPN = 278s 

(SCN),Co(NCSeHg(Pr-n)), VC EN = 21 ~ O S ,  21 20s 314 
(Co-NCSe-Hg) 
2090111 (CO-NCS) 

vc -s = 820m 
VC -sc = 540s 

“Solution vcZc integrated absorption intensity (see Table 23) in units of ~-‘cm-’. 



738 Henry J. Gysling 

The heterometallic complex HgCo(NCSe), is polymeric with bridging selenocyanate, 
the hard N site bonding to the hard Co(n) Lewis acid and the soft Se site coordinating to 
the soft Hg(1I) acid (Table 25). 

The general routes to selenocyanate complexes include metathetical reactions (equa- 
tions 76-78) and oxidative addition reactions, (SeCN), (equations 79-85), Se(SeCN), 
(equations 86-88) and Se(CN), (equations 89-91) all having been used as reagents 
in such reactions. 

Metathetical reactions 

EtOH 
Y(NO,),.6 H,O + 6 Bu,N[SeCN] - (Bu,N),[Y(NCSe),] (Ref. 283) (76) 

ABNO3 
CpCr(NO),CI - {CpCr(NO),NO,} + AgCl (Ref. 31 1) (77) 

KSeCN I 
CpCr(NO),NCSe 

HiO/EtOH 
trans-[Co(dmg),C1(HzO)] + 2 KSeCN - K[trans-C~(dmg),(SeCN)~] 

(Ref. 289) (78) 

Oxidative addition reactions 
(Se W, 

(79) 
(ScCN)i 

Pd(PPh3)4 + ,trans-Pd(PPh,),(SeCN), (Ref. 293) 
I I IliElZO 

( AgSeCN), 
(SeCN)z 

CpCo(CO),- CpCo(CO)(NCSe), (Ref. 298) (80) 

Ru(CO),(PPh,),- RU(CO)~(PP~,),(NCS~), (Ref. 299) (81) 
(SeCN)z 

(SeCN)z 
Cp,M - Cp,V(NCSe), or Cp,Cr(NCSe)(SeCN) (Ref. 300) (82) 

M = V ,  Cr 

(83) 

Ni{P(OPh),},- {P(OPh),},Ni(SeCN), (Ref. 286) (84) 

1ScCN)i 
Cp,Ti(CO), - Cp,Ti(NCSe), (Ref. 300) 

(SeCN)i 

SeCN 

,S&S\ 
Et$=C I C"Et2 (Ref. 315) (85) Et2N=C /' 'Au I ,'\ C=NEt2 cs2 . 

\s .Au. s/ -70 OC \S/Au 1 ~ 1  
(SeCN, I 

NCSe 

[Au(S,CNEt,),] [Au(SeCNI2] 
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Se(SeC N ) ,  
Se(ScCN), 

Cp(OC)(Ph,P)FeCHzPh - Cp(OC)(Ph,P)FeNCSe (Ref. 137) (86) 

48% 

A = 5.3 x 104 
Vce~(cHcI3) = 2120 

vC-se = 663 m 

+ Cp(OC)(Ph,P)FeSeCN + CpFe(CO)(PPh,)CN + Se + PhCH’SeCN 

17% 7% 
vc,,(CHC1,) = 21 17 

A = 1.7 104 

vc-sc = 5 2 3 ~  
Se(ScCN), 

C6H6/A 
CpFe(CO),CH,Ph - CpFe(CO),(SeCN) (Ref. 31 1 )  

S C ( S ~ C N ) ~  

C P M ( C O ) J  -CpM(CO),SeCN (Ref. 31 1 )  
C6H6 

M = M o , W  

SC(CN)z 
CpCo(CO), - CpCo(CO)(CN)(NCSe) (Ref. 298) 

BrCN/El,O I 
KSeCN 

(89) 

(90) 

(91) 

S C ( C N ) I  
Cp,Ti(CO), - Cp,Ti(CN)(NCSe) (Ref. 300) 

Cp,M r C p Z M ( C N ) ( N C S e )  (Ref. 300) 

M = V , C r  

El20 

S W N ) ,  

The complex KCtrans-Co(drng),(SeCN),] (equation 78) is an example of significant 
stabilization of a reagent upon coordination. Addition of concentrated HCI to a hot 
aqueous solution of this complex causes no deposition of elemental Se. Cooling the 
resulting solution results in the deposition of crystalline H [ C O ( ~ ~ ~ ) , ( S ~ C N ) , ] ~ ~ ~ .  A 
similar coordination stabilization of selenosemicarbazones has been reported for CO(III) 
complexes of this type’”. A considerable amount of work has been reported dealing with 
complexes of the type trans-[Co(dmg),L(SeCN)] (L = neutral ligands, e.g. PR,, AsR,). In 
such complexes the steric environment of the ambidentate SeCN- ligand can be held 
constant while the electronic properties of the ligands in the trans position across the 
Co(dmg), plane can be systematically modified to study electronic effects on the SeCN- 

The first example of isolated linkage isomers of the selenocyanate ligand took 
advantage of the increased steric requirements of the bent M-SeCN vs. linear 
M -NCSe linkages, the initially isolated Se-bonded isomer being formed when the 
substitution reaction was run at low temperature (equation 92). 

bonding2gi .3  16-3 19  
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- 1 5 O O C  

K,Pd(SeCN), + Et,dien-[Pd(SeCN)(Et,dien)] + 

I 

NaBPh4 Et,dien = (Et,NCH,CH,),NH 
[Pd(SeCN)(Et,dien)] BPh, 

[Pd(NCSe)( Et,dien)] BPh, 
1 DMFjr.1. 

The N-bonded isomer was precipitated from DMF solution by addition of ether3z0, but 
it reisomerized in the solid state at room temperature to the Se-bonded isomer, an unusual 
example of the influence of a non-coordinated ion on the bonding mode of an ambidentate 
ligand3I0. The influence of steric effects is demonstrated in this system by the stability of 
the initially isolated Se-bonded isomer when diethylenetriamine is used in the above 
reaction in place of the Et,dien3I0. The linkage isomers CpFe(CO)(PPh,)(NCSe/SeCN) 
were prepared with the reagent Se(SeCN), (equation 86), and the isomeric products were 
purified by column chromatography137. The two isomers were stable at room tempera- 
ture, and attempts to cause isomerization by heating resulted in deselenation, this reaction 
being much faster for the Fe-NCSe isomer (equation 93). 

CbH6 
CpFe(CO)(PPh,)(CNSe)T CpFe(CO)(PPh,)CN + Ph,PSe (93) 

The formulation of the linkage isomers involving the isomeric CpFe(CO)(SePPh,)CN 
was ruled out by 'H-NMR (the J , ,  of both isomers and the independently prepared 
CpFe(CO)(PPh,)(CN) was 1.3 Hz, indicating the presence of the Fe-PPh, moiety)137. 

The infrared data for these two linkage isomers (equation 86) illustrate the ambiguity 
with bonding assignments based on vCEN. The values for the two isomers are close, and 
both could reasonably be assigned to Fe-SeCN bonding. Even the solution-integrated 
intensities for these bands are at the high and low ends of the ranges for M-SeCN and 
M-NCSe, respectively. The v ~ - ~ ~  bands, generally the most unequivocal vibrations for 
bonding assignment, clearly indicate, however, the presence of linkage isomers. 
Unfortunately, the spectral region in which the vc-sc bands are found is often obscured by 
other ligand vibrations (e.g. Table 19). 

Both M-SeCN and M-NCSe products were obtained in the other oxidative 
addition reactions (equations 79-90), as well as a unique example of a complex containing 
both bonding modes (equation 82; Table 22). The oxidative addition reaction with the 
dimeric Au(I) diethyldithiocarbamate complex gave an isolable complex of gold in the 
unusual + 2 oxidation statez9'. 

The reaction of MozCll0, a chloro-bridged dimer with a weak Mo-Mo bond, gives a 
product, MoCI,(NCSe),, in which an intact N-bonded (NCSe), ligand is proposed on the 
basis of infrared and ESR spec t ro~copy~~ ' .  

Several metal complexes of organic selenocyanates have also been isolated 
(M(CO)SNCSeR: M = Cr, R = Me, Et, Ph; M = W, R = Me, Et)3zz. These complexes, 
which were assigned M-NCSeR bonding modes on the basis of infrared and NMR data, 
were prepared by substitution reactions (equation 94a) or by alkylation of coordinated 
isoselenocyanato ligand (equation 94b). 

AgBFa/acelone 

- Agl/Et4NBF4 
Et,N[M(CO),I]- [M(CO)5(acetone)] 

RSeCN 

alkylalion 

(C.B.  IEl,OI[BF~I) 
[M(CO),NCSeR] (Et4N)[M(CO)SNCSe] 

(944 
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2. Selenols ( R S e - )  
Since the first transition-metal complex with an organoselenol ligand, the dimeric 

doubly selenol-bridged complex (OC),Fe(p,-SeEt),Fe(CO),, was reported in 1960 by 
Hieber and Beck3,,, a number of complexes incorporating terminal (M-SeR) and 
bridging (-M(p,-SeR),M-) have been described. Crystal structures of two monomeric 

TABLE 26. 

Complex" Reported data Reference 

Metal complexes with terminal selenol ligands 

Cp,Ti(SePh), 

CpMo(CO),SePh 

Ti(SePh), 
Ti(SeNp), 
Zr(SePh), 
Nb(SePh), 

Nb(SeNp), 
Ta(SePh), 
W(SePh), 
(Bu,P),Ni(SePh), 
CpFe(CO),SePh 

CpNi(PBu,)SePh 

Cp,Ti(SeMe), 

Cp,Zr(SePh), 

Cp,V(SePh), 

Cp,Nb(SePh), 

Cp,Mo(SeMe), 

Cp,Mo(SePh), 

blue-violet crystals 
M.P. 120-122°C d x .  

153-155 "C 
6 = 5.99 (Cp), 7.45 (Ph) 
MW = 463b (calc. 490.2) 
Red solid 
M.P. 92-94 "C 
~ c ~ o ( C S 2 )  = 2 0 2 6 ~ ~ ,  SP; 1 9 4 8 ~ ~  
Black solid 
Black solid 
Turquoise solid 
Brown microcrystals 
MW = 551' (calc. 561.1) 
Brown-black solid 
Brown microcrystals 
Brown solid 
MW = 747b (calc. 775.5) 
Dark crystals 

MW = 372', 333' (calc. 333) 
M.P. 50-52°C 

V~-~(C~H I t )  = 2026~, 1984s 
6(CS2) = 5.21 (Cp) 
Green crystals 

6(CS2) = 5.06 (s, Cp), 

Green solid 

M.P. 51-52°C 

7.50-7.41, 6.98-6.71 (m, Ph) 

6(CS,) = 5.97 (s, Cp), 2.64 (s, Me) 
Yellow solid 
M.p. 134-136°C; 156°C 
6(CS,) = 5.83 ( s ,  Cp), 

M.P. 210-21 I "C 

7.60-7.46, 7.22-7.07 
(m, Ph) 

MW = 512* (calc. 533) 
Green solid 

Dark green solid 

Brown crystals 

6[(CD,),SO] = 5.20 (s, Cp), 1.55 (s, Me) 

M.P. 126-130°C 

M.P. 101-105°C 

M.P. 197-198°C 

M.P. 230-231 "C 
S[(CD,),SO] = 5.22 (s,Cp), 

7.37-6.97 (m, Ph) 

324, 325 
326 

327 

328 
328 
328 
328 

328 
328 
328 
328 
329 

330 

326 

326 
326,331 

332 

332 

332 

332 
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TABLE 26. (Continued) 

Complex" Reported data Reference 

L = P-H,NC,H,Ma 

SePh 

@ = 41 

(q'-C,H,)W(CO),SePh 

Cp,Hf(SeMe), 

Cp,Hf(SePh), 

Cp,Zr(SePh)Me 

dppe(OC),ReSePh 

(OC),(PhSe)CrCNEt, 

(OC),(Ph, P)( PhSe)CrCNEt, 

M.p. 207 "C 
6(CDCI,) = 5.31 (s, Cp), 2.53 (s, Me) 
M.p. 231-232°C 
G(CDCI,) = 5.36 (s, Cp), 7.70-6.92 (rn, Ph) 

Orange-brown solid 
M.p. 220°C dec. 

Yellow crystals 
M.p. 220°C 
\lPd --Se = 300 
\'Pd-C' = 345 
vpdPN =475, 510 

Red crystals 
Infrared spectrum 
'H-NMR 
Crystal structure 

Rh-Se = 2.510(1), 2.544(1)A 

Green crystals 
M.p. 132 "C 

6('H) = 5.1 1 (s, C,H,), 7.16 (m, Ph) 
Crystal structure 
M.p. 208 "C 
6('H, CS,) = 2.35 (s,  Me), 5.95 (s, Cp) 
M.p. 160°C 
6('H,CS2)=5.70 (s,Cp), 7.15111, 7.40111 
6('H)=0.02 (s, Me), 5.60 (s, Cp), 7.03 (m), 
7.60 (m, Ph) 
Yellow crystals 
v~,~(CHCI,) = 2020s, 1945111, 1899111 
Orange solid 
vcE0 = 2078vw, 2022111, sh; 2007vs, 1976vs 
VC-N = 1575 

\I,--~ = 1553 

ESR spectrum 

Y,--~ = 1985v~, 1930~s  

= 2023111, 1965s, 1933vs 

Yellow solid 
M.p. 102°C dec. 
Yellow solid 

332 

332 

333 

333 

334, 335 

334 

336 

337 
331 

331 

338 
339 

250 

250 

340 

34 I 

34 1 

"Units are as described in Table 3. 

'Determined by osmometry in CHCI,. 
Determined cryoscopically in benzene. 

Mass spectroscopy. 



18. Ligand properties of organic Se/Te compounds 143 

TABLE 27. Metal complexes with bridging selenol ligands 

Complex Reported data Reference 

Et 
I 

I 
Et 

Et 
I 

Et 

I 
(CF, )z 

Ph 

Red crystals 
M.p. 34°C 
M W = 501” (calc. 495.8) 
p = 2.20 
v,--~ = 2056s, 2027vs, 1985~s 

M.p. 97 “C dec. 
p(C6H6) = 0.92 

323 

342 

Oranee solid 343 - 
V,,~(CCI,) = 2089111, 2082w, 2036s, sh; 2029~s: 

2003s 

29.3 ( -  SeCF,) 
6(”F)* = 50.8, 51.3; JpF = 53.8‘ ( -  P(CF,),), 

Air-stable orange-brown solid 
M.P. 96-97 “C 
vcG0 = ~IOOVS, 2060v~, ~ O ~ O V S ,  1 9 5 5 ~ ~  

344 

Air-stable red-brown solid 344 
M.p. 135°C dec. 
v,,,(KBr) = 2065vs, 2002vs, 198Ovs, 1932vs 
S(CC1,) = 2.82 (q, J = 7.5), 1.22 (t. J = 7.5) 

Orange crystals 
M.V. 77°C 
v ~ ~ ~ ( C ~ H ~ ~ )  = 2056m, 2002sh, 1999vs, 1988s, 

1957vs 

345 

Orange-brown crystals 346 
M.p. 135°C dec. 
MW = 686 (calc. 646) 
V~-~(C~H,,) =2065~,  ~OIOVS, 1994~, 1 9 6 2 ~ ~  345, 347 

Orange crystals 345 
M.p. 172°C dec. 
vcso(C6H12) = 2082m, 2002vs, 199Om, 1952vs 
6(CCI4) = 2.4 
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TABLE 27. (Continued) 

Complex Reported data Reference 

?h Bright orange crystals 345-347 
I 

pe\ 
(OC), Re, , Re(CO), 

‘ S e l  
I 
Ph 

M.p. 175 ‘C-dec- 
v,,,(C,H I 2) = 2088m, 201 2vs, 1988m, 1952s 

Ph 

Se 

v,--,,(CHCI,) = 1988m, 1949s, 1906s 
I 

L(oc)3Mr! \M”(CO),L 

\se’ 
I 
Ph 

L = PPh, 

339 

v,,,(CHCI,) = 2048w, 2022s, 2002s, 1946sh, 
1935s, 1908s 339 

vc~,(CHCI,) = 2028s, 2009s, 1937m, 1917s, 
1905s 339 

Air-stable solid 
M.P. 158-1 59 “C 
Vc~(CS~)=2080,2051,2016,2004 

Air-stable red crystals 

MW = 572’ (calc. 548) 
M.P. 94-96 “C 

vcEO(CSI) = 2066, 2029, 2000, 1988 
~ ~ ~ ~ ( C , H ~ ~ ) = 2 0 6 1 ,  2031, 1998, 1991 

Air-stable solid 
Mossbauer spectrum‘: 
S = 0.36 
A =  1.35 

348 

348 

349 

348 
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TABLE 27. (Continued) 

Complex Reported data Reference 

Ph V~.~(CS~) = 2072, 2038, 2000 348 
I 
Se 

(OC),Fe/ \Fe(CO), 

'se/ 
I 
C.FS 

Ph 

I 

I 

Ph 

Ph 

/se\ /No 

\se/ 'co 
Cp,Nb Fe 

I 

Yellow solid 
vc-0 = 1865, 1874 

Isomer A 
gold needles 
m.p. 170-1 72 "C dec. 

MW =601' (calc. 610) 
V C & C ~ H , ~ )  = 1975s 

Isomer B 
dark brown crystals 
m.p. 170-1 72 "C 
vc-o(C,H 1 2 )  = 1947~, I93 I S  
MW=589d 

Yellow solid 
MW = 644' (calc. 682) 
v~ ,~(CHCI, )  = 2081,2052,2006 

Blue solid 

v N = o =  1670~, 1715s 
M.P. 217-218°C 

Blue solid 
M.p. 182-183°C 
vcE0 = 1688~, 1706s 

Brown solid 
M.P. 156-157°C 
vNc0= 1610s 
vCrO = 1845s 

327 

329 

329 

349 

350 

350 

350 

Ph 
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TABLE 27. (Continued) 

Complex Reported data Reference 

Ph 
I 
Se 

Cp,Nb \cO(CO), 

'se 
I 
Ph 

Ph 
I 

6 h  

Ph 

Se 

Cp(ON)C/ \Cx(NO)Cp 

I 

'Se ' 
I 
Ph 

n-Bu 
I 

I 
h - B U  

n-Bu 
I 

I 

I 

Brown solid 
M.P. 136-138°C 
vcEo = 1909~, 1850s 

Dark green crystals 
M.p. 130°C dec. 
vC-0 = 201 SS, 1965s 

Red-brown solid 
M.p. 202 "C 

Crystal structure 
vN,O = 1646 

Brown crystals 
M.p. 134°C 
Y ~ = ~  = 1 6 3 5 ~ s  

Brown crystals 
M.p. 125°C 

vO-" = 3506m 
Crystal structure 

vN=o= 1645~ ,  1612~s  

Dark brown solid 

Grey-brown solid 
M.p. 140°C dec. 
vCrO = 1878s, 1850m 

348 

336 

351 

351 

35 I 

352 

352 

Ph 
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TABLE 27. (Continued) 
~ ~~ 

Complex Reported data Reference 

Ph 

CH,Ph 
I 

P h  

CHzPh 

Me 
I 

Me 

Brown crystals 
v,=o(CHZCI,) = 1775, I750 
MW = 546 (EIMS) 
1H-NMR 

Brown crystals 

MW = 574 (EIMS) 
VN,~(CH~CIZ) = 1775, 1750 

'H-NMR 

Brown crystals 
YN=~(CHZCI~) = 1780, I745 
MW = 482 (EIMS) 
'H-NMR 

Red air-stable crystals 
M.p. 134-1 35 "C 

6('H, CDCI,) = 2.10 
v~,,(CHCI,) = 2066~,  2 0 3 2 ~ ~ ,  1 9 9 0 ~  

Yellow crystals 
Crystal structure 
Crystal structure 
Pale yellow solid 

Yellow-green air-stable crystals 

Yellow crystals 
MW = 1168 (EIMS; 1920s, 79Se) 
k=o(C6H,,) = 2104m, 2064s, 2055s, 

2019vs, 2000w, 1988m, 1980w 
Brown solid 

MW = 1 180 (EIMS) 

M.P. I71 -1 73 "C 

V H ~  -sI - - H ~  = I 32, I40 

~c-u(C,H,,)=2022~~, 1951s 

353 

353 

353 

3 54 

355 
356 
356 
357 
348 
34 1 

358 

205Ow, 

359 

"Determined cryoscopically in benzene. 
bChemical shift values relative to internal CCI,F. 
'The corresponding values for free (CF3),PSeCF3 are: (CF,),P--, 6 = 53.7 (JPF = 77.2). 
'Determined by osmometry in CHCI,. 
'Data in mm s - ' .  Isomer shift relative to sodium nitroprusside. 
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complexes with terminal M-SeR bonds have been reported (i.e. (q7-C,H,)W(C0),SePh, 
trans-[ h (SePh),], @ = 41; Table 26). 8 

(41) 

A number of homo- and hetero-nuclear dimeric complexes with bridging selenol 
ligands have been prepared and characterized by various spectroscopic techniques (Table 
27). 

A variety of routes have been used to synthesize complexes incorporating these ligands. 
The most generally used routes involve diorganodiselenides, either directly with a metal 
substrate in an oxidative addition (equations 95-1 01) or elimination (equations 102-104) 
reaction or via an initial reductive cleavage of the Se-Se bond and subsequent 
metathetical reaction (equations 105 and 106). 

Et 

Se 

b e /  

I 

Fe3(CO),, + EtSeSeEt d (OC),Fe/ ‘Fe(CO)3 (Ref. 323) (95) 

I 
Et Et 

I 
Se 

\se/ 

Et 

‘ y 3  )2 

2 Fe(N0)2(C0)2 + EtSeSeEt d (ON),Fe/ \Fe(NO), (Ref. 339) (96) 

I 

/p\ 
Mn2(CO),0 + (CF3),PSeCF3 ---+ (OC14Mn, ,Mn(C0)4 

(Ref. 340) (97) \ /  
s e  

CH 2CI I/C& I 4 

hv 
Mn,(CO)lo + Se,(CFJ- (OC)4Mn(p-SeCF,),Mn(CO), 

(Ref. 360) (98) 
CH,CIZ/C6H,, 

Fe(CO), + Se,(CF,), - (OC),Fe(p-SeCF,),Fe(CO), 

(Ref. 360) (99) 

R U ~ ( C O ) ~ ,  + Ph,Se,- (OC),Ru(p-SePh),Ru(CO), (Ref. 349) (100) 
C6H6 

6OoC 

(a) 180 OC/sealed luhe 

lh) PhMc/r.t. 
Hg + Ar,Se, ’ Hg(SeW, (101) 

(a) Ar = C,F,348 
(b) Ar = Ph357 
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sealed 
2 Mn(CO),H + R,Se2 7 (OC),Mn(p-SeR)2Mn(CO), + H, + 2 CO 

(Ref. 344) (102) 
R = Me, Et, Pr, CF,, C2F,, C,F, 

hcplane 
Cp,ZrMe, + PhSeSePh-Cp,Zr(SePh)Me + PhSeMe (Ref. 338) (103) 

I 

I PhSeSePh 

Cp,Zr(SePh), + PhSeMe 
hcpIanc/UV 

irradiation 

NaScPh 

Cp,ZrPh, + PhSeSePh - - - - + C p , Z r ( S e P h ) ,  + PhPh (Ref. 338) (104) 

[CpNi(P(Bu-n),),] +CI--CpNi(P(Bu-n),)SePh (Ref. 330) (1 05) 

Cp,MCI, + 2 Li’SeR- +Cp,M(SeR), + 2 LiCl (Ref. 331) (106) 
M = Zr, Hf; R = Me, Ph 

By careful control of reaction conditions, Baddley and c ~ w o r k e r s ~ ~ ’ ~ ~ ~ ~  demonstrated 
that monomeric intermediates with terminally bonded selenolate ligands could be isolated 
(equations 107 and 108). Two isomers of the dimeric iron compound were isolated by 
column chromatography, differing in the relative orientations of the phenyl groups with 
respect to the carbonyl ligands (cis and trans). 

10 oc 
[ C ~ M O ( C O ) ~ ] ~  4- PhSeSePh Cp(OC)3MoSePh 

(Ref. 327) (107) Ph 
I 

Ph 

CSHS 
[CpFe(CO),], + PhSeSePh Cp(OC),FeSePh 

reflux 2 h 

Ph 
I 

reflux 10 h 
I 

with UV irradiation . Cp\Fe/Se\Fe/co 

oc’ ‘se’ ‘cp 

Ph 
I 

(Ref. 329) (108) 

Photolysis of a toluene solution of methylcyclopentadienylmolybdenum tricarbonyl 
dimer and Ph,Se, gave an isolable dimeric tetracarbonyl, which was further de- 
carbonylated thermally in the solid state to give a formally double-bonded Mo=Mo 
complex (equation 109). 
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Ph 
1 
Se 

'se' 

PhMe 
[ C ~ " M O ( C O ) ~ ] ~  + PhSeSePh d Cp"(OC12Mo/ 'MdC0)pCp" 

hu/ r .  t .  

I 
Ph 

Ph 
I (Ref. 352) (1 09) 

- co /Se \ 
Cp"(OC)Mo=Mo(CO)Cp" 

'se' 

Ph 

80 oc/ 10-2rnrn H', 
I 

The crystal structure of the analogous complex, [CpMo(CO)(p-SR)],, showed that the 
Mo-Mo distance was shorter by ca. 1.3 8, vs. the dicarbonyl precursor, which had no 
Mo-Mo interaction (Mo-Mo bond distances = 2.6168, vs. 3.9408,)361. 

A cubane-type structure (42) was proposed for the product obtained by photolysis of a 
mixture of Mn2(CO)lo and Se2Ph2 in ~entane,~' .  

(42) 

Oxidative addition of PhSeSePh to the Rh(1) complex 41 gave the octahedral Rh(In) 
complex t r a n ~ - @ ( S e P h ) ~ ' ~ ~  (@ = 41). The planar macrocyclic ligand in this system 
precludes the formation of a selenium-bridged dimer more characteristic of such reactions 
(e.g. equations 95-102 and 107-109). 

Elimination reactions with RSeSnR: reagents (equations 110 and 1 1 1) have also been 
used to form M-SeR bonds. 

2 M(CO)#21+ 2 RSeSnMe,-(OC),M(p-SeR),M(CO), (Ref. 345) ( I  10) 
- 2 CISnMes 

M = Mn, Re; R = Me, Et, Ph 

2(Ph3P),M(CO),C1 + RSeSnMe, - Ph,P(OC),M(p-SeR),M(CO),PPh, 

M = Mn, Re; R = Me, Ph 

- 2 Me,SnCI 

- 2 PPhi 

(Ref. 339) (1 11) 

Metathetical reactions with Al(SePh), (equation 1 12) and Hg(SeCF,), (equation 113) 
have also been used to form transition-metal selenolate complexes. 
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EtzO/C&k 

MCI, + AI(SePh),- M(SePh), (Ref. 328) (1 12) 

n = 3; M = Cr 
n = 4 ; M = T i , Z r  

I 
(CF3& 

(Ref. 343) (1 13) 
The derivatives prepared by the metathesis route in equation (1 12) were formulated as 

monomeric species on the basis of their solubility in organic solvents and molecular 
weight measurements in certain cases (Table 26). Similar reactions with niobium and 
tantalum pentachlorides reduced the metals to the + 3 states3” (equation 114). 

5 AI(SePh), + 3 MCI, -+ 3 M(SePh), + 5 AICI, (1 14) 
M = Nb, Ta 

(3 M(SePh), + M(SePh), + PhSeSePh) 

These complexes were also formulated as monomeric, although all of the monomers 
slowly polymerized in solution328. 

Reaction of metal acetylacetonates with selenophenol also provided a route to the 
corresponding selenolate complexes (equation 1 15). These products were formulated as 
polymeric on the basis of their insolubility in all common organic solvents, but a 
monomeric Ni(n) complex was formed by reaction with P(Bu-n), (equation 116). 

M(acac), + 2 PhSeH 5 - 2 Hacac M(SePh), (Ref. 328) (115) 
M = Ni, Co 

RBu-nh 

PhMe/A 
{Ni(SePh),}, - ~i(SePh),(P(Bu-n),),1 (Ref. 328) (1 16) 

Ziegler and coworkers prepared a number of complexes with terminal and bridging 
SeR - ligands by metathetical r e a ~ t i o n s ~ ~ ~ . ~ ” .  Included in this work is the single-crystal 
X-ray diffraction characterization of the monomeric complex ( V ~ - C , H , ) W ( C O ) ~ S ~ P ~ ~  37,  

the dimeric complexes Cp(ON)Cr(p-SePh),Cr(O)Cp and Cp(ON)Cr(pSeBu-n)(p- 
OH)Cr(NO)Cp3” and the unique triply bridged dimer (q7-C7H7)Mo(p,- 
S ~ P ~ ) , M O ( C O ) ~ ~ ~ ~ .  

The metathetical reactions between a halo complex and a SeR- reagent generally give a 
mixture of products, which can be isolated by column chromatography (equation 1 17). 

(v7-C,H,)W(CO),I - (q’-C,H,)W(CO),SePh + (~7-C,H,)W(p-SePh),W(C0)3 
NE1, + HSePh 

CH2C12 

Ph P h  P h  

Se Se 
I I  I 
/A\ Pe\ 
‘se’ I ‘Se’ 

Ph I s b h  
+ (OC),W(p-SePh)2W(CO)4 + (q7-C,H,)W-W-W(CO), 

(Ref. 336) (1 17) 
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The structure of the sulphur analogue of the non-cyclic trinuclear cluster has been 
established by X-ray ~rystallography~~’. 

The reaction of CpCr(NO),CI with RSeMgBr (R = n-Bu, Ph) gave dimeric SeR-bridged 
products (equations 1 18 and 1 19). 

I 
Se 

CpCr(N0)2CI + PhSeMgBr Cp(ON)C/ ‘Cr(N0)Cp 

‘se’ (Ref. 351) (118) I 
Ph 

PhMgBr 3 isomers 

Bu-fl 
I 

/Se\ 
CpCr(N0)2CI + n-BuSeMgBr - Cp(0N)Cr 

\Se/cr(No)Cp (Ref. 351) (119) 
I 
Bu-n 

n-BuMgBr 1 isomer 

SiO, 

H 
I 

I 
0 

Cp(0N)Cr’ ‘Cr(NO1Cp 

\S€!’ 
I 
Bu-fl 

2 isomers 

The hydroxy-bridged species, isolated along with the diselenium-bridged complex, 
apparently formed during the chromatographic purification of this product on a silica gel 
column. 

Five isomers are possible for dimeric Cp(ON)Cr(p-SeR),Cr(NO)Cp complexes, al- 
though fewer have been isolated (equations 118 and l 19): 

R R 
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R R 

I I 

I 
R 

(trans-1) (truns-u) 

153 

Recently, novel routes involving alkylation of coordinated Se atoms have been 

(OC),Mn(p-SeH),Mn(CO), + CHzNz .+ (OC),Mn(p-SeMe),Mn(CO), 

(ON)2Fe(p-I),Fe(NO), + Li,Se .+ (ON),Fe(p-Se),Fe(NO),2 - 

described (equations 120-122). 

(Ref. 363) 
(120) 

(Ref. 353) (121) 

LiBE1,H TTHF I PhCHZCI 

Se 
.L 

(ON),Fe(p-SeCH Ph),Fe(NO), 

Se-Se 

( 0 0 ,  FLA'Fe(CO), 

Se Se - (OC),Fe- '&'Fe C O  l3 
LiBEt,H 

THF/-78 OC 

(43 1 

I .  PhLi/Et20, 
- 78  oc 

2. Me1 I THF 

(44) (Ref. 354) (122) 

R I  ( R = M e , E t )  I 
R 

RSe Se 

(OC),Fe'A'Fe(CO)3 

Roll and coworkers250 reported a reaction involving the displacement of a carbyne 
ligand with formation of a dimeric complex incorporating SePh- bridges (equations 123). 
In this reaction the use of aqueous HCI rather than an alkylating agent enhanced the 
yields of the first two products (i.e. vs. (OC),Cr(SePhEt), equation 59). 

1 .  Et20/THF, - 30 O C  

2. HZO/HCI ,O "C 
Br(OC),CrFCPh + PhSeLi b (123) 

Ph 
I 

Cr(CO), + Se,Ph2 -I- Cr(C0I6 

I 
SePh 

18% Ph 

37 % 

The only reported transition-metal cluster compound incorporating a bridging selenol 
ligand was prepared by an oxidative addition reaction358 (equation 124). The structure 45 
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was proposed on the basis of mass spectroscopy and infrared spectroscopy. The latter was 
similar to that of O S ~ ( C O ) ~ ~ ( ~ ~ - X ) ~  (X = C1, Br, I) which have this general structure. Three 
isomers, differing in the stereochemistry about the SePh bridges, are possible for this 
structural type, and, based on the inequivalence of the phenyl groups in its NMR 
spectrum, it was assigned form B: 

No isomerization was observed by NMR over the range 30-100 "C, although refluxing 
a solution of the cluster in n-octane gave a low yield of isomer C (ca. 3%) as well as a 
decarbonylation product, Os,(CO),(p,-Se), (ca. 13%; this cluster is discussed in Section 
II.G.5). 

3. SeH 

Only a few complexes containing the SeH- ligand, both terminal and bridging, have 
been reported108*144.363-366. Metal-SeH bonds have been formed by several different 
routes as described below. 

a. Oxidatiue addition of H,Se to a metal substrate. The oxidative addition of H,Se to 
Pt(0) (equation 125), Pt(rr) (equation 126) and Ir(1) (equation 127) complexes has 
been described. 

H2Se 

C6H6/r.1. 
[pt(pphdzl- [ Pt (PPh 3)2 (SeH)( H) ] (Refs. 364,36 5 )  (125) 

white air-stable solid 
m.p. I35 "C 

MW(CHC1,) = 740 (calc. 798) 

vpl-H =2140cm-' 
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HzSc 

CHZCIZ 
trans-PtH(SeH)(PEt,), - Pt(H),(SeH),(PEt,), (Ref. 366) (126) 

- 8 5  oc 

G(PtH)= - 13.1 ppm 
JpIH = 1004 

2 ~ p I H  = - 22 
'JpH = - 8 
'JHH = 3.5 

S(SeH) = - 5.0 ppm 
HzSc 

C6H6/r.t. 
trans-IrCI(CO)(PPh,), [IrCl(CO)(PPh,),(SeH)(H)] 

(Ref. 367) (127) 
air-sensitive solid 

m.p. dec. > 160 "C 
20 1 8vs vcE0 = 1950~s 

\'Ir cI = 3 2 5 ~ ~  262s 

The 'H-NMR of [Pt(PPh,),(SeH)(H)] (equation 125) in CDCI, at room temperature 
has been interpreted in terms of the following equilibrium365 : 

Se Se \ /PPh3 
L 
7 

I 

Ph3P PPh3 Ph3P H C  

/ Hb 
Se Se \ /PPh3 

L 
7 Pt 

I 

Ph3P PPh3 Ph3P H C  

6(H,) = 8.367 6(Hb) = 14.229 
6(Hc) 18.828 

J(HbHc) = 2.9 Hz 
J(PtHb) = 44.6 Hz 
J ( P t H , )  = 992.9 Hz 

On the basis of detailed analysis of the 'H-NMR spectra and D 2 0  exchange experiments, 
the broadening of the resonances as the temperature was decreased was attributed to 
rapid dissociation of the phosphine ligands rather than exchange of H, and H,. With the 
H2S analogue, the H, and H, resonances split into triplets at - 80 "C ( J  (PH,) = 10 Hz; 
J(PH,) = 11 Hz). The latter coupling constants also indicate that the two phosphine 
ligands are mutually trans14'. 

The reaction described in equation (126) was carried out in an NMR tube at low 
temperature. On warming the tube to room temperature, H, was evolved with the 
formation of trans-Pt(SeH),(PEt,),. Multinuclear NMR studies ('H, ,'P, "Se, Ig5Pt) of 
the Pt(1v) complex indicated a cis, cis, trans stereochemistry. Similar reactions between 
H,Se and trans-Pt(H)X(PEt,), (X = C1, Br, I) gave the expected Pt(1v) complexes as well as 
the two redistribution products, on the basis of detailed multinuclear NMR studies 
(equation 128). 
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H'I 
PD3 

(Ref. 366) ( 1  28) 

b. Metathetical reactions between a metal halide complex and SeH- 

ScH - 

ElOH 
truns-PtC1(H)(PEt3),- trans-Pt(H)(SeH)(PEt,), (Ref. 366) (129) 

pale yellow crystals 

~p t -~=2110 ;  vsC-H=2288w; vpt-Se= 194 
6('H): 

Pt-H, - 10.7 ( ' J p t H  = 1108; ,JHH = 3 
'JpH = - 14) 

Se-H, - 4.5 ('JRH = - 44; ,JHH = 3; 
,J,H = 13) 

2SeH - 

ElOH 
trans-PtCI,(PEt,), - trans-Pt(SeH),(PEt,), (Ref. 366) (1 30) 

yellow crystals 
6('H): 

SeH, - 4.0 (,JRH = - 56; 
, J p H  = 11) 

NslSe 

ElOH 
PPN[Cr(CO),CI] - PPNCCr(CO),SeHI (Ref. 105) (131) 

slightly air-sensitive yellow solid 
m.p. 94 "C dec. 
vceo(THF) = 2035vw, I904vs, 1850m 
6('H), d,-DMSO: SeH, - 7.47s; 

PPN, 7.79m 
The complexes PtH(SeH)(PEt3)2366 and Pt(SeH)2(PEt3)2366 are very air-sensitive, in 

contrast to the air-stable PtH(SeH)(PPh,)236s. A trans stereochemistry of 
PtH(SeH)(PEt,), was established by multinuclear NMR spectroscopy. The 'H spectrum 
gave a complex pattern characteristic of mutually trans PEt, groups in square-planar 
Pt(lr) complexes and two triplets each showing coupling to Ig5Pt (equation 129). In 
addition, the ,'P, 6 = 19.3 (vs. external 85% H,P04), Ig5Pt, 6 = - 205 (vs. external 0 . 5 ~  
trans-PtCI(H)IPEt,), in CH,CI,), l J p t p  = 2654, and the "Se spectra, 6 = - 312 
(vs. 10% SeMe, in CH,CI,), 'JptSe = 322, lJseH not observed, 'JmC =9, ' J s C ~  = 50, 
were recorded3,,. Similar data were recorded for trans-Pt(SeH),(PEt,),, but a Se-H 
coupling constant was measured (6("Se) = - 232, 'JScH = 116, lJRs, = 166, 'Jme = 12). 

The derivatives M(CO)$eH- (M = Cr, Mo, W) (equation 131) were also obtained by 
reactions of the M(CO),THF derivatives, prepared by photolysis of the hexacarbonyls in 
THF, with ethanol solutions of Na'SeH- followed by precipitation of the anionic 
complex with PPN+ or Ph,AsC. In these reactions addition of ethanol to M,Se (M = Li, 
Na, K) results in solvolysis to M'SeH-. This latter species can also be formed directly by 
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borohydride reduction of elemental Se in These anionic complexes were also 
formed directly, thermally or photochemically, from solutions of M(CO),/NaHSe in 
THF/EtOH'''. Two reactions of these monomeric complexes were investigated: ( i )  
alkylation of the selenol ligand to the neutral diorganoselenide ligand (equation 15) and 
( i i )  reactionwith the labile M(CO),THF species to give selenol-bridged dimers (equation 
132). 

X+[(OC),MSeH]- + M(CO),(THF) +X'[(OC),M(p-SeH)M(CO),] (Ref. 108) 

T hv (1 32) 
M(C0)6 M = C r , X = P P N  

M = W, X = AsPh, 

c. Protonation ofcoordinated selenium. The reactivity of coordinated chalcogen atoms 
and rings has been an area ofconsiderable recent interest in organometallic chemistry (see 
Section ILG), and two examples from this work illustrate the transformation of 
coordinated Se to the SeH- ligand. Seyferth and Henderson354 in their study of the 
chemistry Of Fez(CO)~(pz,$-Sez) (43) formed the Fez(C0)6(pz-SeH), dimer in a two-step 
sequence (equation 133). This product was not isolated but reacted in situ with Me1 and 
Et,N to give (OC),Fe(p,-SeMe),Fe(CO),, a compound which can also be formed by the 
more direct reaction of 44 with Me1354. 

H H  
I I  
Se Se 

CF3C02H 
'A'i=e(CO)3 (Ref. 354) ( I  33) 43 - 44 (OC),Fe- 

LiEEt,H 

THF/- 76 OC 

A reaction sequence involving insertion of Se into a metal-metal bond followed by 
protonation has been used to form a selenol-bridged dimer (equation 134). 

r 7 

. Se 
/ \  

CDCO-COCI 

36  h Me 

I ." I 

L J 

red-brown air-stable salt 
(Ref. 368) (1 34) 

d. Elimination reactions. Finally, an elimination reaction involving the bridging 
-SeSnMe, ligand has provided a route to the corresponding air-sensitive selenol-bridged 
dimer (equation 135). 

%Me3 H 
I I 

/se\ HCI/Et20 /se\ 

\ s e /  \se/ 
(OC14M M(C0)4 -Me,SnCI- (OC),M M(C0)4 

(Ref. 363) (1 35) I 
H 

I 
SnMe3 

M = M n  M = R e  

vScPH = 2285s, 2263m, 2223s 2280s, 2235s 
'H-NMR 6(CHZC1,): - 6.20 (SeH) -4.13 
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These dimers can be Se-alkylated to give the corresponding alkylselenol-bridged dimers 
(equation 120). 

4. SeER,- (E  = Ge, R = Ph; E = Sn, R = Me) 

Only a few examples of complexes incorporating ligands of this class, both terminally 
bonded and bridging, have been reported'44,335,363.370. Dimeric -SeSnMe3-bridged 
complexes were prepared by elimination reactions with metal carbonyl halides (equations 
136 and 137). These air-sensitive brownish-red crystalline solids were characterized by 
infrared and 'H-NMR spectroscopy. Reactions for the conversion of the bridging group 
to -SeH (equation 135) and -SeEMe, (E = P, As) (equation 21) have been described 
above. Heating the dimers in refluxing hexane gave high yields of the tetrameric 
[Me,SnSeM(CO),], compounds, which were formulated as cubane-type clusters363 (e.g. 
see structure 42). 

SnMeJ 
I 

DME/GO OC 

- 2  BrSnMe, 
2 Mn(CO&Br + 2 Se(SnMe3)2 - (O04Mn 

1 (Ref. 363) (136) 
&Me3 

91 '10 

SnMe3 
I 

SnMe3 

73% 

The reaction of [(OC),ReSeSnMe,], with PMe, in benzene at room temperature gave 
(Me,P),(OC)3Re-Se-Re(C0)3(PMe3)z, which was characterized by single-crystal X-ray 
diffraction3'' (Figure 4). 

The only reported example of a ligand of this class terminally bonded to a metal was 
prepared by oxidative addition of a Rh(1) substrate with Ph3GeSeSeGePh3 or by an 
equivalent metathetical reaction (equation 138). 

Q 
SeGePh3 
I 

? 
SeGePh3 

@ = 41 

(Ref. 335) (138) 

I 
CI 
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FIGURE 4. Molecular structure of (Me,P),(OC),Re-Se-Re(CO),(PMe,), . 
Reproduced with permission from Ref. 370 

The bis(tripheny1germanium) diselenide was prepared as shown in equation (1 39)335. 

EIOH 
2 Na,Se + 2 Ph3GeBr - 2 NaSeGePh, (1 39) 

5. Organoseleninates (RSe0,-) 

A variety of organoseleninate metal complexes have been prepared by metathetical 
reactions between a metal chloride salt or complex and a sodium organosele- 
ninate371 - 3 8 8  . In two cases methylseleninate complexes have been formed by insertion of 
SeO, into a metal-Me bond (CpFe(CO),Me389 and q7-C,H7Mo(C0)2Me390). No 

Monodentote Biden tote 

//” 
M-0-Se 

/O\ 

M \O/SeR 

0 
I 

M-Se-R 
.I 
0 
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linkage isomeric pairs have been isolated with ligands of this class, as in the case of 
sulphinato ligands' 5 3 c ;  nevertheless, they have an interesting ambidentate ligand 
chemistry. Although no definitive single-crystal X-ray diffraction studies have been 
reported, the bonding modes illustrated above have been proposed on the basis of infrared 
spectroscopy (Table 28). 

Many transition-metal complexes with phenylseleninato and substituted phenyl 
analogues have been prepared by Preti and coworkers371 -387 .  

Since the ring substituents, while causing relatively minor changes in spectroscopic 
properties, have not changed the bonding mode in any case, the spectroscopic data in 
Table 28 are, for the most part, restricted to the parent ligand. Infrared spectral changes, 

TABLE 28. 

Compound vsc-o,ryrn Vse-o,aryrn "sc-c Ref. 

Infrared spectral data (cm- I) for seleninate complexes" 

768 

815 
810 
850 
866 

730 
830' 
728 
970 

725 
690 
680 
710,690 
700,690 
690 
730 
760 
726 
735 

714 
726 
723 
738,724 
729,700 

865 

- 

781 666 371 

(vs.-o --M..sym) 

725 675 374 
698 
700 
752 

830 
86Or 
859 
887 

745 
740 
750 
740 
740 
778 
790 
790 
795,776 
75 1 
785,728 
778 
802 
807 
803,795 
765 

720 

659 378 
650 378 
668 386 

680 371 
655 3 74 
570 389 
565 390 

670 372 
670 371,377 
670 371,377 
670 373 
670 373 
670 374 
655 3 74 
655 3 74 
708 38 I 
667 38 I 
708 381 
680 388 
674 388 
673 388 
675 388 
680 383 

640 375 

Measured as KBr discs. 
vcd-o = 4 5 0 m  I. 

vNi-o = 4 3 2 m - I .  
vco-o = 4 4 3 m -  I. 

'The corresponding value for the ionic sodium salt is 795cm-' 5 ' 6  

JThe corresponding value for the ionic sodium salt is 817cm-'.  
ovc,-o = 530~11-' .  
* vMn-o = 420cm- I. 
i ~ ' F e - o  =420cm-'.  
Je,-0=540cm-'.  
' v , - , - ~ =  545cm-I. 

vFc-o = 508cm-I. 
v ~ , - ~  = 434cm-I. 
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TABLE 29. Infrared spectral characterization of organoseleninato ligand bonding modes 

Bonding mode V S ~  -0,sym' V S ~  -0.arym' Ab b e  - c 

M-Se Decrease Increase 80-90 Little change 
M-0 Increase Decrease 80-90 Little change 
M-(O, 0) Decrease Decrease 30-88 Little change 
M-(Se, 0) Increase Decrease ca. 150 Little change 

"Shifts vs. the ionic Na salts of the ligands. 
bvSI-o,.sym - vSc-o,sym of the complexes. 

compared to the Na salt of the ligand, have been established as criteria of the bonding 
mode of the ambidentate organoseleninato ligand (Table 29). 

In some cases the proposed bonding mode was further supported by the measurement 
of a metal-0 or metal-Se vibration (Table 28). The insolubility of some of the simple 
complexes (e.g. C U ~ ~ ' ,  Co3", Ni371) suggests polymeric structures involving 0,O 
coordination via bridging ligands rather than intramolecular chelation. For M(O,SeAr), 
(M = Rh373, Ir373, Ru,'~, Cr3'l, Fe3''), however, the solubility in alcohols suggested 
monomeric formulations. 

The removal of water from the coordination sphere of the Cd(rr) and Hg(n) complexes, 
[M(O,SePh),(H,O),], changes the bonding mode of the seleninato ligand (to monoden- 
tate 0 bonding in the Cd(rr) complex and to monodentate Se in the Hg(rr) complex)374. 
With the Zn(rr) analogue, however, the 0 , O  bonding mode is retained in the anhydrous 
compound374. 

The first example of SeO, insertion into a metal-alkyl bond involved the facile reaction 
of freshly sublimed SeO, with a benzene solution of a Fe(1) complex389 (equation 140). 

CpFe(CO),Me + SeO, + CpFe(CO),SeO,Me + Fe(O,SeMe), + [CpFe(CO),], 

brown, moderately air-stable solid (140) 
MW (CH,CI,): 300 

'H-NMR S(CD,OD): 3.02 (s, Me), 5.05 (s, Cp) 
EIMS: [MI'. = 302, 304 

The Me chemical shift, the downfield shift of the Cp resonance vs. the starting Me 
compound, and the vc=o values (2056, 2009; ca. 50cm-' higher energy than the 
precursor Me compound) all support the presence of a -SeO,Me ligand in this product. 
The infrared spectrum in the 700-900 cm- ' region (Table 28) and the independent 
synthesis of the same complex by a metathetical reaction between CpFe(CO),CI and 
NaSe0,Me further confirm the proposed insertion reaction. 

A similar SeO, insertion reaction, with activated SeO, generated in a metal atom 
reactor, has been reported with a molybdenum alky1390 (equation 141). 

THF,- 7 8 OC 

8 days 
(V~-C,H,)MO(CO)~M~ + SeO, -(q7-C,H,)Mo(CO),SeOzMe (141) 

30% 
red-brown 

v,-,~(CH,CI,) = 2000vs, 1940vs cm- ' 
vs,-,(mull) = 565vscm-' 
vs,-,(mull) = 1070s, 887s, 790scm-' 
'H-NMR ~(CDCI,): 5.28 (s ,  c,H,), 

2.32 (s, Me) 
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The Me proton signal in the SeO, insertion product is significantly shifted downfield 
(- 0.25 ppm) compared to the precursor Me complex. The product, which was purified by 
medium-pressure gradient chromatography on SiOz at - 20 "C, was stable in an inert 
atmosphere for a few days at - 78 "C but decomposed in a few minutes at room 
temperature. An analogous reaction with (q7-C,H,)Mo(CO),Ph failed to give SeO, 
insertion390. 

6. Dialkylselenocarbamates (-SeC(O)NR,-) 

Although the dialkylselenocarbamate hybrid ligand system can bond in a (Se, 0) 
bidentate coordination mode (Section II.D.2a), several examples of monodentate Se 
coordination have been described3" -400. Ni(11)~", P ~ ( I I ) ~ ~ ~ ~ ~ ~ ~  and P t ( r ~ ) ~ ~ ~ ~ ~ ~ ~  com- 
plexes were prepared by metathetical reactions with selenocarbamate salt generated in situ 
(equation 142). 

LzMClz + 2 RZNHz[SeC(0)NR,f2 L,M(SeC(O)NR,), (142) 

M = Pd, Pt I C0,'THF''' 

Se + R2NH 
R = Me, Et, n-Pr, n-Bu; L = PPh3 
R = Me; L = PPh,Me 

As would be expected on the basis of the stoichiometry of the Pd(n) and Pt(1I)complexes 
and the well-established Class B Lewis acid character of these metals3", the complexes 
are square-planar with monodentate Se-bonded selenocarbamate. The infrared spectra of 
these complexes in the solid state show v,--~ absorptions at ca. 1600cm-', characteristic 
of this bonding mode with a free carbonyl group (Table 30). 

TABLE 30. Infrared data (cm- ') for complexes with monodentate Se-bonded dialkylselenocar- 
bamate ligands 

Complex "c =o Reference 

(Ph,P),Ni(SeC(0)NEtz)z 

(Ph,P)2 Pd(SeC(0)NBuz)z 

(Ph,P)zPt(SeC(O)NBuz)z 

(Ph,MeP)zPd(SeC(0)NMez)z 

(Ph, MeP),Pt(SeC(0)NMez), 

Me,SnSeC(O)NMe, 
(Ph,P)AuSeC(O)NC,H, ob 

(Ph,P)AuSeC(O)NMe, 
(Ph,P),Rh(CO)SeC(O)NC5H, ob 
Mn(CO)5SeC(0)NMez 
[Mn(CO)4SeC(0)NMe,]2 (&a) 
Re(CO),SeC(O)NMe, 
CRe(CO)4SeC(0)NMe~12 (W 
CpFe(CO),SeC(O)NMe, 
CpMo(CO)&C(0)NMez 

1581s 
(1 598m, 1 52 1 s)' 
1600s 
(1 592s, 1532m)" 
1603s 
(1 595s, 1 W s h y  
1599s 
(1 592s, 1540vw)" 
1603s 
(1603s)" 
1620 
1605, 1595' 
1605, 1595' 
I585 
1623 
1660 
1621 
1665 
1600 
1618 

391 

392, 393 

392,393 

393 

393 

394 
395 
395 
395 
396 
391 
398 
398 
399 
400 

~~ 

"CH,CI, solution. 
'NC,H,, = piperidyl. 
'Coupled (C-0) and (C-N) stretching modes. 
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In CH,CI, solution, molecular weight, infrared and NMR s t ~ d i e s ~ ” , ~ ~ ~  have shown 
that the PPh, complexes undergo dissociation of the phosphine ligand and chelation of 
the selenocarbamate (equation 143). This dissociation reaction occurs to a greater extent 
for Pd(ii) than Pt(II), as expected on the basis of the greater kinetic stability of the latter 
complexes, whereas the complexes with the more basic phosphine, PPh,Me, show 
essentially no dissociation in solution, as evidenced by molecular weight measurements 
and the presence of only one vcr0 band due to uncoordinated carbonyl in both the 
solid state and solution (Table 30). 

R2NC /Se\M/o\ CNR2 4- PPh3 

\o’ ‘ s l  

The exchange process was confirmed by ,‘P-NMR for (Ph,P),Pd(SeC(O)NBu,),, which 
gave a broad resonance, whereas the other three complexes that were soluble enough for 
such measurements all gave sharp singlets that did not change with added phosphine 
[(Ph,P),Pt(SeC(O)NBu2),; (Ph,MeP),M(SeC(O)NMe,),, M = Pd, Pt]. The 31P-195Pt 
coupling constants for the Pt compounds indicated a trans geometry (2860 and 271 3 Hz). 

‘H-NMR spectroscopy established free rotation about the C-N bond at room 
temperature for (Ph2MeP),M(SeC(0)NMe,),, but at lower temperature the single broad 
N-Me resonances were split into two signals (Pd: 6 = 2.56 (r.t.), 2.57,2.46 ( -  15 “C); Pt: 
6 = 2.57 (r.t.), 2.56, 2.49 ( -  15 0C)393). 

The diamagnetism of the Ni(ii) complex, Ni(PPh,),(SeC(O)NEt,)?, and its infrared 
spectrum (Table 30) indicated that the complex was square planar with two Se-bonded 
selenocarbamate ligands3”. The solution infrared spectrum and low molecular weight in 
CH,CI, (439 vs. calculated value of 941) indicated significant dissociation as in the Pd(Ir) 
and Pt(rr) complexes (equation 143). Treatment of a THF solution of this complex with CO 
resulted in facile displacement of the selenocarbamate ligand and formation of 
Ni(PPh,),(CO), in ca. 70% yield391. 

Monodentate Se bonding of the selenocarbamate in Me,SnSeC(0)NMe,394, prepared 
by a metathetical reaction from Me,SnCI, was indicated by its infrared spectrum (Table 
30). Related compounds, Me,Sn(OSeCNR,), and Me,CISn(OSeCNMe,), contain (Se, 0) 
bidentate selenocarbamate (Section II.D.2.a). A tetrahedral structure with monodentate 
dialkyldithiocarbamate has been established by single-crystal X-ray diffraction of 
Me,SnSC(S)NMe2402. 

In contrast to the Pd( r~ )~’~ ,  P t ( i~ )~ ’~ ,  Au(I),~’ and R ~ ( I ) ~ ~ ’  complexes, restricted 
rotation about the C-N bond occurs in this Sn complex at room temperature (6(CCI4), 
NMe,: 3.28, 3.09)394. 

M a n g a n e ~ e ~ ’ ~ . ~ ~ ~  and rhenium3” pentacarbonyl complexes containing monodentate 
Se-bonded selenocarbamate (46) undergo successive solid-state thermal decarbonylation 
reactions to give dimeric complexes with more highly coordinated forms of this ligand 
(equation 144). 
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L 0 
II \.o 

Se 

Me,NCi - 

(144) 

M(CO),Er (OC)5M-SeCNMe2 

M = Mn, Re (46) (47) 

150 OC 
d 

N 
Me/ \Me 

(49) 

Although the initial report396 on the thermolysis of the manganese pentacarbonyl 
complex indicated that the tetracarbonyl complex formed as the initial thermolysis 
product was monomeric 47 with chelating selenocarbamate ligand, a subsequent 
r epodg7  showed that this complex was actually a dimeric species with Se-bridging 
selenocarbamate (48). Thermolysis in cyclohexane did, however, allow the unstable 
monomeric species 47 to be identified by infrared spectroscopy (vcx0 = 155Ocm-'). 

Isolation of pure tetracarbonyl dimers required that the thermolysis be carried out 
under flowing C0397. Thermolysis under N2 always gave contamination with the 
tricarbonyl dimer 49. The identification of the tetracarbonyls as dimers with bridging Se- 
bonded selenocarbamates rather than monomers with chelating selenocarbamates was 
based on infrared and mass ~ p e c t r o s c o p y ~ ~ ~ - ~ ~ ~ .  A detailed analysis of the infrared 
spectra of the dimers in the carbonyl region (M-CzO,  1900-2100cm-') and 
comparison of the number of observed bands with those expected for the various 
symmetry types allowed assignments of the detailed stereochemistries (equation 144). The 
conversion of the manganese tetracarbonyl 48a to tricarbonyl dimer 49 involves inversion 
of configuration with respect to the orientation of the selenocarbamate ligand397, but for 
the Re dimers this net decarbonylation process is accompanied by retention of 
configuration398 (48b+49). 

The Fe(Ir) and Mo(rr) complexes (Table 30) were prepared by substitution reactions 
(equations 145 and 146). 

ScC(0)NMcl- 
CCPF~(CO)~(M~,CO)IBF. + CpFe(CO),SeC(O)NMe, (Ref. 399) 

CpFe(CO),CI 
ScC(0)NMe2- 

THF 
C p M o ( C O ) , C 1 ~ C p M o ( C 0 ) , S e C ( O ) N M e 2  (Ref. 400) (146) 

The electrochemical oxidation of these complexes in MeCN and CH,CI, has been 
investigated along with the corresponding analogues with SeSe, SeSr S S  and SO 
donors399~400. 
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7. Miscellaneous ligands 

A single example of a monodentate Se-bonded dialkyldiselenocarbamate complex has 
been reported (CpFe(CO),SeC(Se)NMe,)3gg*403. This complex has been prepared by a 
substitution reaction3" (equation 147a) and a CSe, insertion reaction403 (equation 147b). 
There is a discrepancy in the infrared data of the two reports. The lower value of vCPN, 
1460cm-' 399 vs. ISOOcm-' 403, is probably a more reasonable one for monodentate 
coordination of dialkyldiselenocarbamate, values of ca. 15 10-1 525 cm - being generally 
found for the usual bidentate coordination mode (Section 1I.D.C). 

CpFe(CO),C' 

A single examule of a 

2 .  NaPF,(aq) 

comdex with monodentate selenothiocarbamate. 
CpFe(CO~,SC(Se)NMe,, has also been prepared by the substitution route described in 
equation (147a). The position of the v ~ . . . ~  band, 146Ocm-', supports a monodentate 
bonding mode, a value of 1515cm-' being found for the related complex with (S, Se) 
bidentate coordination (CpFe(C0)SeSCNMeJ. This assignment of a Fe-S rather than a 
Fe-Se bonding mode of this ambidentate ligand was based on the observation of a 
[FeS]+ fragment peak, but no [FeSe]+ peak in its mass spectrum399. 

The two-step formation of an unusual -SeSeMe ligand has been achieved by 
alkylation of a coordinated q2-Se2 ligand (see equation 21 5 )  followed by reductive 
cleavage of one of the metal-Se bonds404 (equation 148). 

NaBH,/EtOH 
A Os(q -Se, Me)H(CO),(PPh,), 

C. Neutral Bidentate Ligands 

1 .  (Se, C) donors 

a. CSe, complexes. Because of the instability of CSeZ4O5 relatively few com- 
plexes2'4*2' 7 3 2 2 4 * 4 0 6 - 4 0 8  of this molecule have been isolated compared to the extensive 
coordination chemistry of CS2204*409 . Thi s molecule has also been used in the synthesis of 
selenocarbonyl complexes (Section II.A.7). 

Jensen and Huge-Jensen prepared the first examples of complexes with coordinated 
CSe, by reactions with coordinatively unsaturated low-valent metal species406 (equations 
149- 1 5 I). 

light green solid 
vc=sc =995cm-' 

(1270cm-' in free CSe,) 
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Ni(PPh3)z(CO)z + CSe, + Ni(PPh3)z(CSez)z 

Rh(PPh,),CI + CSe, + Rh(PPh,),CI(CSe,), 

(1 50) 

(151) 

vcESc = 870 cm - ' 

vc=sc = 865cm-' 

In the Ni and Rh systems, only complexes with two CSe, units could be isolated, and 
these have been formulated as tetraselenooxalate complexes on the basis of infrared 
spectroscopy (no vC-Sc band at - IOOOcm-' and a strong band at - 870cm-' 
characteristic of the tetraselenooxalate anion). 

Although no single-crystal X-ray diffraction structure determination has been reported 
for a CSe, complex, the CS, analogue of the product of equation (149) has been shown to 
have the proposed structure with qz-CS2 coordination4''. Several other complexes with 
q2-CSz have also been structurally characterized4". 

Similar reactions were subsequently used to prepare Ir217*407, Pt407, Pd408, Ru2I4 and 
CoZz4 complexes of CSe, (equations 152-1 56). 

CSe, 

C6H6 
trans-IrCI(CO)(PPh,),- IrCI(CO)(CSe,)(PPh,), (Ref. 407) (1 52) 

vcE0 = 1960cm-' vC=Se = 1008cm-' 

v,,-,-, = 317cm-' vc-0 =2025cm-' 
v,~-,-~ = 265cm-' 

CSC, 

IrC1(CSe)(PPh,)z- IrC1(CSe)(q2-CSe,)(PPh,), (Ref. 21 7) (1 53) 

v ~ = ~ ~ =  I175cm-' 

v ~ = ~ ~ ( ~ ~ ~ ~ )  = 1010cm-' 
CSe 

heranc 
Pt(PPh,R),~Pt(PPh,R)z(CSez)  (Ref. 407) (1 54) 

R = P h ;  ~ ~ = ~ ~ = 9 9 9 c m - '  
R = Me; vc=sc = 985 cm-' 

csc, 
Ru(CO),(PPh,),- Ru(CSe,)(CO),(PPh,), (Ref. 2 14) (1 55) 

v ~ = ~ ~  = 953cm-' 

vcEo = 2020, 1950crn-l 
csc2 

Pd(PPhJ4- Pd(PPh,),(CSe,) (Ref. 408) (1 56) 

v ~ = ~ ~  = 990 cm - ' 
Coordinated CSe, can be readily alkylated, and this reaction has been used to prepare 

selenocarbonyl complexes (M-CSe) from CSe, complexes (equations 43 and 46). Only 
two other brief reports have described the reactivity of complexes containing q2-CSe, : ( i )  
phosphine substitution reactions (equation 1 57)408 and (ii) reaction of the coordinated 
CSe, with a difunctional halide to give a cyclic carbene complex (equation 158)411. 

L 

hexanc 
Pd(PPh,),(CSe,)-LPd(CSe,) + 2 PPh, (1 57) 

L = dppe 
vc=sc = 990 cm - ' 

vc=sc =995cm-' 
L = o-(Ph2PCH,),C,H, 
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\ a  Se 

"T' (OC)2(Ph3P)2BrRu=C 
/ ! Se-CH2 

c 

The initial cationic carbene complex was isolated as its perchlorate salt and 
characterized by infrared and 'H-NMR spectroscopy. Warming a solution of the cationic 
complex results in evolution of CO and formation of the neutral dibromo complex. 

b. CSSe complexes. Several complexes of CSSe with transition metals (C0224*412, 

appropriate metal precursor and CSSe, and an 9' bonding mode via C and Se has been 
found in a recent single-crystal X-ray diffraction characterization of (o- 
( Ph2 PCH ,),C,H4)Pd( q 2-CSSe)4 ' (Figure 5.) 

As previously described in connection with the synthesis of selenocarbonyl complexes 
(Section II.A.7, equation 44) stable linkage isomers of the q2-CSSe ligand have been 
isolated (33a, vc=s = 1063cm-'; 33b, vCESe = 1027cm-')2'5. The analogous 0 s  linkage 
isomers have also been isolated (Os(q2-QeS), orange, vC+ = 1066 cm- ' ; Os(q2-gSe), 
pink, vC+= = 1 0 1 5 ~ m - ~ ) ~ ' ~ .  

Complexes with q2-CSSe have been used as precursors to thiocarbonyl complexes via 
phosphine-induced Se extrusion reactions41z (equation 159 and 160). A Ni(o) complex 
with CSSe has been prepared at low temperature by displacement of the labile 1,3- 
cyclooctadiene (COD) ligand4' (equation 161). 

CpCo(PMe,),- CpCo(PMe,)(q'-CSeS) + CpCo(PMe,)(CS) (1 59) 

50°C 

, 9 and Pt408) have been prepared by reaction of an Rh224.412 RuZ1 5 os21 5, Ni413 pd414.415 

CSeS 

- 2 0 OC/PhMe 

PPhdCsHs 

- SePPh 3 
CSCS PPhj 

CpRh(C,H,)(PMe,) - CpRh($-CSeS)(PMe,) - CpRh(PMe,)(CS) (I 60) 

(161) 

-SePPh, 

E t ~ 0 / - 8 O 0 C  
Ni(bipy)(COD) + CSeS - Ni(bipy)(CSeS) + COD 

v,--~= I103cm-l 

The Pd(11)~'~ and Pt(i~)~" Complexes were prepared by reaction of the appropriate 
tetrakis(triorganophosphine) complex with CSSe and, as in the CSe, analogues408, the 
monodentate phosphine ligands can be readily displaced by chelating phosphines 
(equation 162). 

IS 

'i CSSe 
M(PR3)" (PR312M 

'se 
M = Pd; n = 2,3; R = i-Pr4I4 

M = Pt; n = 4 ;  

n = 4 ;  R=ph4I4  

R = Ph408 
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FIGURE 5. Molecular structure of (o-(Ph,PCH,),C,H,)Pd(q2-CSeS) 

Bonding via C and Se was proposed for all of these complexes, based on infrared 
spectroscopy ( v = = ~ =  1 160-1 175 cm-1)414, a conclusion confirmed by single-crystal X- 
ray diffraction for (O-(P~,PCH,),C,H,)P~(~~-CSS~)~~~ (Figure 5). 

Noteworthy also is the significant trans influence of the C atom on the Pd-PI,ons(c) 
distance vs. the Pd-PI,ans(sc) (Figure 5). A similar trans effect has been observed in 
Pd(PPh3)2(qz-CS2). 

c. Selenoformaldehyde complexes. Although polymeric forms of selenoformaldehyde 
have been prepared and characterized both in the free state (e.g. the cyclic trimer 1,3,5- 
triselane416) and coordinated to a metal (e.g. [ [(CHzSe)3]2Ag]AsF64' ') monomeric 
selenoformaldehyde has never been isolated. The latter complex, isolated as yellow 
crystals in 98% yield, was prepared by the reaction of AgAsF, and (CH,Se), in liquid 

'. Single-crystal X-ray diffraction showed the presence of discrete 
[Ag{ (CH,Se),},] -+ cations with all Se atoms irregularly coordinated t o  the Ag (the next 
shortest Ag-Se distance is 3.71 A) (Figure 6). 

In 1983 four reports described the first examples of monomeric selenoformaldehyde 
coordinated as both an q2-CH,Se chelate (equations 1 63418, I M419 and 1 65420) and a 
bridging ligand (equation 1 6642 '). 

C 

Se 

C Se 

FIGURE 6 .  Molecular structure of [Ag{ (CH,Se),},]+ 
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PPh3 

(Ph3P)2(oC)20s(~2-CH20) CSe, OC,;s,CHZ-p 

OC' I \ S e - C N S e  
PPh3 

c6H6 CH20q 

CH,CI, 

reflux 
- COSe 

I 
Os(CO),( PPh3)2 

CH,CI,/ i-PrOH 

v 

pale yellow crystals 

= 1986,1919 cm-' 

'H-NMR, 6(CDC13) : 1.78 (t,SeCH2, 

k o  

?lPH = 4.8 Hz) 

82% 

tan air-stable crystals 
m.p. 209-210 "C 

(1 65)  
2 NaSeH 

- 2  NaI 
Cp(Me3P)Rh(l)CHzI ------b Cp(Me3P)Rh 

- SeHz 

red-violet slightly air- 
sensitive solid (72%) 
S(CH2) = 4.26 (ddd, J H H  = 1.2 Hz, 

J R h H  = 0.8 Hz, J ~ H  = 

8.3 Hz); 5.31 (ddd, J H H  = 

I .2 HZ, J R h H  = 2.2 HZ, 
J p H  = 0.6 Hz) 
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Se 7"\ CHZb /CH2\ 
CpMn(C0)2(THF) 4 Cp(OC)2Mn-Mn(C0)2Cp __* Cp(OC)2Mn-SeMn(C0)2Cp 

- 70 OC 

deep blue air-stoble solid 

vc,,(CCI,) = 2000vs, 1955s, (1 66) 
1934vs, 1882s cm - ' 

2930vs cm - 
vc-H(KBr) = 3 1 1 5 ~ ,  2965~, 

'H-NMR (270 MHZ, c~D,) 
6(Cp) = 4.34 (s) ,  3.71 ( s )  

6(CH2) = 4.88 (d, 'JHH = 1.5 Hz) 

=4.66 (d, 'JHH = 1.5 Hz) 

The structure of the selenoformaldehyde-bridged dimer {Cp(OC),Mn},(CH,Se) has 
been confirmed by single-crystal X-ray diffraction4, '. 

Heterometallic binuclear complexes with bridging selenoformaldeh yde have also been 
prepared by acid-base reactions between a complex with q2-SeCH, and complexeswith 
the very labile THF ligand4,, (equation 166a). 

,M(C0I5 

M (CO)JTHF - Cp(Me3P)Rh 
M = C r ,  W 

( 1  66a) 

The 'H-NMR spectra of these dimers give two signals for the diastereotopic CH,Se 
protons (6(Rh, Cr)=4.88 (dd), 3.56 (ddd); 6(Rh, W)=  5.18 (ddd), 3.76 (ddd)), the 
differences in 6 values of the CH, signals being significantly greater than for the Mn dimer 
(equation 166). 

The basicity of the coordinated q2-selenoformaldehyde ligand was further de- 
monstrated by the formation of Cp' (OC)Rh(p,,q2(Rh)-CH2Se)M(CO), by the two-step 
synthesis (e.g. equations 165 and 166a) starting with Cp'(OC)Rh(I)(CH21)422. 

2. (Se, N) and (Se, f )  donors 

Only a few examples of neutral (Se, N) ligands have been reported (Table 31), and no 
definitive structural information is available for these complexes. 

Complexes of selenosemicarbazide (RHNC(Se)NHNH, ; ssc-R, 50) were readily 
isolated from a solution of the ligand and the appropriate metal salt. A tetrahedral 
monomeric structure with (Se, N) bidentate selenosemicarbazide (ssc-H) was assigned to 
[Zn( s s~-H)Cl , ]~~~  on the basis of the similarity of its X-ray powder pattern with that of 
the analogous thiosemicarbazide complex, the structure of which has been solved by 
single-crystal X-ray diffra~tion~~' .  A green complex, Cu(ssc-H)CI, was precipitated if' an 
aqueous solution of the ligand, acidified with HCl, was added to cold aqueous CuCI, in a 
1 : 1 molar ratio. The structure of this complex is unknown, but the similarity of its infrared 
spectrum with that of the thiosemicarbazide analogue indicates a bidentate (Se, N) 
coordination mode, and its insolubility suggests a polymeric structure with bridging 
chloro ligands. The magnetic susceptibility (perf = 1.78 B.M.) confirmed the presence of 
CU(II). 

Reaction of CuX, (X = C1, NO3) or CuSO, with ssc-H in a 1 :2 molar ratio gave 
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TABLE 31. 

Ligand C o m p 1 ex Ref. 

Complexes with neutral (Se,N) and (Se,P) donors 

423 
424 
424 
424 
424 
425 
425 
425 
425 
426 

430 
427-429 

43 I 
432, 437 
433 
433,434 
434 
434 

complexes reported to be Cu(ssc-H),X, (X = C1, NO,, 3S04)424. The insolubility and 
red-brown colour of the chloride and nitrate complexes, however, suggest that reduction 
has occurred with formation of CU(I) complexes, [Cu(ssc)],. The magnetic susceptibi- 
lities of these complexes were not reported. In contrast, the sulphate complex was reported 
to be green, characteristic of CU(II)~’~. 

Addition of solid ssc-H to a concentrated aqueous solution of NiSO, gave a precipitate 
of a diamagnetic red solid, which was assigned a trans square-planar structure (51t1)~’~ on 
the basis of the similarity of its X-ray powder pattern with the structurally characterized 
thiosemicarbazide analogue436. 

j2+ [ H2NC/Se\ /SexCNH2 I 12+ 
I /Ni, 

HN \NH2 H2N--’-NH 

(51a) (51b) 

A pale brown complex, formulated as the cis isomer (51b), was prepared by addition of a 
hot ethanol solution of NiSO, to a hot dilute ethanol solution of SSC-H~’~. 

The pale brown, diamagnetic square-planar complex ~i(ssc-H),]C1, precipitated on 
mixing hot ethanol solutions of ssc-H and NiC1,.6 HzO in a 2:  1 molar ratio425. An 
aqueous solution of this complex was, however, blue-green and paramagnetic. 
Concentration of this solution gave green crystals of the octahedral complex mi(ssc- 
H),]CI2.2 H 2 0  (perf = 3.14 B.M.)42s. 

Addition of aqueous ammonia to solutions of ~ i ( s s ~ - P h ) ~ ] C 1 ~ ~ ~ ~  and mi(ssc- 
H)2]C1242’ precipitated the corresponding neutral complexes containing the anionic form 
of the selenosemicarbazide ligand. 

of the use of 2-(2-pyridyl)benzo[b]selenophene (52) as a reagent for the A 
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pbs, (52) 

gravimetric determination of Pd(11) and Pt(II) included the isolation of the yellow 
complexes MCl,(pbs). They were formulated as monomeric, square-planar species with 
(N, Se) bidentate pbs, although no spectroscopic data were presented. 

Alkylation of a coordinated Se atom was used to prepare CO(III) complexes with the 
chelating RSeCH,CH,NH, ligand (equation 167). 

RCI 
[Co(en)~(SeCH,CH~NH2)]2+-[Co(en),(RSeCH,CH2NH,)]3+ (167) 

R = ~ ~ 4 2 7 . 4 2 8  , Et428, CH,Ph428, CH,CH2C(0)Me 
(MeC(0)CH =CH2 was used as the alkylating agent4") 

The kinetics of the reaction with Me1 was studied, and the relative nucleophilicities 
of various coordinated S and Se centres were determined: [(en)2Co(S(0)CH2CH2NHz)]z+ 
c [(enh Co(o-SC6H4NH,)I2 + < [(en),Cr(SCHzCHzNH,)]~+ - [(en),Co(SCH,CO,)] + 

2 [(~~),CO(SCH,CH,NH,)]~+ < [(~~),CO(S~CH,CH,NH,]~+ 427.  

Optical isomers of the octahedral complexes [CO(~~),(M~S~CH,CH,NH~)]~ + 429 and 
[ {N(CH,CH,NHz),}Co(MeSeCH,CH,NH,)]Z+ 430 have also been isolated and char- 
acterized by electronic and circular dichroism spectra. These complexes were synthesized 
by alkylation of the corresponding selenolato complexes (e.g. equation 167). The complex 
with the tetradentate amine, N(CH,CH,NH,),, gave two geometrical isomers differing in 
the relative orientation of the bidentate (Se, N) ligand, which were separated by 
chr~matography~~'.  

Although a large number of hybrid bidentate ligands with various (P, E) (E = Group 5a 
or 6a element) donor sets have been reported", only one example with a (Se, P) set is 
known (53). The ligand was prepared by the two-step route shown in equation (168)431. 
This ligand forms complexes with C O ( I I ) ~ ~ ' ,  N ~ ( I I ) ~ ~ ~ ~ ~ ~ ~ ,  R u ( I I ) ~ , ~  and P ~ ( I I ) ~ ~ ~ B ~ ~ ~ .  The 
Co(11)~~' and Ni(11)~~' bromo complexes were formulated as square-pyramidal on the 
basis of solution conductivities (1 : 1 electrolytes in MeCN and MeNO,), magnetic 
susceptibilities (Co complex, perf = 2.54 B.M.; Ni complex, diamagnetic) and electronic 
spectroscopy. The thiocyanate complex m i ( ~ p p ) , ( N C S ) ~ ] ~ ~ ~  was assigned an octahedral 
structure with N-bonded thiocyanate, but no spectroscopic data were given in support. 

SeMe n-BuLi . aSeMe CIPPh2 . aSeMe 
Li + 

PPh2 
Et20/-78 OC 

3 1 '10 (1 68) 

spp, (53) 

The Pd(11)433,434 complexes are square-planar with S-bonded thiocyanate, although no 
spectroscopic evidence has been presented to support the latter conclusion434. These 
complexes readily undergo thermal Se-demethylation in solution to give the correspond- 
ing neutral complexes (e.g. m i ( p ~ ) J ~ ~ ~ ,  [(ps)Pd(p-SCN),Pd(p~)]~~~~~~~, [Pd(p~),]~~';  
see Section II.D.1). The kinetics of the demethylation of [Pd(spp)(SCN),] with SCN- in 
CD,CN/CH,CI, (3 : 1) has been and under these conditions the reaction goes 
under milder conditions than in neat solvent (i.e. 55°C434 vs. refluxing DMF or n- 
bu tan01~~~) .  
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3. (Se, E)  (E = 0, S, Se) donors 

Relatively few ligands of this class have been described. The heterocycles 1 ,Cdiselenan 
and 1,4-0xaselenan, which could coordinate as chelating (Se, Se) and (Se, 0) ligands, were 
discussed in Section II.A.4 (see Tables 10 and 1 I ) .  No good evidence for such chelation has 
been published. The Sen ligands (n  = 2, 4, 5), which can be formally considered to be 
neutral (Se, Se) chelates, are discussed in Section II.G.2-4. 

The neutral bidentate (Se, E) (E = 0, S ,  Se) ligands and their transition-metal 
coordination complexes are summarized in Table 32. The complex formation constants of 
Se(CH2CH2C02H), and its related ligands with various divalent metals were measured in 
aqueous solution. 

Complexes with 1 : I stoichiometries with both neutral and deprotonated forms of the 
ligands were present in such solutions. Chelation via the Se and 0 sites of these ligands was 
suggested, although no spectroscopic data were reported in this workg'. 

The hybrid ligand MeSCH,SeMe functions as a bridging ligand in Pt(1v) complexes 
(e.g. Me,Pt(p-X),(p-MeSCH,SeMe)PtMe3)z57. Abel and coworkers, as a continuation of 
their detailed NMR studies of pyramidal inversion and intramolecular rearrangements in 
metal complexes with chalcogen ligands, have shown that increasing the methylene group 
by one unit allows the resulting ligand to function as a (Se, S )  chelate in P t ( ~ v ) ~ ~ ~ ,  Pt(11)~~' 
and R ~ ( I ) ~ , ~  complexes (Table 32). This chelating ligand (msmte) was prepared as shown 
in equation ( 1  69)437. The metal complexes were prepared from appropriate halo 
complexes (equations 170-1 72). Facial geometry of the octahedral Re(]) complexes was 
established by infrared spectroscopy (e.g. three observed vczo bands of similar intensities). 

MeSCH,CH,CI + MeSe- Na' + MeSCH,CH,SeMe (169) 
Itq. NH, msmte 

Me,Se, + Na pale yellow liquid 
b.p. 82 "C (1 0 mm Hg) 
88% yield 

msmtc 

ma3 
reflux 

Me,PtX - Me,PtX(msmte) (Ref. 437) (170) 

X = C1, Br, I 

PtXMe(C0D)- PtXMe(msmte) (Ref. 439) 

X = CI, Br, I 

(OC)4Re(p-X),Re(C0)4- fac-[ReX(CO),(msmte)] 

(Or [ReX(CO),(THF)I (Ref. 438) (1 72) 

The aromatic (Se, S )  hybrid ligand msta (54) was first prepared by P i e r p ~ n t ~ ' ~  (equation 

(171) 
msmte 

CHCl3 
rcflux 

msmie 

CHCl3 
rcflux 

X = C1, Br, I 

173). 

a N H z  asecN l.Mel/EtOH/A - Z.KOH/EtOH/A Qfr (173) 
SMe SMe 

msto , (54) 

yellow oil 
b.p. 104-105 "C (1 mm Hg) 



114 Henry J. Gysling 

TABLE 32. Complexes with neutral (Se, E) (E = 0, S, Se) ligands 

Ligand (L) Complex Reference 

(Se, 0) donors 
Se(CH,CH,CO,H), 
Se(CH,CO,H), 
Se(CH( Me)CO,H), 
(Se, S) donors 
msta (54) 

MeSeCH,CH,SMe 
(msmte) 

(Se, Se) donors 
NCSeCH,CH,SeCN 

(dse) 

MeSeCH,CH,SeMe 

i-PrSeCH,CH,SePr-i 

PhSeCH,CH,SePh 

MeSeCH ,CH ,CH ,%Me 

EtSeCH,CH,CH,SeEt 

CMLI 
M = CO(II), Ni(ii), Cu(ii), Zn(ii), 

Cd(Id, Pb(ii), A d d  

PdCl,(msta) 
PtMe,X(msta) 

X = C1, Br, I 
ReX(CO),(msta) 

X = CI, Br, I 
PtMe,X(msmte) 

X = CI, Br, I 
PtMeX(msmte) 

X=CI,Br,I  
ReX(CO),(msmte) 

X = CI, Br, I 

[M(dse)CI,l (56) 

Cco(dse)CI,l" 
CM(dse)C131 (57) 

M = Pd, Pt 

M = Rh, Ir 

n = 2 ;  M=Pd,  Hg 
n = 3 ; M = A u , F e  
n = 4; M =Ti, V, Pt, Sn 

M = Mn, Re; X = CI, Br 

MCI;L 

M(CO),XL 

Cr(CO),L 
[PtXMe,L] 

[ReX(CO),Ll 
CMX, LI 

CNiX2L21 

CNi(NCS)2Ll 
[M(CO),LI 

[TiCI,L] 

MC1;L 

X = CI, Br, I 

M = Pd, Pt; X = CI, Br 

X = CI, Br 

M =Cr, Mo, W 

CRu(CO)ZBr*LI 

n = 2 ;  M =Pd, Hg 
n = 3; M = Au 
n = 4; M =Ti, V, Pt, Sn 

(FeC13h 'L 
TeBr, . L 
[PtXMe,L] 

[ReX(CO),LI 

CMCM-I 

X = CI, Br, I 

X = CI, Br, I 

M = P d  
M = Pt 

91 

434 
437 

438 

437 

439 

438 

440 

441 
441 

442 

443 

443 
444,445 

446 
447-450 

45 I 

45 I 
450,452 

453 
98 
442 

442 
442 
444,445 

446 

6 
5 
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TABLE 32. (Continued) 

Ligand (L) Complex Reference 

MeSeCH,CMe,CH,SeMe CM(CO)4LI 454 
M = Cr, Mo, W 

Ph,P(Se)CH,P(Se)Ph, CCOLX21 14Od 
X = C1, Br, I 

[ (COD)RhL]CIO, 128 
CMLZICIO, 134 

CMLX21 134 
M = CU, Ag 

M = Pd, Pt; X = CI 

Ph, P( Se)CH ,CH, P( Se)Ph, 134 
134 

A more recent paper434 described a synthesis via lithiation of o-bromoselenoanisole, 
followed by sulphur insertion and methylation (equation 174). Since the starting o- 
bromoselenoanisole was prepared from o-bromoanisole by a route analogous to that 
described in equation (173), the more direct synthesis via the latter route seems more 
efficient. 

I .  n-BuLi/hcrane/EI20 

2 .  s, 
3.  Me1 

54 (1 74) o-BrC,H,SeMe 

The monomeric Pd(rr) complex of this hybrid ligand, [Pd(Se, S)CI,], shows a typical 
doublet in the far-infrared region characteristic of a cis-PdC1, group (300, 320cm-')434. 

Total NMR band-shape fitting methods have been used to determine accurate energy 
data for inversion barriers at S and Se in the complex [P~XM~,(O-M~SC,H,S~M~)]~~' 
and ~UC-[R~X(CO),(~-M~SC,H,S~M~)]~~~ (X = C1, Br, I). 

Poorly characterized complexes of P ~ ( I I ) ~ ~ O ,  Pt(11)~~', CO(II)~~' ,  Rh(111)~~' and Ir(111)~~' 
with 1,2-diselenocyanatoethane have been reported. This ligand, prepared by reaction of 
KSeCN and 1,2-dibromoethane in refluxing ethanol, was isolated as white needles after 
recrystallization from EtOH to remove elemental Se (m.p. 136-1 37 0C)440. The Pt(u) 
complex440 gave v ~ - , - ~  bands at 320 and 303 cm- ', characteristic of a cis terminal PtCI, 
group, but no far-infrared data were reported for the Pd complex. Shifts of the vCGN 
and vc -% vs. the free ligand suggest that both N and Se sites interact with the metals 
in these complexes. The insolubility of the complexes precluded molecular weight 
measurements. The data suggest polymeric structures for these complexes (56) rather than 
monomeric structures with chelating (Se, Se) (55). 

(55) (56 1 

Spectroscopic and magnetic data support an octahedral polynuclear formulation for 
the pink, very hygroscopic complex with C O C ~ , ~ ~ ' .  

The more stable, brown, diamagnetic Rh(II1) and Ir(rrr) complexes, however, were 
assigned chloro-bridged dimeric structures (57) with chelating Se ligands (infrared spectra, 
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MW in sulpholan solution, non-electrolytes in DMSO). These dimers undergo typical 
bridge cleavage reactions to give monomeric (equation 175). 

p.McC6H4NH2 

McC(0)Et 
[MCI,(Se, Se)I2 - C13@-MeC6H4NH2)M(Se, Se) 

reflux 

VRh-CI = 336, 275 cm-' 
v,r-cI = 312, 275cm-' 

Complexes of the (Se, Se) chelating ligand, EtSeCH,CH,SeEt, with Pt(11)~ and Pd(rI)6 
were prepared in the early work of Fritzmann (equations 176 and 177). 

EISC(CHI)&EI 

(SC. SC)  
* cis-[PtCl,(Se, Se)] + [Pt(Se, Se),][PtC14] Kz CPtC141 

(Ref. 5) (176) 
yellow brown 
m.p. 176.5"C m.p. 176°C 
soluble in CHCl, insoluble in CHCl, 

ElSc(CHI)&Et 

P PdCl,(Se, Se)] (Ref. 6) (1 77) 
(SC. SC) 

Kz CPdC141 

yellow 
insoluble in organic solvents 
m.p. 18 1 "C dec. 

The pure monomeric cis-Pt complex (equation 176) was prepared by using 2 equiv. of 
the Se ligand and heating the reaction mixture on a steam bath or by heating the reaction 
mixture of equation (1 76) to 110 "C, which isomerizes the Magnus-type salt to the 
monomer5. 

A number of other complexes with RSe(CH,),SeR(n = 2, R = Me, i-Pr, Ph; n = 3, 
R = Me) have been reported (Table 32). Much of the interest in these complexes centred 
on variable-temperature 'H-NMR studies of inversion processes in such ring 

The complexes [MX,(i-PrSeCH,CH,CH,SePr-i)] (X = C1, Br; M = Pd, Pt)447 were 
isolated from aqueous ethanol reaction solutions as monomers, but on dissolution in 
CHCl,, dimerization occurred with formation of Se bridges (equation 178). The 

syStemS444-446.449.450.452 ,454 

MW(acetone) = 468 MW = 950 
(calc.) = 449.5 

vw-cI = 319, 298cm-' 
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oc 

C 

FIGURE 7. Molecular structure of PdCl,(i- 
PrSeCH,CH,SePr-i) 

0' 
FIGURE 8. Molecular structure offac-[ReI(CO),(MeSeCH,CH,SeMe)] 
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formulation of the dimers as Se-bridged species rather than the isomeric halo-bridged 
compounds was based on their failure to give bridge-cleavage monomeric products with 
p-toluidine, a reaction typical of the latter dimers (e.g. equation 175). In addition, the vM-cI 
vibrations are essentially identical in the monomers and dimers, but bridging halo ligands 
would be expected to have decreased values for such vibrations. 

Octahedral monomeric Ni(rr) complexes, [NiX,(i-PrSeCH,CH,SePr-i),], were for- 
mulated on the basis of conductometric, magnetic and spectroscopic (infrared and 
electronic) evidence4". Reaction of these complexes with KSCN gave the square-planar, 
paramagnetic (pcfr = 3.40 B.M.) [Ni(NCS),(i-PrSeCH,CH,SePr-i);, assigned an iso- 
thiocyanato bonding mode (vCEN = 2105, vcVs = 776, BNEC--S =467,458cm-'). 

Two complexes with chelating ligands of this class have been characterized by single- 
crystal X-ray diffraction: [PdCl,(i-PrSeCH,CH,SePr-i)]424 (Figure 7) and fuc- 
[ReI(CO)j(MeSeCH,CH,SeMe)]42Z (Figure 8). Several examples of complexes contain- 
ing chelating phosphine selenides have been described (Ph,P(Se)(CH,),P(Se)Ph,, n = 
I L28.134, 2134;  Table 32). Difunctional phosphine selenides with longer methylene 
chains (n = 3,4,6) bridge metal centres rather than chelate to a single metal (see Section 
II.A.3). The difunctional phosphine selenides Ph,P(Se)(CH,),P(Se)Ph, (n = I ,  2), prepared 
by reaction of the phosphine with KSeCN in MeCNI4', form (Se, Se) chelate complexes 
with Cu(r), Ag(r), Hg(rr), Pd(n) and Pt(r1). 

The copper complex [CU(P~,P(S~)CH,P(S~)P~,),]CIO~'~~ precipitated from an 
EtOH/CHCI, solution of C U ( C I O , ) ~ ~ ~ H , O  and the selenide in a 1:2 molar ratio. In 
contrast, the analogous phosphine sulphide gave either a Cu(11) or CU(I) complex, 
depending on the reaction conditions (e.g. acetone solvent, Cu(11) complex isolated; 
acetone solventfiypophosphorous acid or ethanol solvent, Cu(r) complex isolated)'34. 

As discussed for monodentate phosphine selenides, a shift of the vpSSe band to lower 
energy is characteristic of Se coordination of this class of ligands. This band was not 
assigned in [Co(Ph,P(Se)CH,P(Se)Ph,)X,] (X = CI, Br, I)'40d, but in several other 
complexes of Rh(i)'", CU(I)' 34, Ag(r)' 34 and Hg(rr)' 34 with this chelating phosphine 
selenide, shifts of ca. 10 cm- ' to lower energy were observed vs. the value for the free ligand 
(Ph,P(Se)(CH,),P(Se)Ph,; n = 1 : 531 cm-' ; n = 2: 530cm-I). Although no complex with 
a chelating phosphine selenide ligand has been characterized by single-crystal X-ray 
diffraction, [Cu(Ph,P(S)CH,P(S)Ph,)CI] has been so characterized and shown to contain 
bidentate phosphine sulphide in a distorted trigonal-planar CU(I) complex' 34. The 
decrease in vpZs vs. the free ligand was ca. 60cm-' for this complex'34. 

D. Anionic Bidentate Ligands 

1. (Se, N)- and (Se, P)-  donors 

Only a few complexes with anionic (Se, N) and (Se, P) hybrid chelates have been 
reported (Table 33), but examples of both classes have been characterized by single-crystal 
X-ray diffraction ( [CO(~~),(S~CH,CH,NH,)](NO~)~~~~ and trans-[Ni(o- 
Ph,PC6H4Se),]464). 

The first reported hybrid ligand of this class was the Se analogue of dithizone, the 
reagent widely used in trace-metal analysis. This ligand (diphenylselenocarbazone, 3- 
seleno- 1,5-diphenylformazan, 'selenazone', szH, 58) was prepared in two steps from 3- 
nitro-I ,5 -d iphenyIforma~an~~~ (equation 179). 

1 .  KOH/MeOH/A 
PhNHNH 

2. IN H,SO,/O OC \ 
PhN=N 

,C=Se - NH3 

// 
PhNHN PhNHNH' 

0 oc 
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PhN=N PhN=N 
\ L \ 
4 /c=se C-SeH ~~. 

PhNHNH PhNHN 

119 

(58a) (58b)  

black microcrystals (CHCI,) 
m.p. 1 1  6 "C 
v,--~~ = 705cm-' 

This reagent forms highly coloured complexes with many metals that can be extracted 
into organic solvents over a range of pH values, but none of these complexes was isolated 
and structurally characterized. 

A number of dithizone (dzH, i.e. S analogue of 58) complexes, however, have been 
characterized, and bonding modes of this ambidentate iigand involving (S, N) chelation 
( [ M e H g ( d ~ ) ] ~ ~ ~ ,  [ Z n ( d ~ ) , ] ~ ~ ~ ,  [ N i ( d ~ ) ~ ] ~ ~ ' )  and monodentate S coordination 
([Hg(d~)~(pyr)~]"~") have been established by single-crystal X-ray diffraction. 

An unusual trigonal-bipyramidal structure has been established for I n ( d ~ ) , ' ~ ~ ,  one 

TABLE 33. 

Ligand Complex Reference 

(Se, N)- and (Se, P)- ligands and their coordination complexes 

(Se, N)- donors 
SZ-, (58 - H) 

H2NCHzCHzSe- 

H,NCH,CH(Me)Se- 

Ph 
,C .- .Se 

\'. . ,.. . 
n~ 

R = Me, Et, i-Pr 

PhC. - 
C- N 

\cn=N< 
R 

(Se, P)- donors 
o-PhzPC6H4Se- 

(Ps) 

Se 

CM(Se,NhI (61) 
M = Zn, Ni; R = p-Tol, p-An 
M = Ni; R = Ph, o-Tol, n-Bu, i-Pr, CsH, 
M = Co; R = i-Pr, CsHl ,, o-To1 
M = Zn; R = Ph, n-Bu 

456 

457' 

458,459 
430 

460 

421-429, 

46 1 

462 

463 
463 

433,464" 

433 
433 

143 
II 

RZP- 

a Single-crystal X-ray dilfraction structure determination. 
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ligand being coordinated only through a S atom in an equatorial position while the other 
two dz ligands are bidentate (N, S), spanning axial and equatorial positions. 

The tris-chelate CO(III) complex [CO(~~),(S~CH,CH,NH,)]~ + has been prepared by 
oxidation of a deaerated Co(n)(en) solution with the d i~e len ide~’~  (equation 180). The X- 
ray structural characterization of this complex (59) showed a trans effect, reflected in a 
lengthening of the Co-N bond trans to the Se donor4s7. This redox route to metastable 
CO(III) complexes containing reducing ligands has also been applied to the corresponding 
thiolate complex4s7. 

(180) 
H 1 0  2 C0(C104), + 5 en + (H,NCH,CH,Se),SO, - 

2 CC~(en),(se,N)I(Clo~)~ + CenH21S04 

53% 
brown needles 

Subsequent studies of this complex have demonstrated the nucleophilicity of the Se 
atom427-429 (e.g. alkylation of the coordinated Se; see Section II.C.2). Optical isomers of 
this chelate system (and the related [CO{N(CH,CH~NH,),}S~CH,CH,NH~]~+ 430 and 
[CO{N(CH,CH,NH,],}S~CH(M~)CH,NH,]~+ 460 chelates) have been isolated and 
characterized by electronic and circular dichroism spectra. A detailed study of the solution 
photochemistry of this complex by Adamson and coworkers458 showed only photoredox 
decomposition at all wavelengths. The 2-selenolatoethylamine ligand was also oxidized to 

FIGURE 9. Coordination geometry of 
[Coen2(Se02CHzCH2NHz)lz + 
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the seleninato derivative (--Se(0)2CH2CH2NH,) by treatment of the CO(III) chelate with 
aqueous H202.  Single-crystal X-ray diffraction of this complex established an (N, 0) 
bonding mode of this ambidentate ligand (Figure 9). The six-membered chelate ring has a 
chair conformation. The spontaneous resolution of the nitrate salt to give the ( -):Fo 
isomer occurred on cooling an aqueous solution of the racemic salt4". 

Ni(II) aldimine chelates (60) have been prepared by reaction of the 1,Zdiphenyl-2- 
formylvinylselenol chelate (equation 181) with primary a m i n e ~ ~ ~ ' .  

(60) 
vc = 1560cm-' 

R = M e  Et i-Pr 
vc ,.,=1608 1605 1610cm-' 

Selenosalicylideneamine chelates of N ~ ( I I ) ~ ~ ~ * ~ ~ ~  (61), Z ~ ( I I ) ~ ~ ~ * ~ ~ ~  and C o ( 1 1 ) ~ ~ ~  have 
been prepared by template-type reactions (equation 182). The air-stable Ni(I1) chelates (61) 
can be recrystallized from dioxane, melt without decomposition and are readily soluble in 
organic solvents. They are diamagnetic in the solid state and solution and have been 
assigned square-planar geometries. The retention of this stereochemistry in solution 
contrasts with the square-planar (solid state) -P tetrahedral (solution) transition observed 
in the analogous salicylideneaminato c o m p l e x e ~ ~ ~ ' * ~ ~ ~ .  The analogous 
bis(thiosa1icylideneaminato) chelates give tetrahedral paramagnetic complexes at high 
temperature in DMS0473. The order of stability of the square-planar geometry in these 
complexes, therefore, is (Se, N) > (S, N) > (0, N). The dipole moments of several of these 
complexes have been determined, the high values (5.8-7.7 D) in C,H, indicating a cis 
configuration. 

&NH2 H NO, . &SeCN No,S - (1 82) 
KSeCN 50 OC 
CuSeCN 

Vc-o = 1655vs crn-' 

UCEN = 2155s cm-' 

\ /  
R R  

The CO(II) complexes (Table 33), however, have tetrahedral geometries in the solid state 
at room temperature (pefr = 4.81 B.M., R = C,#, ; perf = 4.96 B.M., R = i-Pr; perf = 
4.21 B.M., R = o-Tol). In the one case where solubility allowed a dipole-moment 
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measurement (R=c-Hex) the dipole moment of 4.16 D agreed with the proposed 
tetrahedral structure. 

The Zn(n) chelates have the expected tetrahedral structures. 
Axial ligation of -SeCH,CH,NMe, in the bleomycin-Fe(iir)-SeCH,CH,NMe2 

and haemoglobin-Fe(III)-SeCH,CH,NMe, complexes has been confirmed by the 
rapid-freezing ESR technique,',. Here the N,N-dimethylselenocysteamine functions as a 
monodentate Se ligand because of the stable planar arrangement of the FeN, coordi- 
nation spheres in these systems. 

Other than the tungsten complex with chelating SePPh,- (equation 20), the only 
example of an anionic bidentate (Se, P) ligand is diphenyl-o-selenatophenylphosphine 
( P S ) ~ ~ ~ .  Complexes of the latter chelate have been readily prepared by therrnolysis of the 
diphenyl(o-methylselenopheny1)phosphine precursors (equations 1 83-1 85). 

0 

The Ni(n) complex (62) was very soluble in CHCI,, and its 'H-NMR spectrum 
confirmed that Se-demethylation occurred on t h e r m ~ l y s i s ~ ~ ~ .  Its diamagnetism and 
electronic absorption spectrum indicated a square-planar geometry433, a formulation 
subsequently confirmed by single-crystal X-ray diffraction, which established a trans- 
NiP,Se2 coordination sphere464. 

The thermolysis product 63 was formulated as a Se-bridged dimer on the basis of 
molecular weight measurement in CHCI, and the single sharp vCEN band at 21 1Ocm-I, 
characteristic of a terminal S-bonded thio~yanate~,,. The insolubility of the complex 64, 
however, indicated a polymeric formulation433. 

2. (Se. 15)- (E = 0, S, Se) donors 

Although not as numerous as the various classes of dithio ligandsl', a number of 
complexes with anionic (Se, Se) ligands and their (Se, 0) and (Se, S) hybrid analogues have 
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FIGURE 10. Anionic (Se, E)"- (E = 0, S ,  Se; n = 1, 2) ligands 
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TABLE 34. Complexes with anionic (Se,O) chelating ligands 

Ligand Complex Ligand Complex 

[M(Se,0),]480.481 . Ph 

c-0 n =  I ;  M = T I  
1 , l  -(Se,O)- donors I 

Me2Sn(SeOCNR,)2394 / ........ 
WICi - n = 2 ; M = N i , P d , H g , Z n ,  

..... \ .  Pb, Cd 0 C--se 

f3,NC.Z. \ - R = Me, Et 

I n = 3; M = c o ,  In 
(65) Ph 

A s e  Pd(SeOCNEt,), 393 (70) 
M(SeOPEt,),47s Ph I CNi(Se,0)2]46 I 

R P . ' -  
2 %  

M = Zn, Cd, Ni, Pb C--se 
0 

/:.''.'. 
(66) PhzSn(SeOP(OPr-i),)2476 Ph-C: - 
/ M(SeOP(OPr-i)Z)n477 

mo)2P<; n = I ; M = A g  
n = 2; M = Zn, 

n = 4; M = Th 

0 

Cd, Pb (67) 

I ,2-(Se, 0)- donors 
0,c/0- [C0(en),(Se,O)]C10~~~~ 

I 

'se- n& 

(68) 
1.3-(Se.O)- donors 

\'....... 
c-0 
I 
n 

(71) 

iN(Se,0),1482 R 
I 

/c.-.P 

\".. 
c--so 

M = Fe, Co, Ni, Cu, Zn, 
Hg, Pb, Cd, Pd; 
R = CF,, R' = 2-thienyl 

n-c:  - 
.... 

A' 
(72) 

TABLE 35. Infrared data (cm- ') for bidentate selenocarbamate complexes 

Complex VC=O" Misc. bands Ref. 

Me,Sn(SeOCNMe,), 
Me,Sn(SeOCNEt,), 
Me,CISn(SeOCNMe,) 
Me,CISn(SeOCNEt,) 
Me,Sn(SeCONMe,)' 
(SeC(O)NMe, - ) 
(Ph,P),Pd(SeOCN(Pr-i),), 

(Ph,P),Pt(SeOCN(Pr-i)z)z 

(OC),Mn(SeOCNMe,) 
CpMo(CO),(SeOCNMe,) 

1592s 
1586s 
1590s 
1587s 
1620s 
I620 
1590s 
( I  589s, I537m)" 
1598s 
(1 599s, 1540~h)~  
1550' 
1560 

337mb 394 
322mb 
343mb 
325mb 
328mb 

393 

393 

397 
400 

"Values for vC=,, for monodentate Se-bonded complexes are given in Table 30. 

'Contains monodentate selenocarbamate. 

'The spectrum of this unstable monomeric chelate was measured in cyclohexane (see equation 144). 

Vsn-sc. 

CH,CI,. 
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been prepared (Figure 10). The following sections summarize the complexes reported for 
each of these three structural types of ligands along with their characteristic chemical and 
spectroscopic properties. 

a. (Se, 0)- donors. Complexes with monodentate Se-bonded selenocarbamates were 
discussed in Section II.B.6. Typical complexes containing (Se, Okchelated selenocar- 
bamates (65), selenophosphinates (66) and selenophosphates (67) along with other anionic 
(Se, 0) ligands are listed in Table 34. 

The first reported bidentate selenocarbamate complexes, Me,Sn(OSeCNR,),, 
Me,ClSn(SeOCNR,) (R = Me, Et), are air-stable solids whose infrared spectra give vc. . 
bands (Table 35) at lower energy than that found for the complexes with Se-bonded 
monodentate selenocarbamate (see Section II.B.6). Weak Sn-0 bonds were suggested 
for these chelates because of the large intensity ratios of v,ym(Sn-C)/v,,ym(Sn-C) 
(Me,Sn(Se, O),, ca. 0.6-0.95 vs. values of ca. 0.2 for the corresponding Se,CNR,- and 
SeSCNR,- complexes; Me,CISn(Se,E) (E = 0, S, Se), ca. 0.95). 

The 'H-NMR spectra of these chelates show doublets for the N-Me (and doublets of a 
quartet and a triplet for N-CH,CH,) due to restricted rotation about the C-N bond. 
The coalescence temperatures for these proton signals are in the range 50-55 "C (PhN0, 
solvent). The latter values, compared to a coalescence temperature of 110°C for 
Me,CISn(SSeCNMe,), indicate a rather low double-bond character for these selenocar- 
bamate complexes. 

A series ofcomplexes (Ph,P),M(SeOCNR,), (M = Pd, Pt; R = Me, Et, i-Pr, n-Bu) have 
been prepared and characterized in the solid state and in solution by infrared, 'H- and 
3'P-NMR s p e c t r o s c ~ p y ~ ~ ~ ~ ~ ~ ~ .  These data, together with molecular weight measure- 
ments, established a solution equilibrium (equation 143) involving phosphine dissociation 
and chelation of the selenocarbamate which is monodentate Se-bonded in the solid state. 
This reaction is reflected in the appearance ofa new v ~ . . . ~  band at ca. 1540cm-' due to the 
coordinated C=O in the solution infrared spectra of these complexes (the uncoordinated 
C=O in the solid-state structure has its absorption at ca. 1590 cm- ' ; Table 35). A similar 
equilibrium was found for (Ph,P),Ni(SeC(0)NEt,)z3g' (Table 30). 

A brief report of the diethylselenophosphinato (67) chelates, [M(SeOPEt,),] (M = Co, 
Zn, Cd) has appeared475. Owing to the instability of these complexes, they were not 
characterized, and attempts to prepare chelates of Ni(n), Pd(rr), Pt(i1) and Bi(nr) led only to 
decomposition 

0 Me,SiSeP(O)(OPr-i), 
'f Ph,GeSeP(O)(OPr-i), 
/ \  s e - ~  As(SeP(O)(OPr-i),), 

(selenol) 

Se Me,SnOP(Se)(OPr-i), 

\+! P(OP(Se)(OPr-i),), 
/ \  

0-M 

(selenone) 

'P'O'M PhSn(SeOP(0Pr-i),), ' 'se' 

(chelate 1 

Ph,Sn(SeOP(OPr-i),), 



786 Henry J .  Gysling 

Complexes of diisopropylselenophosphate, SeOP(0Pr-i), -, with a variety of main- 
group elements476 and transition metals477 have been isolated (Table 34). The main- 
group compounds were isolated as air-stable liquids but are very sensitive to heat and 
light, readily depositing elemental Se476. The three bonding modes illustrated above were 
suggested by the infrared and "P-NMR spectra of these complexes476. 

The infrared evidence for the bidentate coordination mode was equivocal, but the ' J  
values measured for Me,Sn(SeOP(OPr-i),) (644.1 Hz) and Ph,Sn(SeOP(OPr-i),), 
(545.9 Hz) supported (Se, 0) ~ h e l a t e s ~ ~ ~ .  Similar spectroscopic evidence suggested (Se, 0) 
chelation in other complexes (Table 34, 850 Hz > 'Jpsc > 550 Hz) and monodentate Se 
coordination ('Jpse < 550 Hz) in M(SeP(O)(OPr-i),), (n = 2, M = Hg, Se, Te; n = 3, 
M = As, Sb, Bi)77. All of these complexes are unstable. 

The tris-chelate [CO(~~),S~CH,CO,]CIO~~~~ was prepared by the oxidation of a 
Co(ClO,),/en solution with (HO,CCH,Se), as previously described (equation 180) for 
the -SeCH,CH,NH, analogue. Stable chelates derived from 1 , l  -dialkyl-3- 
benzoylselenourea, R,NC(Se)NHCOPh (69) (Table 34) readily precipitated from so- 
lutions of the neutral precursor and appropriate metals salts47s*479 (equation 186). 

acetone 

KSeCN + PhC(0)Cl + (i-Bu),NH- (i-Bu),NC(Se)NHC(O)Ph (1 86) 

The Ni(n) chelate was also prepared in a one-step procedure in which Ni(OAc),.4 HzO 
was added to the 1 , l  -diisobutyl-3-benzoylselenourea formed in  sit^^^'. 

Hoyer and coworkers, who have extensively studied metal chelates with various anionic 
(Se, E) (E = 0, S, Se) donors, have reported a mass spectroscopic investigation of these 

The anion of monoselenodibenzoylmethane (70) gives chelates with a variety of metals 
(Table 34) on reaction of a CHCl, solution of the ligand with the metal salt in ethanol 
solution mixed with an aqueous NaOAc buffer4". The Ni chelate gave I : 1 adducts with 
phen and bipyr. Characterization of these complexes was limited to elemental analysis and 
electronic spectroscopy4' '. 

The chelate ligand I ,  1,l -trifluoro-4-(2-thienyl)-4-seleno-3-butene-2-one (72) was ob- 
tained as an air-sensitive red oil by the reaction of H,Se with the corresponding diketone 
in absolute ethanol in the presence of HC14". This ligand was evaluated as an extractant 
in CHCl, solution for various metals salts (Table 34). All of these gave highly coloured 
solutions, which were characterized by electronic spectroscopy. 

b. (Se, S ) -  donors. Complexes of several classes of ligands of this general type are known 
(Table 36) and in two cases molecular structures have been established by single-crystal X- 
ray diffraction ( [ C U ( S ~ S C N E ~ , ) , ] ~ ~ ~ ,  [(~-Bu),N],CN~(S~SC=C(CN),),]~~'). 

A number of complexes of monoselenoxanthates (74) have been prepared (Table 36)485 
(equation 187). 

Anionic tris-chelates p i (Se ,  S)3]-, (Se, S) = 74, were also isolated by use of the 
appropriate Ni/selenoxanthate s t o i c h i ~ m e t r y ~ ~ ~ .  The magnetic moments and electronic 
spectra of these complexes indicated a trigonally distorted NiSe, coordination sphere486. 
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TABLE 36. Complexes with (Se,S)- donors 

Ligand Complex Reference 

1 , l  -Selenothio type 
,p M (SeSCO Et), 

ROC ;. - 'i M = Fe, Cu, Pb, Ni; n = 2 
S M = Ag; n = 1 

(74) 
Ni(SeSCOEt), 
M(SeSCOCH,CH,OMe), 

M = Ni, Pd, Pt, Zn; n = 2 
M = Co, Rh, Cr; n = 3 

[Ni(SeSCOCH,CH,OMe),] 

M(SeSPEt,), 
M = TI; n = 1 
M = Zn, Cd, Pb, Ni, Pd; n = 2 
M = Bi, Rh; n = 3 

(77) 

483 

484 
485 

486 

475,487 
462, 463 

M(SeSP(OR),), 488-490 
M'= Pb, Ni, Cu, Zn, Cd, Hg, Pd, Pt; n = 2 
M = Co, Rh, Ir, Cr; n = 3 

Me,Sn(SeSCNMe,), 
M(SeSCNR,), 

n =  1 

n = 2  
M =TI, Ag; R = Et 

M = Ni, Pd, Pt; R = Me, Et 
M = Zn, Cd, Pb, Ni, Pd, Cu; R = Et 

M =Ga, In, TI, Fe, Co, Rh, Cr, Mn; 
n = 3  

R = Et 
L, Au(SSeCNR,) 

L = CI, Br, 1, Me, Et ; R = Me, Et 
FeCI(SSeCNR,) 

R = Me, Et 
(OC),Mn(SeSCNMe,) 
Pd(PR,)CI(SeSCNR: ) 

R '  =Me, Et 
PR, = PPh,, PMePh,, PMe,Ph; 

49 1 

492 

492 
49 3 
494 

494 

495 

396 
496 



788 Henry J. Gysling 

TABLE 36. (Continued) 

Ligand Complex Reference 

M(SeSCNR,), 491 
M=Ni ,Cu ;R=C,H, , ,  Et,CH,Ph 

/Se- (Et4N),[M(SeSC=NCN),] 
NC-N=C M =Ni, Pd 

'S- 

(78) 

[ (n- Bu),N], [ M( i-mnt s),] 
M = Au; a = 1 ; n = 2 
M =Ni, Pd, Pt, Zn, Cd; a = n  = 2  

\ P- 
1 \s- 

NC 

c-c 

NC 

i-mnts, (79) 
(Ph,As),[M(i-mnts),] 

M =Se, Te; n = 2  
M = Cr, Co, Rh, Fe, In; n = 3 

/9- (t riphos)CoSSeC= Se 
s=c 

'S- 

(80) 
1,2-selenothio type 

ss- 

Pr4NCM(tbs)zl 
M = Ni, Co, Cu 

[Os,(SeS,CNMe,),(S,CNMe~)3]PF, 

485 

485 

485 

498 

455,499 

500 

501 

tbs, (81) 
s -se ,, . . . . . . . 

\', 
S 

Me,N-C,: - 

(82) 
II3-Selenothio type 

Ph 
I 
C - S E  
/:.""' N : -  
\ '. .. . . .. 
c-s 
I 
NEt2 

(83) 
R CNi(Se, S),l (87) 

R' =Me; R = Ph, p-An I 

N . -  
\:. ...... 

C-Se 
I 

HNR CM(Se, S),l (87) 
(W 

Ph 
I 
c-ss 

,:.-s 
R' = Ph; R = Ph, P-ToI, p-An 

M =Co, Cu, Zn; R' =Ph; R =p-An 

CM(Se, S)2l (W I:..-.. 
n c :  - \.. ... , . 

c-s 
I 

HNPh 

M = Ni, Cu, Co 

502 

502 

502 
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Because of the poor stability of the selenoxanthate complexes, as well as seleno- 
thiophosphates (76) and selenothiophosphinates (75) little work beyond their isolation 
has been reported. 

The selenothiocarbamate (77) complexes are substantially more stable, and spectros- 
copic data for some of these complexes have been reported. In addition, the complex 
[Cu(SeSCNEt,),] has been characterized by singlecrystal X-ray diffractionso3. This 
complex has a trans-[CuS,Se,] square-planar coordination geometry. The single-crystal 
ESR spectrum of this complex has also been 

The rather air-sensitive thioselenocarbamate salts are readily synthesized by reaction of 
carbon sulphide selenide with a secondary aliphatic amine in a 1 .2  molar ratio4" 
(equation 188). 

2 R,NH + CSSe + [H,NR,] ' [SeSCNR,] - ( 1  88) 

Reaction of these salts with appropriate metal salts in aqueous or methanolic solutions 
gives the metal chelates (Table 36), which are generally air-stable. The Mn(rr) and Co(n) 
salts oxidize during work-up to give the tris-chelates with the trivalent metals493. 

The stereochemistries of these complexes were investigated by the standard methods of 
coordination chemistry (e.g. electronic spectroscopy and magnetic susceptibility measure- 
ments). Because of the nuclear spin of 77Se(I = 1/2, natural abundance = 7.58%), ESR 
spectroscopy can provide useful information on electron density delocalization onto such 
ligands and therefore has been widely used to study the bondings04*s0s as well as ligand- 
exchange reactions in these and related Se ligands480*493~506~so7. 

Although most of the complexes with selenothiocarbamates were prepared by 
metathetical reactions, a cleavage reaction involving coordinated Se was used to prepare a 
Sn(1v) complex491 (equation 189). 

3 Me,NC(S)Cl + [Me,SnSe], 3 Me,CISn(SSeCNMe,) (1 89) 

Repeated extraction of a benzene solution of this product with water gave the bis- 
chelate49' (equation 190). 

2 Me,CISn(SSeCNMe,) + Me,Sn[SSeCNMe,], + Me,SnCI, (190) 

The strong vc ...N bands in these complexes above 1500 cm-' (Table 37) and the vSn--Ss 
and vSn-s bands in the 285-385 cm- ' region all support a planar SnSSeCNC, 
arrangement : 

A 

\ IS\ 
Me 

N-C,, ,Sn 

Me se 

Two Me resonances appear in the 'H-NMR spectra of these complexes (Table 38), 
indicative of restricted rotation about the C-N bond. The broader lower-field signal is 
assigned to Me(A) trans to the Se atom, since stronger coupling with the 77Se would be 
expected in this position. 

Reaction of Me,CISn(SeSCNR,) (R = Me, Et) with FeCl, gave the pentacoordinate 
Fe(rrr) complexes [FeCI(SeSCNR,),]. Characterization by electronic spectroscopy and 
magnetic susceptibility measurements indicated a square-pyramidal structure for these 
complexes. In contrast, reaction of FeCI, with [Et,NHi][SeSCNEt,] gave the tris- 
chelate493. 

An investigation of the electrochemistry of the chelates [M(EE'CNR,)J (E = E' = S, 
Se; E = S, E' = Se; R = CsHl1, Et, CH,Ph)497 in acetonitrile showed that the ease of 
oxidation followed the orders Cu > Ni and Se, > SeS > S,. 
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TABLE 37. Infrared data (cm- ') for some selenothiocarbamate complexes 

C o m p 1 ex 

Me,CISn(SeSCNMe,) 

Me,Sn(SeSCNMe,), 
Ni(SeSCNE t ,), 
Pd(SeSCNEt,), 
Pt(SeSCNEt,), 
Fe(SeSCNEt,), 
Co(SeSCNEt,), 
Cr(SeSCNEt,), 
Mn(SeSCNEt,), 
Zn(SeSCNEt,), 
Cd(SeSCNEt,), 
Ni(SeSCNEt,), 
Pd(SeSCNEt,), 
Cu(SeSCNEt,), 
Ag(SeSCNEt,) 
Cl, Au(SeSCNMe,) 
CI, Au(SeSCNEt,) 
Me, Au(SeSCNMe,) 
Et, Au(SeSCNMe,) 
(OC)4Mn(SeSCNMe,) 
(Ph,P)CIPd(SeSCNMe,) 

"c --N VC s Vc-se Ref. 

1538s 

1511s 
1520s 
1515s 
1525s 
1495 
1503 
1510 
1500 
1505 
1518 
1530 
1530 
1507 
1510 
1580s 
1570s 
1545s 
1530s 
1551 
1553 

~ 

951s 867w 49 I 
935s 
958s 861m 49 I 

492 
492 
492 
493 
493 
493 
49 3 
49 3 
493 
493 
49 3 
493 
493 
494 
494 
494 
494 
396 
496 

~ ~~ ~ 

TABLE 38. 'H-NMR data for some selenothiocarbamate complexes 

C o m p 1 ex 6(-NR,) Ref. 

Me,Sn(SeSCNMe,)," 
Me,CISn(SeSCNMe,)" 
Ni(SeSCNEt,),b 

Pd(SeSCNEt ?), 

Pt(SeSCNEt *),' 

Et, Au(SeSCNMe,)' 
Me,Au(SeSCNMe,)b 

3.40, 3.37 
3.38, 3.31 

Me: 1.26(t), 1.23(t) 
CH,: 3.77(q), 3.72(q) 
Me: 1.32(t), 1.29(t) 
CH, : 3.60(q), 3.54(q) 
Me: 1.32(t), 1.29(t) 
3.35, 3.37 
3.31, 3.33 

CH,: 3.65(q), 3.61(q) 

- 

49 1 
49 1 
492 

492 

492 

494 
494 

"In CH,Cl2. 
CHCI,. 

Complexes of several metals with the dianionic chelate isomaleonitrile-thioselenolate 
(i-mnts, 79; Table 36) have been isolated. The ligand was prepared in good yields (80%) 
from malononitrile and CSSe4'' (equation 191). 

, S K +  

( K & C H Z  + CSSe + 2 KOH - (NCl2C=C + 2 ROH (191) ' se- K+ 
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All of the reported complexes contain the transition metals in their normal oxidation 
state. In the case of the diseleno analogue 92, a stable Ni(m) tris-chelate was isolated by 
oxidation of the Ni(i1) precursor (Section II.D.2.c). 

A single-crystal X-ray diffraction of [(n-Bu),N],[Ni(SeSC=C(CN),)J confirmed the 
proposed trans square-planar structure4" : 

Elemental Se inserts into Co-C bonds of $-CS2 complexes to give new (S, Se) 
~ h e l a t e s ~ ~ '  (equations 192 and 193). These facile insertion reactions were cited as evidence 
for the carbenoid nature of the metal-(q2-CS2) and metal-(q2-CS2Me) functions4s0. 

(triphos) Co 

reflux 

L)c-s = 790 cm-I 

L)c.s = 1040 cm-l 

pef1(293 K )  = 2.03 B.M 

BPh4- - 
TH F 

reflux 

/s.\ 
(triphos)Co : C-SMe \ .y 

Se 

t 

B P h q  (193) 

L ) ~ - ~  = 960 cm-' 

peff (293 K)  = 2.10 B.M 

The 1,2-selenothio dianion (81) (tbs) was prepared by the Napiquid NH, reduction of o- 
methylthioselenoanis01e~~~~~~~. Reaction of this anion with metal halides in ethanol 
solution gave the [ M ( t b ~ ) ~ ] ~  - (M = Ni, Co, Cu) anions initially, but these oxidized in air 
to give the monoanionic complexes, which were isolated as their (n-Pr),N+ salts. 
Characterization of these complexes by magnetic susceptibility measurements and 
electronic spectroscopy indicated square-planar geometries. The polarographic half-wave 
reduction potentials were also measured as well as the ESR spectrum of the Ni salt. The 
latter suggested the presence of both cis and trans isomers at 100 Kin DMF-CHCI, glass. 

The first example of a selenodithiocarbamate chelating ligand was prepared recentlyso0 
(equation 194). 

I .  Se,/DMI' 
reflux 

2 .  NaPF6/ 
McOH 

[Os(SzCNMe2),]-[Osz(~-SeSzCNMez)2(S2CNMe2)~]PF, (194) 

10% 
vCLN = 1530cm-' 
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Single-crystal X-ray diffraction established an q 2 , p z  bonding mode of the seleno- 
dithiocarbamate ligands with the dithiocarbamate ligands chelating in the usual manner 
(85)500. 

L 

NMe2 

The structure is analogous to the previously characterized trithiocarbamate complex 
[OS~(S,CNM~,),(S~CNM~~)~]PF~~’~, although the synthesis of this complex (e.g. 
equation 194, reaction with’ elemental S) also gave a product 
[Osz(S,)(S,CNMe2)(S2CNMe2)3] with bridging S, and S,CNMe, ligands508. 

The location of Se only in the bridging positions of 85 suggests a mechanism involving 
initial coordination of Se, or a lower fragment to Os(S,CNMe,),. A rich and interesting 
chemistry of complexes with such proposed Sen ligands is being developed (Section 1I.G). 
Brief reports describe the synthesis of the 1,3-selenothio ligands, I ,  1 -diethyl-3- 
selenobenzoylthiourea (83)50’, 1 -thioacyl-3-arylselenoureas (84)”’ and 3-selenobenzoyl- 
thioa~etanilide~’~ and some chelates of the deprotonated forms of these ligands 
(Table 36). 

The Ni(n) chelate of 1 , l  -diethyl-3-selenobenoylthiourea (86),01 was prepared as 
shown in equation (195) without isolation of the neutral thiourea5”. The highest nickel- 
containing fragment in the mass spectrum of this chelate is m/z 532, [M - CSSe]’.. 

NEt 2 
I 
I 

....... ̂ ._. (195) 
Se-C 

I 
Ph 

(86) 
Brown-black crystals (EtOH) 

m.p. 147-148 ‘C 

The 1 -thioacyl-3-arylselenourea chelates (87)502 were prepared by addition of an 
aqueous metal chloride solution to a CHCl, solution of the freshly prepared selenourea 
(equation 196). The structurally related 2-selenobenzoylthioacetanilide chelates were 
prepared as shown in equation (197)50’. 
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1 .  KOH/MECN 
RC(SINH2 - RC(S)NHC(Se)NHAr 

ArNCSe 

793 

(196) 
2. HCI gas 

MCI,/H,O I R 

(87) 

HNPh 

1 .  PhNCS 1 .  H,NC(WNH, 

2. HCI 2. M(OAc), ..._........ ;i PhCGC-Na+ ___) PhC=CC(S)NHPh 

Ph 

(88) (197) 

c. (Se, Se)- donors. A variety of complexes incorporating anionic (Se, Se) chelating 
ligands have been described. Except for the dialkyl diselenocarbamates, the coordination 
chemistry of these ligands is relatively unexplored, although complexes of several of these 
types have been structurally characterized by single-crystal X-ray diffraction. 

A variety of transition-metal and main-group dialkyldiselenocarbamates have been 
prepared (Table 39) since the original synthesis of dialkyldiselenocarbamate salts and 
some transition-metal derivatives by Barnard and Woodbridge” (equation 198). In 
these reactions the dialkyldiselenocarbamate salt solution is used immediately after its 
preparation. 

diorane/H20 

N z / -  10 “C 
CSe, + R,NH + NaOH Na[Se,CNR,] 

I 
R = Me, Et, n-Bu I %nSO,/H,O 

CHCI, 1 
Cu(Se,CNR,), - [Zn(Se,CNR,),] 

CuS04/H20 

Jensen and coworkers, early investigators in Se ligand ~hemistry”~, reported the first 
detailed study of the synthesis510 and the infrared’” and electronic512 spectra of 
dialkyldiselenocarbamate complexes. These chelates readily precipitated from solution by 
the procedure of equation (198), although in this work the Et2NH,[Se,CNEt,] salt was 
isolated by carrying out the reaction in ether and then dissolving it in 0 . 5 ~  NaOH for the 
subsequent reactions with aqueous solutions of the metal The resulting air-stable 
chelates can be recrystallized unchanged from organic solvents (e.g. CHC1,)510 and have 
d-d transition bands red-shifted vs. the analogous dithiocarbamates’’ ’. 

The most characteristic infrared bands of these complexes (Table 40) are the vCVN (ca. 
ISOOcm-’) and the vC--Se (800-900cm-’) absorptions, the latter showing more 
dependence on the nature of the alkyl groups than the former” ’. The locatiomof the vC-N 
band was also dependent on the stereochemistry of the metal complex: square-planar (Ni, 
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TABLE 39. Dialkyldiselenocarbamate complexes 

Complex Complex 

Se(Se,CN(CH2CH,),),526 

P~(S~,CN(BU-~),)(PP~,)M~~~’ 0.518.519 

Pt(Se2CN(Bu-i),),(PPh,)5’ ’ 9*5z7 

M(Se,CNEt,KCIKPEt~)405~516~51g 

”\ p 2  pt(Se,CN(Bu-i),), 51  6 a*5  1 8.5 I 9.52 7 

i s 0  In 
n i l  

M = Ni, Pd, Pt M = T t ;  R=Et5’0-512 
CM(Se2CNR2)31BF4 

M = Ni, Fe, Mn; R = EtSZ8 
M = Fe; R = Et, CH,Ph‘; R2  

M=Ag; R=Et5I3 
M = CU; R = Et514 

= (CH,CH,),X (X = 0, NH)’” n = 2  

CNi(Se,CN(Bu-n),),lBr5 30 
Cu(Se,CNEt,),I, l 4  

[Pt(Se2CN(Bu-i),),X, J 5 1 8  

M=Zn;R=Me,  Et, n-Bu5l5 

M = Zn, Ni, Pd, Pt; R = Et, i-B~S~6-519 
M = Ni, Cu, Zn; R = EtSZO‘ 
M = Ni, Pd, Pt, Cd; R = Et5I0 
M = Ni, Pd; R = EtS2’ 
M = Co; R, = morpholino5” 
M = Ni, Pd, Pt, Cu; R, = (CH,CH,),X 

M = Ni, Cu; R = Et, CH,Ph, C6H1 149’ 

M =As, Sb, Bi523 
M =In, TI, Cr, Rh; R = Et5’0 
M = Co, Cr; R = EtS2‘ 

M = Co. Cr, Fe; R, = (CH2CH,)2X 

M = Cu; R = Et5’4*515 

X=Br, I 

(X = CH,, 0, S)522 

n = 3  

M = CO; R = Et5I6 

(X = CH,, 0, S)524 

M = Ti, V; R = EtSZS 
M = Pt; R = i-Bu5l6 

n = 4  

‘Characterized by singleaystal X-ray diffraction. 

TABLE 40. Infrared data (cm- ’) for dialkyldiselenocarbamate complexes 

Complex 
~ ~ ~ ~ 

vC-N vc -se Ref. 

Ni(Se,CNMe,), 
Co(Se,CNMe,), 
Mn(CO)4(Se,CNMe2) 
[Fe(Se2CNEt2),]BF4 

Cu(Se,CNEt,) 
Cu(Se,CNEt,), 
Cu(Se2CNEt,),13 
Pt(Se,CNC,H o)20 

Pd(Se2CNC5H lo)z’ 
Zn(Se2CNC5H 0)2’ 

Fe(Se2CNC5H o)3“ 
Cr(Se,CNC,H, O)J’ 

CFe(Se,CN(CH,Ph),),lBF4 

LI 

‘NC,H,, = piperidyl. 

1550vs 
1528vs 
1537 
1525vs 
151ovs 
I489 
1500 
I535 
151ovs 
1500vs 
1480vs 
1480 
1488 

890 51 I 
900 51 1 

396 
528 
529 
514 
514 
514 
522 
522 
524 
524 
524 
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Cu, Pd, Pt; 1510-1525~m-~)> tetrahedral(Zn, Cd; 1502-1506cm-1)> octahedral(Cr, 
Co, Rh, In, TI; 1495-1500~11-~). 

The Fe(i1) and Co(n) complexes, like the analogous dithiocarbamates, readily react with 
NO to give M(Se,CNEt,),(NO), with characteristic strong v ~ , ~  bands (CO, 1623 cm-I ; 
Fe, 1682cm-I). 

Ni(Se2CNEt2)2, again like the dithiocarbamate analogue, reacts with bromide to give 
the black Ni(Se,CNEt,),Br,, a formally Ni(iv) complex5 lo.  

The electronic spectra of CHCl3 solutions of these chelates are unchanged on addition 
of pyridine, indicating the retention of the original coordination spheres in such a solvent 
system. ,In contrast, the red CHCl, solution of the square-planar Ni(Se,COEt), turns 
yellow on addition of pyridine as a result of formation of the octahedral complex 
Ni(Se,COEt),(pyr),, which presumably has the pyridine ligands in the axial positions510. 

The monomeric complex [Mn(CO),(Se,CNMe,)] undergoes solid-state thermolysis to 
form the diselenocarbamate-bridged dimer, (OC)3Mn(p-Se2CNMe2)zMn(C0)3396 (e.g. 
see equation 144). The vc... band of this bridged dimer (1 540 cm - I )  differs little from that 
of the monomer (Table 40). 

Fackler and coworkers prepared a large number of dialkyldiselenocarbamate com- 
plexes5 16-5 19.52 7 and their characterization of these included 77Se-NMR spectros- 
copy518*527 as well as single-crystal X-ray diffraction for Pt(Se,CN(Bu-i)2),s16, 
Pt(Se,CNEtz)(PPh,)(Me)5'7, Pt(Se,CNEt2)(PPh,)(Cl)s19 and Ni(Se,CNEt,)- 
(PPh,)(CI)5 I '. 

Diselenocarbamates, like dithiocarbamates, stabilize metal complexes in high formal 
oxidation states (e.g. N ~ ( I v ) ~ ~ ~ . ~ ~ ~ - ~ ~ ~  , C U ( I I I ) ~ ~ ~ * ~ ' ~ ,  Fe(iv)s28*529). The structures of the 
Ni(rv) complex, ~~(S~,CN(BU-~),),]B~~~~, and the Fe(rv) complex, 
[Fe(Se2CN(CH2Ph)2),]BF45zg, were determined by single-crystal X-ray diffraction. 

The complex [Ni(Se,CN(Bu-n),),] Br contains an octahedral arrangement of Se atoms 
about the Ni(rv) centre (Ni-Se = 2.391(5) A)530. The complex 
[Fe(Se2CN(CH2Ph),),]BF, has a D, macrosymmetry with the FeSe, coordination core 
having six Se atoms at the apices of a coordination polyhedron intermediate between the 
idealized trigonal prismatic and trigonal antiprismatic geometriess29. Infrared, ESR and 
Mdssbauer spectral data as well as the magnetic susceptibility are all consistent with 
Fe(iv), but the XPS data (Fe 2P3,, binding energy = 708.1 eV) indicate the presence of 
F e ( ~ r ) ~ * ~ .  The latter problem of in situ photoreduction of inorganic compounds involving 
metal ions in high oxidation states has been observed in a number of other cases. 

The other types of I ,  1-diseleno ligands and their metal complexes are summarized in 
Table 41. Only a few reports have described complexes of 1 , l  -diseleno ligands of the type 
XSe,- (X = ROC, (RO),P, R2P) (Table 41). 

The complex Ni(Se,COEt), was prepared by the addition of an aqueous solution of 
NiCI2.6 H,O to a cold solution of freshly prepared KSe,COEt (from 
KOH/CSe,/EtOH)' lo. The complex, which immediately precipitated, was isolated by 
extraction with CHC1,. A dark red CHCI, solution of this complex instantly became 
yellow on addition of pyridine5". This behaviour was attributed to the conversion of the 
low-spin square-planar complex to the high-spin octahedral ~i(Se,COEt),(pyr),15 lo. 

Sodium diethyldiselenophosphinate was obtained by the multistep route shown in 
equation (1 99). 

PCI,/CCI,/LIO o c  

- PCl, 
* Et2P(S)C1 Et 2 P( S)P(S)Et 2 

SC 

(199) 
(n - Bu)IP/I 50 OC 

- (n-Bu)lPS 
Et,PCI --+ Et,P(Se)CI 

2 NaScH/ElOH 
Et,P(Se)Se-Na' 

- NaCl 
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TABLE 41. 

Ligand Complex Reference 

Complexes with miscellaneous I ,  1-diseleno ligands 

\ 
NC 

c=c 
NC / \%- 

(92) 
,so- 

\Se- 

,se- 6 *  

\Se- 

s=c 

(93) 

se=c 

(94) 

M(Se,COC, 2H25-n)2 
M = Co, Ni, Zn, Fe, Cu 

Cu(Se,COEt), 
Ni(Se,COEt), 

M(SezP(OEt)2)3 
M = Cr, Rh, Ir 

M(Se2P(OEt)2), 
n = 1 ; M =TI 
n = 2 ;  M =Pb, Sn 
n = 3; M =As, Sb, Bi, In 
n = 3 ; M = C r  

Ni(Se,P(OEt),), 

M(SezPEt,), 
n =  1; M =TI 
n = 2; M = Zn, Cd, Pb, Pd 
n = 3; M = Bi, In 

Ni(Se,PPh,), 

(Ph,P),CM(se,C=C(CN)2)21 
n = 1; M = Au 
n = 2; M = Ni, Zn, Cd, Pt,  Cu 
n = 3 ; M = C o , R h , C r  

(Ph,As), CNi(SezC=C(CN)2)31 

Cp(Me,P)CoSe,C=Se 

513 

51 3 
510 

53 1 

532 

533 
5349 

535 

5369 

531 

538, 539O 

224 

Cp( Me,P)CoSe,C=S 
Cp(MezPhP)CoSe,C=S 

224 

Diselenoxanthate. 
' Diorganodisclenophosphate. 
Diorganodiselcnophosphinate. 
Isomaleonitriledisclenolate. 
Triselcnocarbonate. 
Diselenothiocarbonate. 

0 Structure characterized by single-crystal X-ray diffraction. 
complex with (Se,S) coordination of this ambidentate ligand has also been reported (equation 192). 

Stable colourless crystals of the hydrate Et,P(Se)SeNa.2 H,O were obtained by 
addition of ligroin to an acetone/water (95:s v/v) solution of the above product53'. 
Complexes (Table 41) readily precipitated from aqueous solutions of the appropriate 
metal halides by addition of Et,P(Se)SeNa.2 H20535. 

Several diethyldiselenophosphate (91) complexes (Table 41) were isolated by a similar 
r o ~ t e ~ ~ ~ * ~ ~ ~  (equation 200). Because of the instability of the potassium salt, the chelates 
were generally prepared by addition of the appropriate metal chloride to a freshly 
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prepared solution of the former. The resulting complexes have good stability (e.g. 
Cr(Se,P(OEt),), can be recrystallized from hot EtOH to give air-stable black crystals533). 

4 EtOH + P,Se, -+ 2 (EtO),P(Se)SeH + H,Se - KSe(Se)P(OEt), - M(Se,P(OEt),), 

A complex of isomaleonitrilediselenolate (92) with nickel in the formal + 4 oxidation 
state was prepared by oxidation of the Ni(r1) chelate538 (equation 201). The oxidation 
product was isolated as the Ph4As+ salt in the form ofblack needles. The other products of 
this reaction, which involves both oxidation and increase in the coordination number of 
the Ni, were not ~haracterized'~'. A distorted octahedral coordination of the six Se atoms 
about the Ni atom has been established for this complex by single-crystal X-ray diffraction 
(average Ni-Se distance = 2.387(1)A)539. The ligands are planar, and the C=C (1.36A) 
and C-N (1 . I  5A) distances suggest that the stabilization of the Ni(1v) chelate does not 
result from an extended delocalization of charge on the ligands, but the oxidation should 
rather be described as loss of electrons from the NiSe, function exclusively539. 

[Ni(Se,C=C(CN),),]Z- - [Ni(Se,C=C(CN),)3]2- 

Low yields of diselenothiocarbonate (equations 202 and 203) and triselenocarbonate 
(equation 204) were obtained by column chromatography of the products obtained in 
reactions of CO(I) complexes with CSeS and CSe,, respectivelyzz4. 

(200) 
KOH/ElOH MCI, 

- n  KCI 

(201) 
I,/MeCN 

/se\ + Cp(Me3P)CoCS + Cp(Me3P)Co 
\ Se /c=s 

CSeS 
CpCo(PM%) ___) Cp(Me3P)Co 

heram 
- 10 oc 

32% 1 3 % 4% 

(202) 
m.p. 122 "C dec. 
vcZs (KBr)= 1007cm-' 

vC--Se (KBr)= 812cm-' 
'H-NMR (6, acetone-d,): 5.25 (d, Cp), JPH = 

0.3 Hz; 1.75 (d, Me), J P H  = 10.8 HZ 

CseS 

(-SsPPhMe,) 
CpCo(PMepPh)p - Cp(Me2PhP)Co(CS) + Cp(Me$hP)Co 

hexane/O OC 41 '/o 7 % 

(203) 
m.p. 136 "C dec. 

vc=s (KBr)= 1018cm-' 

'H-NMR (6, acetone-d,): 5.05 (d, Cp), JPH = 

(KBr) = 825 cm- 

0.3 Hz; 1.90 (d, Me), J P H  = 10.6 Hz; 
7.76 (m, Ph) 
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vc-sc (KBr) = 879 cm-' 
vC-% (KBr) = 810 cm-' 
'H-NMR (6, C,D6): 5.30 (d, Cp), JPH = 

0.4 Hz; 1.67 (d, Me), .IpH = 1 1.2 Hz 

As discussed in Section II.A.7, the $-CSeS and $-CSe, complexes readily undergo 
PPhJnduced Se extrusion reactions to give the corresponding Co-CS and Co-CSe 
complexes under more forcing reaction conditions (e.g. 50 0C)224. 

Only two types of 1,Zdiseleno ligands have been reported (Table 42). Davison and 
ShawS4O prepared 1,Zdiseleno chelates by oxidative addition reactions of metal 
carbonyls and bis(trifluoromethyl)-1,2-diselentene (equation 205). 

700 OC F C  'C-Se M(CO)n . M( SeLC/CF3 ~ ) 
,C-Se Se' \CF3 ,,,= 

25% (960) M = Ni , n = 4 

( 9 6 b )  M = Mo, n = 6 

( 9 6 c )  M = W n =  6 

F3C-C=C-CF3 + Se(,,pour) - II I 

F3C 

TABLE 42. Complexes with 1,2- and 1,3-diseleno-type anionic ligands 

Ligand C o m p 1 ex Ligand Complex 

I ,2-Type I,3-Type 
0 

C-Se- 
It 

R\ 

,c-sc 
R 

(95) 

1oiz7 

cis-l,.2-Di(organo)ethylene- I ,  2diselenato. 
'Structure characterized by singkcrystal X-ray diITraction. 
'2-Selenoxo-l, 3diseleno-4,5disclenato. 

' Met hinotetraphenyldiselenodiphosphino. 
Diselenoawtylacetonato. 
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The crystal structure of tris(cis- 1,2-di(trifluoromethyl)ethylene- 1,2-diselenato)- 
molybdenum (96b) established a trigonal prismatic arrangement of six Se atoms 
about the M o ~ ~ ' .  The relatively short interligand Se....Se distances (3.222(3)A) 
compared with the intraligand value of 3.31 7(5)A was suggested to indicate a significant 
interligand Se . . . . Se interaction, which is important in the stabilization of the relatively 
unusual trigonal prismatic coordination of this hexacoordinate complex. 

Bolinger and R a u c h f ~ s s ~ ~ ~  recently described the synthesis of the similar 1,2-diseleno 
chelates 98 and 99 (equation 206). This route, via the readily prepared Cp,TiSe, (97) 
reagent542, offers considerable advantage over the reaction of Se vapour at high 
temperature to give the diselentene (equation 205). 

NaOMdMaOH I (b)  R = CF3 

t 
Chemical or electrochemical reductive coupling of CSe, has also provided 1,2-diseleno 

anions, which react with various metal salts to give the corresponding square-planar bis- 
chelates" (equation 207). 

CSe2 
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Ligands of the 1, 3-diseleno type are also restricted to two structural types (102 and 104; 
Table 42). 

The diamagnetic square-planar Ni(I1) complex (103) with the chelating ligand 
diselenoacetylacetonate (102) was prepared by passing H,Se into an acidified ethanol 
solution of acetylacetone containing NiC12543*544. 

Me 

(103) 

In the absence of the metal salt the reaction presumably gave the dimer of 
diselenacetylacetone, as has been confirmed by NMR and mass spectroscopy for the 
reaction of acetylacetone and H,S in HC1-saturated ethanol (i.e. the product is 106544). 

(106) 

The dark red-brown Ni(n) complex is moderately stable in the solid state at room 
temperature but slowly decomposes over several weeks. Its thermal instability (decom- 
poses > 120°C) has precluded the recording of its mass spectrum. It is less stable in 
solution, but it can be recrystallized from hot CHCI, if done rapidly to prevent the 
deposition of elemental Se. The square-planar formulation is supported by its diamag- 
netism and the similarity of its infrared spectrum with that of the bis-dithioacetylacetonate 
complex of CO(II), which has been characterized by single-crystal X-ray diffraction546. 

Attempts to prepare the CO(II) complex of 102 by a similar procedure gave the 
tetrachlorocobaltate(I1) salt of the 3,5-dimethyl-l,2-diselenolium cation 107. 

[emM) Se-Se coc14 

(107) 

The chelating ligand 104 was prepared by selenation of (Ph,P),CH, with KSeCN in 
acetonitrile followed by deprotonation with n-BuLi in THF at - 70 0C545. Reaction of 
solutionsofthelithiurnsalt with(Et,N),[MBr,X,](M =Fe,Co,X =Cl ;M =Ni,X = Br) 
gave the neutral bis-chelates 105 after evaporation of the reaction solution and extraction 
with hot toluene545. 

Ph2 p 2  

P- Se ' \Se-P 
\,/s- ;c. 

,P-Se 

"F 
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Electronic spectroscopy and magnetic moment measurements (Fe(rI), perf = 5.33 
B.M. ; Co(n), perf = 4.68 B.M. ; Ni(n), diamagnetic) support tetrahedral geometries for the 
Fe and Co complexes and a square-planar configuration for the Ni complex545. 

E. Tridentate Ligands 

The two reported examples of tridentate Se ligands are of the SeN, hybrid type (108, 
109). Bis(B-(2-pyridyl)ethyl) selenide (bpes, 108) was prepared according to equation 
(208)547. Several 1 : 1 complexes of CU(II) were formed with this ligand in ethanolic or 
aqueous solution (Cu(bpes)X,; X = C1, Br, NO,, C104)547. 

TABLE 43. Complexes with tetradentate Se ligands 

Ligand 

Se, Donor set 
MeSe(CH,),Se(CH,),Se(CHz)2SeMe 
1,3-Bis(methylselenoethylseleno) 

propane (bsep) 
Se,P Donor set 

Tris(o-methylselenopheny1)phos- 
phine (TSeP) 

Se,N2 donor sets 

r 1 2 -  

&a'- (Ethylenedinitri1o)di- 
o-tolueneselenolato 

Me\ / c"~cy2=c /Me 

\ 
/CHZ 

H2\ 

M/ 'Ma 

F=N 
C E S e  ss=c 

N ,  N'-Ethylenebis(monose1eno- 
acetylacetonimine) (seacn-H,) 

Complex Ref. 

[Ni(TSeP)X]CIO4 550 
X = CI, Br, I, NCS 

462,463 

[Co(seacn),] 
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The other ligand of this type, diacetylselenosemicarbazone oxime (I@), was prepared by 
the reaction of diacetyl monoxime and acetone selenosemicarbazone in aqueous 
ethanols4'. Complexes with CU(II) involving coordination of the neutral ligand 
(CuX,(H,dso); X = CI, Br), the monoanionic form (CuX(Hdso); X = CI, Br), and the 
dianionic form (Cu(dso).i H20),  have been isolated548. The coordination sites indicated 
in 109 are based on the similarity of the X-ray powder patterns of these complexes with 
those of the analogous diacetylthiosemicarbazone oxime complexes, for which these 
bonding sites have been established. The complexes with the neutral form of the ligand 
crystallize from methanol solutions of the cupric halide and the ligand, and the ionized 
forms of the ligand are generated by addition of NaOAc to the reaction solution. These 
Cu(rr) complexes resist reduction to CU(I) even in boiling solution. 

/ 
MeC=N+,S, 

MeC=NNHCNH, 
I 711 

Hpdso, (109) 

F. Tetradentate Ligands 

Tetradentate ligands with Se,, Se,P and Se,N2 donor sets have been reported 
(Table 43). 

The open-chain tetraseleno ether 1,3-bis(methylselenoethylseleno)propane (bsep) was 
prepared according to equation (209)549. In attempts to prepare the analogous ethylene 
diselenol intermediate, HSeCH,CH,SeH, by this route, H,Se was evolved, presumably by 
reaction (210). Attempts to distil bsep gave decomposition, and the material was simply 
heated under vacuum to remove impurities. Characterization of the ligand was limited to 
'H-NMR: 6 2.1 (s, Me), 2.7 (m, (CH2)J, 3.0 (m, -CH,-). 

HSeCH,CH,CH,SeH 

T BrCH,CH,CH,Br 

NaSeH 

\ EtOH 

NaBH, + Se 

I .  NaOMe/EIOH 

2. CICH2CH2SeMc 
P MeSeCH2CHzSe(CHz),SeCH2CH2SeMe 

t I SOCI,/CHCI, 

82% (209) HOCH,CH,SeMe 

CICH,CH,OH/THF red oil 
NaSeMe 

T Na/l!q NH, 

MeSeSeMe 

(2 10) 
- CzH4 

2 NaSeH + BrCH,CH,Br .+ (HSeCH,CH,SeH} - 
{ HSeSeH} + H2Se + Se 

Reaction of bsep with Na2PdX, (X = CI, Br, I) in EtOH/CHCI, gave immediate 
precipitates of [Pd,(bsep)X,] regardless of the molar ratios of the reactants549. The chloro 
complex had vw-cI bands at 312 and 308cm-', characteristic of a cis terminal PdCI, 
group, and all three complexes gave electronic reflectance spectra characteristic of a 
PdSe,X, square-planar chromophore. Dimeric structures with bridging seleno ether 
ligands were proposed on the basis of this spectroscopic evidence: 



18. Ligand properties of organic Se/Te compounds 

Pd 

X I  ‘x x x 

803 

The insolubility, magnetic moment (2.98 B.M.), and electronic reflectance spectrum of 
Ni,(bsep)l, suggest an octahedral polymeric complex with bridging iodo and bsep 
ligands’,’. 

The Se,P hybrid ligand, tris(o-methylselenopheny1)phosphine (TSeP), was synthesized 
in 7% yield as colourless air-stable crystals’50 (equation 21 I). This ligand forms intensely 
blue, paramagnetic Ni(rr) complexes, mi(TSeP)X]ClO, (X = C1, Br, I, NCS)sSo. The 
molar conductances of these complexes in nitromethane solution support their for- 
mulation as 1 : 1 electrolytes (AM = 80-90cm2 ohm-’ M - I  ), and their electronic spectra 
are characteristic of trigonal-bipyramidal structures. With the weakly coordinating 
perchlorate anion a 2: 1 electrolyte-type complex, ~i(TSeP),](ClO,),, was obtained. The 
structure of this complex was not determined. 

1 .  HzS.04. N a N 0 2  1. Mel/ElOH 

2.  KSeCN 2 .  KOH 
o-BrC,H,NH2 b o-BrC,H,SeCN ) 

n-BuLi PCI 

E120. O°C E l 2 0  
o-BrC,H,SeMe - o-MeSeC,H,- Li’ 2 (o-MeSeC6H4)3P 

(TSeP) 

A diamagnetic, square-planar nickel(i1) chelate of the Se2N2 tetradentate Schiff base 
derived from selenosalicylaldehyde and ethylenediamine (Table 43) was prepared by the 
template reaction previously described for related bidentate (Se, N) chelates (equation 
182). The dipole moment of this complex (7.28 D in CHC1,) is consistent with the cis 
geometry imposed by the tetradentate structure of the m a c r ~ c y c l e ~ ~ ’ .  

A tetradentate seleno Schiff base derived from acetylacetone has also been reported” ’ 
(equation 2 12). 

0 0  0 Me Me 0 
II II EtOH II I I II 

MeCCH2CMe + H2NCH2CH2NH2 - MeCCH2C=NCH2C$N=CCH2CMe 

.-H-Se, 
I 

1 .  [EtsO] [BF.] /CnCl, 
b Me-C<Hc\NCH2C+PJ<c-w4 C--Me 

2. NoSeH/EtOH Se-t  ’. 

I 
Me 

seacn-H2 

A detailed ESR study of the CO(II) chelate prepared by reaction of the neutral seleno 
Schiff base with Co(OAc), adduct in frozen CH2C12 has been reported”’. 

G. Complexes Incorporating Sen 

The synthesis of metal complexes with terminal Se2- Iigands dates back to the early 
part of the century (e.g. 1927, (NH,),[WSe,])552. The chemistry of selenometallates has 
been the subject of several reviews553. Within the past few years a number of novel 
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COORDINATED -Sen- 

Erminal Bridge 

M=Se 
Se 
/ \  

M-M M-Se-M 

(pc i -se )  

Cfusfers 

/Se  
M. I ?xi M-Se-Se-M 

M- 

(q2 -Se5) 

FIGURE 1 1. Bonding modes of coordinated Sen 

molecular complexes incorporating Sen (n = 1,2,4,5; Figure 1 1)  have been prepared, and 
the reactivity of such coordinated Se ligands has been investigated. 

In addition to having an interesting chemistry of their own, recent work suggests that 
such complexes may have considerable utility as precursors of various other organose- 
lenium ligand systems. 

1.  p,-Se ligand 

The complex (Me,P),(OC),Re-Se-Re(CO),(PMe,),370 (Figure 4) was the first 
structurally characterized complex containing a bridging Se atom. Since this initial report, 
several dimeric complexes with bridging Se atoms have been prepared by insertion 
reactions of elemental Se into metal-metal The complex CpCo(p- 
PMe,),(p-Se)CoCp was prepared in 55% yield by such a route (equation 134). This general 
reaction has provided a route to related Mo, Wand Rh Se-bridged dimers (equations 2 13- 
215). 

Complexes with labile ligands react with elemental Se (equation 166) or COSe 
(equation 21 6) to give Se-bridged dimers. 

The p,-Se complex was obtained in only small yield from the initial reaction (ca. 10: 1 
p2-Se,: p,-Se products) but was obtained in high yields by extrusion of a Se atom from the 
p2-Se, dimer with triphenylphosphineSS7. The presence of a Mn-Mn bond in the p,-Se 
complex was proposed by analogy with related complexes (e.g. [Cp"(OC)zMn],CH, and 
[Cp(OC),Mn],CHR). The crystal structure of the p2-Se complex was reported in the 
same paper5s7. 

These two dimers, identical with those isolated by the route of equation (166), were 
separated by low-temperature ( -  20 "C) chromatography on SiO,. 
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violet p i s m s  
6(CDCI3) = 2.17(Me) 

45 %/3 doys SiO, 
(tobema) chmatography I 

orange-red solid (45%) 
dy,* = 9lOm' 

6(CDc13) = 2.O(Me) 

n 

(Ref. 555)  1214) 
-- 
dark brown solid (10%) 

= 1925, 1850cm-' %=o 
6(CDC13)= 2.17, 2.10 (s,Me) 

0 

C 
I I  

/ \  THF/O Oc 

'C/ black crystals 

Cp'Rh=RhCp' + Se - Cp'(OC)Rh(p-%)Rh(CO)Cp' (Ref. 556) (2 15) 

Omo(CH2C12) = 1960cm-'  

6(CDCI3) = 1.9KMe) 

II 
0 

se 
COSe / \  

CpMn(C0)2THF - Cp(OC)2Mn -Mn(CO)2Cp + Cp(OC)2Mn-Se-Se-Mn(C0)2Cp 
THF + I 

1 m, /THF 

- SePPh, 

(Ref. 557) (216) 

Redox reactions of organometallic anions and sodium selenite have provided another 
route to Se-bridged dimers (equations 21 7 and 218). 

Na2Se03 

HCI 
Na' [Cp'Cr(CO),] - - Cp'(OC)2Cr=Se==Cr-(CO)2Cp' (Ref. 558) 

(21 7) 
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Na+ CV(CO),(dPPe)l- H,POI ' [ ( OC)J(dppe)VE S e E  V(d ppe)(CO),] 
Na2Se03/H20 

25% (Ref. 559) (218) 

1885vs, 1852vs 
vC,O(CH,CI,): 1980, 1930s 

The crystal structure of [V(CO),(dppe)],S (e.g. S analogue of product of equation 21 8) 
revealed a very short V-S bond (2.172A vs. normal single-bond values of ca. 2.30A). A 
bond order between 2 and 3 is suggested for these linear V-E-V (E=S,  Se, Te) 
dimed5'. 

Reaction of some of these Se-bridged dimers with diazomethane is aconvenient route to 
p,u'-selenoformaldehyde complexes5 5 4 * 5 5 8  (e.g. equation 166). 

The high oxophilicity of Al(r11) has been used to form metal-Se bonds in equation 
(219)560. The dimeric formulation was assigned on the basis of magnetic and infrared 
spectral data and by analogy with the S analogue, which has been unequivocally 
characterized by single-crystal X-ray diffraction. 

v M ~ = ~ ~  = 360cm-' 

v M ~ - ~ ~ - M ~  = 250cm-' 
R = Me, Et 
R, = pyrrolidinyl, morpholinyl 

Detailed resonance Raman and infrared spectroscopic studies561 of the dimeric 
[(PhE),Fe(p2-Se)zFe(EPh)z]z - (E = s, Se) and [(o-C~H,(CH,S),F~(~,- 
Se)zFe(SCH,),C6H4-o)]z - and an ESR of their reduced forms have been 
reported. These dimers are coordination analogues of the Fe-S proteins, ferredoxins. 

2. q2-Se, ligand 

(equation 220), has been reported564. 
The structure of the complex [Ir(dppe),(Se,)]CI, first briefly described in 1971 5 6 3  

CHzCI 1 

20 'C/ days 
' CIr(dPPe)zSe,lC1 (220) [Ir(dPPe)zlC1+ Sea 

green air-stable solid 
m.p. 200-201 "C 
v ~ ~ - ~ ~  = 310cm-' 

As previously proposed on the basis of its 31P-NMR spectrum563, single-crystal X-ray 
diffraction showed the presence of side-on bonded Se, (q2-Se,; Figure 11). 

This complex was prepared more recently with Cp,TiSe, as a Se-transfer agent 
(equation 221). 

CH2CI 2/THF 
[Ir(dppe),]Cl + Cp,TiSe, * [Ir(dppe),(Se,)]CI (Ref. 565) (221) 
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A similar bonding mode had previously been found for O S ( ~ ~ - S ~ , ) ( C O ) , ( P P ~ , ) , ~ ~ ~  
(equation 222). 

C& 
Os(CO),(PPh,), + red Se - O S ( V ~ - S ~ ~ ) ( C O ) ~ ( P P ~ , ) ~  (222) 

60% 
red-purple crystals (CHCIJEtOH) 
m.p. 192-1 95 “C 

vScpSe = 310cm-’ 

The Se-Se bonds in such complexes are reactive to electrophilic alkylating reagents 
(e.g. equation 148) with retention of the Se-Se bond and to low-valent transition-metal 
species, which undergo oxidative insertion into the Se-Se bond (equation 223). 

[Ir(dppe)2(Se2)]CI + IrCI(C0) (PEtpPhI2 

CH,CI, (Ref. 564) (223) 

Although the complexes [(dppe),Ir(S,)]CI and [(Me,PCH,CH,PMe,),Rh(S,)]CI 
undergo oxidative addition reactions with Pt(PPh,)3 and Pt(PEtPh,), to  give the M(p2- 
S),Pt (M = Rh, Ir) dimers, the reactions with the ($-Se,) complex not only result in 
addition across the Se-Se bond but also displace the Ir from Se (equations 224 and 225). 

[(dppe&Ir(Se2)]BPh4 + [Pt(PPh3)3] 

MECN/THF (Ref. 564) (224) I 
Se 

-I- l/2[Ir(dppe)2]BPh4 -I- 1/2 [(dppe)pIr(Se2)]BPh4 

[ (dp~e)~Ir (Se~)]CI  + 2 [Pt(PEtPh2I4] 

(Ref. 564) (225) IMeCN 
Se 

\se’ 

(Et Ph2P)2Pt’ \Pt(PEt Ph2I2 + [(dppe )21r] CI 

SCF-Xa-SW calculations on the model compounds [M(X,)(PH,),] + (M = Rh, Ir;  
X = S, Se) predict an X-X bond order of about I and M-X, covalent interaction in 
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the order RhSe, < IrSe, < RhS, < IrS,, both in agreement with the observed properties 
of the analogues with the bidentate phosphines discussed above566. 

The complex Cp’Mn(CO),(q2-Se,) has been prepared by reaction of elemental Se with 
Cp’Mn(CO)zTHF567. The spectroscopic data for this complex support the ‘side-on’ 
coordination of Se,, an assignment confirmed by preliminary X-ray structure analysis 
(Se-Se = 2.263(8)& Mn-Se = 2.463(4)A)567. These data suggest the Se, is best 
considered as an uncharged two-electron ligand. 

3. pc,-Se, and pz, q2-Se, ligands 

The complex Cp(OC),Mn(SeSe)Mn(CO),Cp (equation 2 16) is the only example 
reported with a bridging M-SeSe-M linkage. 

The complex (OC),Fe(p(,,q2-Se,)Fe(CO), was first prepared in 1958 by Hieber and 
GruberS6’. A detailed description of the synthesis of the dimer, based on their original 
method, was reported by Seyferth and (equation 226). 

Se-Se 

K2  Fe KO), + Na2S,Se, (OC),Fe- ’-‘Fe(CO)3 (226) 
HCI 

(43) T Se metallic ruby red 
KOH/H,O/MEOH T 

air sensitive solid (20%) 
m.p. 3 9 - 4 0 . 5 O C  Fe(C0l5 Na2S.9 H20 

ucGo(pentane) = 2081s, 2041 VS,  

l 9 8 9 m ,  1 9 6 4 w ,  1954w cm-’ 

The proposed structure, involving both Se-Se and Fe-Fe bonds, was confirmed by 
single-crystal X-ray diffractions6’. Work by Seyferth and Henderson354 and Rauchfuss 
and  coworker^'^^^'^^ has established an extensive chemistry of this dimer based on the 
reactivity of the Se-Se bond (Figure 12). The use of this dimer as a substrate in oxidative 
addition reactions with low-valent metal (e.g. Pt(o), CO(I), Ni(o)) complexes offers a route 
to a wide variety of mixed-metal ~ I u s t e r s ’ ~ ~ ~ ’ ~ ~ .  Substitution reactions in which the 
terminal CO ligands are replaced by phosphines have also been reported’ 71-573. 

The S analogue, (OC),Fe(p,,q2-S,)Fe(CO),, exhibits the same general reactivity 
pattern but has been the subject of more s t ~ d y ’ ~ ~ ~ ’ ~ ~ ~ ’ ~ ~ ~ ’ ~ ’ ,  owing to its enhanced 
stability and ease of preparation compared to 43. 

The p2,qz-Se, ligand also occurs in the dimers Cp;Mo,Se, (equation 213), 
[W,Se3C18]2- (equation 227) and ~bzSe,C1,(SMe,),] (equation 228) as well as the 
cluster Nb4Se3Brlo(MeCN), (equation 229). 

r 7 

WCI3Se + (Ph,As)CI - r. cn,ci, t .  /I4 days (Ph4AsI2 1 C14W- <&pi4] (Ref. 576) (227) 

MC*S 
NbC1,Se - (Me2S)2C12Nb(p2,q2-Se,),NbC1,(SMe,)2 

(Ref. 577) (228) 
CSSl 

(3 NbC15 + Sb,Se, - 3NbC13Se 2SbCI3) 

McCN 
4 NbBr,(MeCN), + Sb2Se3 - Nb,(MeCN),Br6(p,-Br),(p,,q2-Se,)(p,-Se) 

(Ref. 578) (229) 
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C H E M I S T R Y  OF COORDINATED -Se-Se- 

809 

/ \  

7% 
(OC),Fe--Fe(CO), 

FIGURE 12. The chemistry of Fe2Se,(CO)s 

The compound Nb,Se,Br,, prepared in the form of air-stable, diamagnetic metallic 
grey crystals from the elements in a sealed quartz tube at 1073 K, has been shown by 
single-crystal X-ray diffraction to  contain the p2,q2-Se2 ligandS7’. The structure consists 
of one-dimensional infinite chains of [Nb,(Se,)Br,] units having single side-on bonded 
Nb, and Se, dumb-bells forming a quasi-tetrahedral NbzSe2 cluster asymmetrically 
bridged along the Nb-Nb edge by two bromo ligands (Figure 13). 

FIGURE 13. Crystal structure of Nb,Se,Br, 
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The interatomic distances show that there is no significant interaction between the 
chains. The short Nb-Nb and Se-Se distances (Figure 13) support the formal 
oxidation state assignments Nb(4 +)and Se(1 -).The Se-Se and Nb-Nb bond orders 
are approximately 1 and 0.62, respectively. 

The diamagnetic compounds NbSe,X, (X=CI, Br, I) have been prepared by 
similar chemical vapour transport reactions and were formulated with similar structural 
features (i.e. NbZ4+, (Se,),,-, X4-) on the basis of crystallographic and XPS data5". 

4. q2-Se, and q2-Se, ligands 

Three complexes have been reported involving the chelating q2-Se, ligand (equations 
230 and 231). 

'$ + 2 NoCl + 1/8 See Cp2MC12 + Na2Se5 - Cp2M 

'Se-se 
M = Mo,W 

EtOH 

liq. NH, (Ref. 581) (230) 

M = M o  
red-black air-stable platelets 

(36%; recryst. from DMF) 
m.p. 2 15 "C dec. 

t 
Na + 2.5 Se 

'H-NMR G(DMF): 5.17 (s, c p )  
M = W  
Brownish violet air-stable platelets 

m.p. 225 "C dec. 
(86%; recryst. from DMF) 

'H-NMR G(DMF): 5.22 (s, cp) 
PP~JMOCN 

- SOPPh, 

THF/C+H, rn 
[ I ~ L ~ J C I  + - [ I ~ L ~ ( s ~ ~ ) ] c I  + [ I ~ L ~ ( s ~ ~ ) ] c I ~  

L = Me2PCH2CH2PMe2 

r.t./8 days 

3 5 % 7 */. 

dark red crystals (Ref. 582) (231) 
(MeCN/ PhMe) 
m.p. 277-280 O C  dec. 

An X-ray structure determination of [Ir(Me,PCH,CH,PMe,),(Se4)]Clsa~ confirmed 
a cis-octahedral geometry with the Se, ligand symmetrically chelated to the Ir at 
equatorial positions. The IrSe, ring has a half-chair conformation with the two central Se 
atoms equidistant from and on opposite sides of the IrSe, (coordinated) plane. The Ir-Se 
(2.545 A) and Se-Se (2.307 A) distances are similar to the corresponding values in 
[Ir(dppe),(Se,)]C1564. As found for the Se, ligand566, SCF-Xa-SW calculations on the 
model compound [1r(PH3),(Se4)]+ indicate that the Se, ligand is best described as an 
excited Se, m ~ l e c u l e ' ~ ~ .  

The reaction of Cp,TiCI, with Na,Se, gave Cp,TiSe, (97)5s3 (rather than the qz-Se, 
derivative as in the M o  and W analogues) (equation 230). This dark violet air-stable 
solid(m.p. 21 I "C)gave two signals of equal intensity in the 'H-NMR spectrum; this was 
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the first example of the splitting of the Cp proton signal in a Cp2Ti4+ derivative and 
indicated that at room temperature and below the TiSe, ring is in a fixed conformation. 
The crystal structure of the S5 analogue has shown that the six-membered TiS5 ring exists 
in a cyclohexane-like chair c~nformation"~. These two bands broaden with increasing 
temperature (&Me, solution) and finally coalesce at ca. 90 "C. This reversible process 
becomes irreversible above 100 "C, owing to reaction of Cp2TiSe5 with the solvent. 

The utility of Cp2TiSe, as a convenient reagent for the synthesis of transition-metal 
ethylene- 1,2-diselenate complexes was described previously (equation 206). As with 
Fe,Se,(CO),, the enhanced stability and ease of preparation of Cp2TiS5584,58s compared 
to its Se analogue542 have resulted in more work with the former derivative, although the 
reactivity patterns for both complexes are similar. 

5. Se incorporated in metal clusters 

The synthesis and structural characterization of transition-metal cluster compounds 
has been an active area of research for 25 Several such clusters incorporating Se 
in the framework have been reported (Table 44). These clusters most commonly 
incorporate a Se atom bonded to three transition metals in the cluster framework (i.e. a p3- 
Se ligand), although the first example of a p4-Se ligand has been structurally 
characterized"'. 

The first example of such a transition-metal cluster compound incorporating Se was 
reported by Hieber and Gruber in 1958568 (equation 232). Such cluster compounds 
generally require a single-crystal X-ray diffraction analysis for an unequivocal structural 
characterization. Indeed, the crystal structures of most of the known Se-containing 
clusters have been reported (Table 44). The first such structurally characterized com- 
pound was Fe3(p3-Se)2(C0)9587, which consists of an Se,Fe,(CO), fragment of idealized 
C2,-2 mm symmetry bonded to an Fe(CO), group via two bent Fe-Se bonds and two 
bent Fe-Fe bonds (Figure 14). The cluster framework can be described as a square 
pyramid with an Fe at the apex (a seven-coordinated Fe atom) and alternate Se and Fe 
atoms at the corners of the basal plane. 

3Fe(C0)42- +2Se0,2- + 10Hf+Fe,(p,-Se)2(CO)g +CO, + 2 C O +  5 H 2 0  
(Ref. 568) (232) 

The reaction of OS,(CO)~, with elemental Se in refluxing n-octane followed by thin- 
layer chromatographic separation of the products gave H,Os,Se(CO),, Os,Se,(CO), 
(Figure 15), and H , O S ~ S ~ ~ ( C O ) ~ ,  (Figure 1 6)s40. Carrying out the reaction under CO/H, 
pressure (35atm, 1 : 1 )  gave improved yields of all three clusters, whereas in a CO 
atmosphere the yields of the hydrido clusters decreased significantly. Initial characteri- 
zation of these clusters, as for such compounds in general, was by infrared and mass 

TABLE 44. Transition-metal cluster compounds containing p,-Se ligands 

Complex Ref. Complex Ref. 

Single-crystal X-ray diffraction structure determination. 
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spectroscopy590. The structure of Os,Se,(CO), (Figure 15) was shown594 to contain a 
triangle of 0 s  atoms with one long non-bonding edge (0s-0s = 3.791(1)A) and Se 
atoms capping the triangle on both sides to give a trigonal bipyramidal cluster geometry. 

The structure of H,Os,Se,(CO),, (Figure 16) has been shown to have a novel trigonal- 
prismatic Os4Se, core with each Se atom capping a triangle of 0 s  atomssg0. Two 0s-0s 
distances in each ‘Os,Se’ unit are non-bonding (ca. 4A). All 12 carbonyl ligands are 
terminally bonded to the four 0 s  atoms, and the two hydride ligands were formulated as 

FIGURE 15. Molecular structure of Os,Se,(CO)g 
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FIGURE 16. Molecular structure of 
HzOs&%(CO)i z 

edge-bridging the two long 0 s - 0 s  bonds, since the carbonyl ligands bend away from 
these edges. 

Two types of selenide ligands, including a unique p,-Se, occur in the cluster 
Nb4( MeCN),Br,(p,-Br),(p,, q2-Se2)(p4-Se)5 

Reaction of H,Se with [Ni(OH,),](CIO,), and PEt, in H,O/CHCI, gave the 
polynuclear complex [Ni,(p,-Se)2(PEt3),]2 +, which was isolated as its air-stable, red 
tetraphenylborate salt598. The molecular of this complex contains a 
triangle of Ni atoms capped on both sides by triply bridging Se atoms forming an almost 
regular trigonal bipyramid. Each Ni atom is further coordinated to two terminal PEt, 
ligands, the phosphorus atoms lying in the appropriate Ni-Se, plane. The average Ni- 
Ni distance (3.1 6(2)& precludes any significant direct metal-metal interaction, and the 
cluster geometry can be considered as three d8 NiSe,Pz square planes sharing two 
bridging ligands. 

The supertetrahedral clusters, [(p3-Se)4Mlo(SPh)16]4- (M = Zn, Cd) have been 
prepared in 80-100% yields by reactions of elemental Se with the adamantanoid clusters 
[M4(SPh)lo]2 - and isolated as their tetramethylammonium salts600. 

(Figure 1 7). 

FIGURE 17. Molecular structure 
of Nb4(MeCN)4Br,(p,-Br)~(p*,~2- 
Se,)(p,-Se). Reproduced with permis- 
sion from Ref. 578 
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TABLE 45. 

Ligand Complex Ref. 

Summary of complexes with monodentate tellurium ligands 

bridging 

bridging 
Te(a1k yl)(aryl) 

terminal 
bridging 

bridging 
(alk yl)TeTe(alkyl) 

(aryl)TeTe(aryl) 
bridging 

Heterocycles 
L = 111 
L = 112 
L = 113, 114 

Te(EMe3)2 

(CF,)ETeMe 

Tellurourea 
E = P ,  AS 

L = 115 

CTe' 

Telluroketone 
Carbenes 
Telluroxides 

PtCI,(Te(CH,CH,Ph,),), 
Pd(SCN)2(Te(CH2CH2CH2SiMe,),), 
CCpNi(TeMe,),lBF, 
(OC)SCr(TeEt2) 
[n-Bu4N],[C1,Pt(p-TeMe,)PtC13] 
BrAg(p-Te(Bu-n),)AgBr 
[CuCI(TeEt,)], 

RhCI(TePh,), 
HgI,(TePh,)l, (110) 
PdC12(Te(C6H40Et-p)2)2 
Cu1(Te(C6H4Me-p)2)2 
I Ag(p-TePh,)AgI 

HgBr,(TeMePh) 
BrAg(pTePhC(0)Ph)AgBr 

CCuCUTe2Et2)l, 
[CpNi(p-Te,Me,)NiCp](BF,), 

CCuBr(Tez(CsH4OEt-P),)2ln 
C(oC)3M(r-Br)z(~-TezPhz)M(C0)3 

M = Re, Mn 

Mn(CO),L,CI 
LCr(CO), 
L,Rh(CO)CI 
[Cr(CO)5(Te(EMedd] 

Mo(CO),{ (CF3),PTeMe}b 
E = Ge, Sn, Pb 

M(CO)5L 
M = Cr, Mo, W 

Fe(CO),L 
OsCI,(CO)(CTe)(PPh,), 
(Et4N)CLMo(CO),(CTe)1 

L = 3 1  
(OC),W(Te=CPh,) 
(OC),Cr=C(NEt,)(TePh) 
MeTeC13(OTePh2),d 
(p-ROC6H4)TeC1,(OTePh,), 

R = Me, Ph 

605 
606 a 

607 
108 
608 
609 
610" 

61 1 
612, 613" 
614 
61 5 
609 

612 
609 

616 
617 

61 6 

190". 191 

618 
619 
620 
196 

194 

62 I 

622 
216 
223 

623 
624 
625 

"Structure determined by single-crystal X-ray diffraction. 

' M-CTe bonding. 
dTe-O=TePh2 bonding. 

Mo-P bonding of ambidentate (P, Te) ligand. 
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111. ORGANOTELLURIUM LIGANDS 

815 

Because transition-metal complexes with Te ligands have been the subject of recent 
reviews' 5 * 1 8  and these complexes are generally prepared by routes described above for the 
analogous Se complexes, discussion of the former complexes will be limited to a general 
consideration of the various ligand types and very recent developments. 

The extensive ligand chemistry developed for 1 , l -  and 1,2-dithio1' and -diseleno 
(Section ILD.2) anionic ligands has not been extended to the Te analogues. Likewise, no 
examples of tridentate or tetradentate ligands containing one or more Te donor sites have 
been reported. 

Although several papers have described the syntheses of phosphine tellurides (R,PTe, 
(R,N),PTe; R = alkyl)601, no complexes of these donors analogous to those of the lower 
chalcogens (R,PX; X = 06"', X = S 6 0 3  , Se (Section II.A.3)) have been described. 
Similarly, although several salts of the tellurocyanate anion604 have been isolated and 
characterized, no complexes with this ambidentate ligand are known, in contrast to the 
extensive ligand chemistry of thiocyanate3" and selenocyanate (Section 1I.B. I ) .  

Recent advances in the synthetic methodology of organotellurium chemistry as 
illustrated in other chapters of this volume can be expected to provide impetus for the 
development of this coordination chemistry. The most diverse class of Te ligands are 
neutral monodentate (Table 45). 

A. Neutral Monodentate Ligands 

7 .  Diorganotellurides 

a. Dialkyl tellurides. The first reported coordination complex with a Te ligand, cis- 
PtCI,(Te(CH,Ph),),, was reported by Fritzmann in 1915'. Since then a number of 
transition-metal and Group IIb complexes with dialkyl and diary1 tellurides have been 
prepared". Early work in this area generally involved lower molecular weight dialkyl 
tellurides, and the air sensitivity and foul odour of these ligands no doubt led to the belief 
among inorganic chemists that these were general characteristics of Te compounds. In 
fact, the aromatic ligands are air-stable solids that can be readily prepared with a variety of 
functional groups' '. The alkyl derivatives can also be made more amenable to convenient 
handling by increasing the alkyl chain length. The slightly air-sensitive dialkyl tellurides 
Te(CH,CH,Ph)2605 and Te((CH,),SiMe3)2606 (n = 1, 3) can be readily prepared in high 
yields by alkylation of Na,Te. The complex trans-Pd(SCN),(Te(CH,CH,CH,SiMe,),)z 
has been characterized by single-crystal X-ray diffraction6n6. The complex is square- 
planar with S-bonded thiocyanate (Figure 18). 

The complex trans-[Pd(SCN),(Te(CHzSiMe,Ph),),] also has S-bonded thiocyanate 
initially (i.e. v,--~ = 21 1 1 cm-'), but on aging for several weeks at room temperature, 
its infrared spectrum indicates a partial Pd-SCN + Pd-NCS isomerization (i.e. 
vCeN = 2077cm-I) as well as a trans+cis isomerization of the S-bonded isomer (i.e. 
vCSN = 2106, 2 0 9 8 ~ m - l ) ~ ~ ~ .  This linkage isomerism is presumably the result of the 
increased steric bulk introduced around the Pd by the Te(CH,SiMe,Ph), 
ligand vs. Te(CH,CH,CH,SiMe,)z. 

"'Te-NMR has been used to study the solution structure of the complex 
PtC1,(Te(CHzCH,Ph),)z6"5. This complex has a cis configuration in the solid state 
(a vP,-,-, doublet characteristic of CZv symmetry in the far-infrared) (Figure 19a). On dis- 
solution in CH,CI, the solution initially contains the cis isomer (Figure 19b), but 
cis-trans isomerization occurs over several hours to reach an equilibrium mixture 

. . .  



816 Henry J. Gysling 

FIGURE 18. 
Reproduced with permission from Ref. 606 

Molecular structure of trans-Pd(SCN),(Te(CH,CH,CH2CH2SiMe3)2)2. 

of the two isomers. The trans isomer has a single vp1-,-, at higher energy than the 
cis isomer (Figure 19b) and a IZ5Te resonance downfield from the cis isomer as well 
as a smaller J('25Te-'95Pt) (Figure 19b). In toluene solution, however, the complex 
exists exclusively as the trans isomer = 337cm-'; 6(I2'Te) = -430 ppm, 
J('Z5Te-'95Pt) = 601 Hz). 

The largest number of dialkyl telluride complexes involve Pt(n) and Pd(I1). A variety of 
techniques have been applied to the characterization of their solid-state and solution 
structures (e.g. infrared, Raman, NMR, dipole-moment measurements)". In such square- 
planar complexes, MX,(TeR,), (M = Pd, Pt; X = CI, Br, I), cis-trans isomerization, 
intramolecular ligand exchange and tellurium inversion processes have all been observed 
by detailed far-infrared and variable-temperature 'H-NMR studies". 

A CH,C12 solution of (Bu,N)[Pt(CNS),TeMe,], prepared by equilibration of 
(Bu,N),[Pt(SCN),] with [Pt(SCN),(TeMe&J, was shown by 'H-{ '95Pt} INDOR 
spectroscopy to contain the following four isomers (relative amounts in par en these^)^": 
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rri L 

( b )  

J('95Pt-'25Te)= 544Hz 

Wavenumber,cm-' 

I I 

1 350 300 250 -, 
Wavenumber, cm 

FIGURE 19. '"Te-NMR and far-infrared spectra of 
PtCl,(Te(CH,CH,Ph),),, (a) in the solid state and (b) in CHzCl, solution. 
Reproduced with permission from Ref. 605 

( 1 )  

NCS TeMep 

[ Ncs)<"cs ] (0.3) 

[ N c s > P ~ s  ] (0.04) 

[ s c N > p c N  ] (0.006) 

NCS TeMep 

SCN TeMe, 

NCS TeMe, 

6(Me) 3J('95Pt-'H) ' J('95Pt-'4N) 

2.25 33.6 Hz 

2.24 35.1 Hz 

2.20 35 Hz 

2.14 

367 f 5 Hz 

450 Hz 

The multiplicity of the 14N coupling pattern in the spectrum was used to determine the 
number of N-bonded thiocyanate ligands in a particular isomer. Specific assignments of 
the mixed complexes were made by assuming a regular upfield shift of the methyl 
resonances when S-  is replaced by N-bonded thiocyanate in the position cis to the 
telluride ligand and a somewhat large shift for the trans position. 
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A few examples of bridging diorganotelluride ligands in Ag(i), Pt(n) and Cu(i) complexes 
have been reported (Table 45). In the Ag(i) complexes ((AgX),TeR,; X = Br, I), XPS 
showed an increase in the Te 3d binding energy of 0.7-0.9 eV vs. the free ligand609. 

A bridging dialkyl telluride ligand in the complexes (Bu,N),[X,Pt(p-TeMe,)PtX,] 
(X = CI, Br) has been proposed on the basis of '"Te-NMR spectroscopy608. The 
J('25Te-'9sPt) coupling constants in the dimeric complexes, in which both lone 
pairs of the bridging Te ligand are involved in bonding, are much larger than in complexes 
containing terminal dialkyl telluride ligands (e.g. (Bu,N),[CI,Pt(p-TeMe,)PtCI,], 
5923 Hz vs. (Bu,N)[CI,PtTeMe,], - 1553 Hz)~". 

The first structure characterization by X-ray diffraction of a complex containing a 
bridging diorganotelluride ligand was reported recently for [CUCI(T~E~, ) ] ,~ '~ .  The 
structure contains infinite sheets in which two TeEt, ligands bridge two (Cu(p-CI),Cu) 
dimeric units to give distorted tetrahedral coordination about both the Cu and Te atoms 
(Cu-Te distances = 2.535(1) and 2.625(1)&. The synthesis of this complex involved the 
in situ reduction of CU(II) (equation 233). 

EIOH 

2CuCI, + 3 TeEt, - 2 [CuCI(TeEt,)] + TeEt2C1, (233) 

b. Diaryl tellurides. Adducts of diaryl tellurides with mercuric halides were prepared as 
easily crystallized derivatives in Lederer's early work involving the syntheses of these 
organotellurides (see Ref. 18 for a discussion of this early work). Few data, other than 
melting points, were reported for these complexes. More recently some of these complexes 
have been studied by far-infrared6" and lZ5Te Mossbauer spectroscopy628, and a 
tetrameric structure (110) has been found for [HgI,(TePh,)] by X-ray diffraction6' '. 

/ TePhp 
I 

(110) 

Relatively few other complexes of transition metals with terminal diaryl telluride 
ligands (primarily TePh,) have been reported (e.g. Pd(ii), Pt(u), CU(I), Mn(i), Fe(I,n), Ru(n), 
Rh(i,iii), Re(i))I8. 

Although diorganotelluride complexes are generally stable, in two cases Te-C bond 
cleavage has been reported to give complexes with bridging tellurol ligands (equations 234 
and 235). 

- Ph2 
Mn,(CO),o + 2TePh, - (OC),Mn(p-TePh),Mn(CO), (Ref. 618) (234) 

400/,aq. CH2OlKOH 

EIOH/reflux 
RhCI3.3 H,O + TePh, [RhCTePh),], (Ref. 61 1) (235) 

2. Diorganoditellurides 

Although ditellurides (and diselenides, Section II.A.5) most commonly undergo 
cleavage of their E-E (E = Se, Te) bond with formation of terminal or bridging ER- 
ligands (e.g. equations 95-104 and 107-1 09), examples of intact coordinated diorganodit- 
ellurides have been described. The crystal structure of the dimeric bridged ditelluride 
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[(OC),Re(p-Br),(p-Te,Ph,)Re(CO),] was reportedlE4 recently. This complex and the 
analogous Mn dimer' 91 were prepared by the route described for the Se,R, dimers 
(equation 32, Section II.A.5). 

Unique mixed complexes of unsymmetrical diary1 ditellurides were prepared recently 
by reaction of CuCl with mixtures of the symmetrical ditell~rides~'~.  The orange-red 
precipitates formed in these reactions had the composition PhTeTe(C6H,0Et-p).2 CuX 
(X = C1, Br), but their insolubility and thermal sensitivity precluded unequivocal 
characterization. Previous "'Te-NMR studies, however, demonstrated that solutions of 
two symmetrical ditellurides also contain the unsymmetrical d i t e l l ~ r i d e ~ ~ ~ .  The presence 
of intact ditelluride was confirmed by the observation of the characteristic v ~ ~ - ~ ~  at ca. 
175cm-' in the Raman spectra of these complexes. 

Several 1 : 1 complexes with symmetrical ditellurides have also been prepared 
(CuX(Te,R,): X = C1, Br; R = Et, n-Bu, n-C5HI1, Ph, P - E ~ O C ~ H , ) ~ ' ~ .  The presence of 
bands assigned to vTcPre (170-180cm- ') and vcu--x-cu vibrations in the far-infrared 
spectra of these complexes and their insolubility in organic solvents suggested a polymeric 
formulation (116). 

R \  f vTe'R Te 
I I 

(116) 

Complexes of CU(I) and Cu(n) with the potentially chelating ditelluride (o- 
H,NC,H,)TeTe(C,H,NH,-o) have also been reported631, but their structures were not 
established. 

A complex proposed to contain an intact Me,Te, ligand ([CpNi(Te,Me,)]BF,) has 
been prepared by treatment of [CpNi(C,H6)]BF4 with the ditelluride in ether617. The 
bonding mode of the Te ligand, however, is not well characterized. Structures involving 
bridging and chelating MeTeTeMe have been suggested6' '. 

ESR and infrared spectroscopy were employed in a kinetic and mechanistic study of the 
oxidative addition of the ditellurides Te,Ar, (Ar = Ph, p-MeC6H4, p-CIC6H4, p -  
EtOC,H,) to rran~-(OC)Cl(Ph,P)~Ir~~~. 

3. Miscellaneous ligands 

Only a few examples of transition-metal complexes with Te heterocycles are known. 
Phenoxtellurine (111) forms a complex (Mn-Te bonding) with Mn(1)6'8 (equation 236). 
The reaction of tellurophene (112) with Na,PdCl, gave two products, which were 
separated by their solubility differences in acetone and CHC1,619 (equation 237). 
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l-7 

(112) (117) 
70% 

(1 18) 
27% (237) 

Treatment of a suspension of 118 in CHCl, with excess tellurophene gave 117. 
The analogous reaction of Na,PdCl, with tetrachlorotellurophene (tct) gave ex- 

clusively trans-PdCl,(tct),, on the basis of elemental analyses and the observation of only 
one vpd--cI band in its far-infrared spectrum (354cm- 1)619. 

Reaction of 112 with Cr(CO)6 at high temperature failed to give any substitution 
product, but the 71 complex (q'-TeC,H,)Cr(CO), was obtained in 80% yield from the 
reaction of 112 with Cr(CO),(MeCN), in Bu,O at 60 OC6". The purple-red complex 
dissolves in benzene as a monomer and can be vacuum sublimed at 65°C without 
decomposition. 

Monomeric complexes result from the reactions of 9-H-telluroxanthene (1 13) and 10- 
ethyl-3,7-dimethylphenotellurazine (114) with the dimeric complex 119620 (equation 238). 

4 L + (OC),Rh(F-Cl),Rh(CO), -+2 LZRh(C0)CI (238) 
Et 
I 

( I  19) 

(113) (114) 

Chromium complexes with Te(EMe,), (E = Ge, Sn, Pb) were prepared' 96 by a two-step 
route (equation 239) involving the initial photochemical generation of a labile THF 
adduct rather than by direct substitution (e.g. Se(SnMe,), complexes, equation 38) 
because of the high photosensitivity of the telluride ligands. 

Cr(C0)6 2 {Cr(CO),(THF)} Cr(CO),Te(EMe,), (239) 
Te(EMesh 

THF 0 oc 

E = Ge, Sn, Pb 

These complexes are quite sensitive to air and moisture and slowly decompose in the 
solid state even at 0 "C. They all exhibited satellites about the singlet Me signal in their 'H- 
NMR spectra (J('HC-''9Sn) = 54.5Hz, J('HC-'"Sn) = 52.5Hz, J('HC-Z07Pb) = 
57.8 Hz and a three-bond J('HCGe-'Z5Te) = 8.5 Hz). 

A similar indirect photochemical substitution route was used to prepare the complexes 
(OC),Cr{ (CF,),ETeMe} (E = P, As). These monomeric complexes were isolated as air- 
sensitive red-brown oils in 23% and 14% yields, respectively. The (CF,),PTeMe complex 
has good thermal and light stability in the solid state and solution, but the complex with 
the weaker donor, (CF,),AsTeMe, decomposes in solution slowly over a few days even in 
the absence of air and light. Spectroscopic results indicate that the (CF,),AsTeMe 
complex contains both As- and Te-bonded linkage isomers, whereas the (CF,),PTeMe 
complex is isomerically pure (Cr-P bonding). The NMR characterization of the bonding 
mode of these ambidentate ligands was similar to that previously described for the Se 
analogues (Section II.A.5). 
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The instability of tellurourea-type compounds has precluded the synthesis of the wide 
variety of complexes described for selenourea (Section 1I.A. I ) .  Lappert and cowork- 

derivatives (115) (Table45). The Cr, Mo and W complexes were prepared by the 
substitution route shown in equation (240) using the electron-rich olefin 1206". 

ers621s622 , ho wever, have reported two examples of complexes with the cyclic tellurourea 

(120) 

Et 
\ 

[ i = T e  - (OC),M-Te=C 
2 Te/PhMe Y M(CO),(NCMe) 

reflur PhMs, 20 OC 

\ 1 (240) 
Et Et 

(115) 75%, M = Cr 
52%, M = MO 
71%, M = W 

The Cr complex readily undergoes Te extrusion to give the corresponding carbene 
complex6" (equation 241). 

Et 
\ 
\ 

PhMe 
(OCI5Cr - Te=C 

I 
Et 

Et 
\ 

Et 

The Mo and W analogues are somewhat more stable but also undergo the detelluration 
reaction at high temperatures. The molecular structure of the Cr derivative has been 
determined by single-crystal X-ray diffraction (Figure 20)62 I .  

These complexes, an Fe(r) complex with the same ligand and the telluroketone complex 
(OC), W(Te=CPh,), are the only reported complexes with a tellurocarbonyl group 
(7 C=Te) (Table 45), although two other examples of organotellurium derivatives of this 
class were described recently (o-alkyltellurocarboxylates, RC(Te)OR' 6 3 3  and tellu- 

Two complexes of tellurocarbonyl have been prepared as shown in equations (242) and 
roamides, RC(Te)NR'R2 634 1. 

(243). 

N a + T s H -  

C6H6 
EtOH 

CIz(Ph,P),(0C)Os=CCl2 - CI,(Ph,P),(OC)Os-C~Te (Ref. 216) (242) 

(1 21) 
30% 

air-stable orange crystals 
m.p. 221 -223 "C 
vCEO = 2040s cm- ' 
vCSTe = 1046s cm - ' 
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FIGURE 20. Molecular structure of (OC),Cr{Te= 
C&(Et)CH,CH,&Et}. Reproduced with permission from Ref. 621 

I .  LiZTc 

THF 
L = 3 7  2.  E14NCI 

L(OC),Mo=CCI - Et,N+[L(OC)2Mo-C-Te-] (Ref. 223) (243) 

T c 
Et,N + [L(OC)2Mo --C=Te] 

(122) 
60% 

vc- = 1 924, 1 840vs cm - 
vCTc =951scm-’ 

The stereochemistry of the octahedral 0 s  complex 121 was assigned (e.g. 35, Te in place 
of Se) on the basis of the similar infrared spectra of all three CX (X = S ,  Se, Te) derivatives 
and the characterization of the thiocarbonyl complex by single-crystal X-ray diffrac- 
tion2”. The low yield of the tellurocarbonyl complex after silica gel chromatography was 
attributed to the difficulty of preparing pure TeH- (NaBH, reduction of powdered Te in 
refluxing ethanol followed by cooling to - 20 “C and acidification with HOAC/E~OH~~’ ) .  

The Mo complex 122 is less stable than its S and Se congeners, but it was converted to 
the more stable telluromethylidyne complex223 (equation 244). 

Me1 

- E14NI 
Et,N[L(OC),Mo=C--Te] - L(OC),Mo=C-TeMe (244) 

L = 3 7  20% 

vc=o = 1992, 191 Iscm-’ 
I3C-NMR (6, CDCI,): 266.22 (C-Te), 

226.62 (CO) 
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The first example of a telluroketone complex was prepared recently by insertion of Te 
from tellurocyanate into a metal-carbene bond623 (equation 245). 

CHzCI, / -90  OC 

- PPN[CN] 
(OC),W-Te=CPh, (245) (OC),W=CPh, + PPNCTeCN] 

18%) 
m.p. 35 "C dec. 

vcso (hexane): 2066m, 1953, 

'H-NMR G(acetone-d,): 7.66(m) 
3C-NMR G(acetone-d,): 160.4, 

1941 cm- '  

130.4, 128. I ,  127.0, 
123.8 (Ph); 197.3 (C0,J; 
231.9 (Te=C) 

The product was isolated as thermally unstable, black crystals by column chromato- 
graphy (SiO,/pentane-CH,CI, 10: 1 )  at - 50 "C followed by recrystallization from 
pentane. The formulation of the product as a telluroketone complex was based on 
spectroscopic evidence, especially the position of the Te=C-I3C resonance 
(equation 245). 

Free diary1 telluroketones are not known, although a brief report636 described the 
synthesis of a dialkyl telluroketone. This is, therefore, another example of the stabilization 
of a n  unstable organic molecule by coordination to a transition-metal centre. 

Fischer and coworkers624 recently reported the first example of a Te-functionalized 
metal carbene complex and studied its reactivity (equation 246). Rearrangement of the 
initial Te-functionalized carbene complex B occurs spontaneously over a few hours at 
30°C to give quantitatively the carbyne complex C, which readily eliminates C O  on 
further stirring in ether at room temperature to give the thermally unstable Te-bridged 
dimer D. Because the latter dimerization is inhibited by free CO, whereas the 
rearrangement of B to C is independent of CO concentration, the carbyne C can be 
synthesized in good yield by carrying out the reaction under C O  pressure. Heating B in an 

A 

D 
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autoclave at 40 "C under 40 atm of CO for 2 h gave C, after recrystallization from 1 : I 
CH,Cl,/pentane, in 77% yield as an orange crystalline solid (m.p. 42 "C dec.). All of the 
above compounds were characterized by elemental analysis and infrared and ' H-NMR 
spectroscopy, and the carbene complex B was shown to be isostructural with 
(OC),Cr=C(SePh)(NEt,) (38), which was previously characterized by single-crystal X- 
ray diffractionz4*. The rearrangement of B to C in I ,  1,2-trichloroethane follows a first- 
order rate law ( -  d[B]/dt = k[B]; AH# = 108 f 1 kJmol-'; AS# = 42 f 4 Jmol-'  K-') .  

Diphenyl telluroxide, Ph,Te=O, reacts with Sn(iv), Ti(iv) and Sb(v) chlorides to give 
Ph,TeCl,, but 2: 1 adducts have been isolated from reactions with organotellurium 
t r i ~ h l o r i d e s ~ ~ ~  (equation 247). The Te-O=TePh, bonding mode for these air-stable 
white complexes was proposed on the basis of infrared spectroscopy (vTeCO decreases 
from 708cm-' in Ph,Te=O to 658-613cm-' in the complexes). The presence of two 
strong v ~ ~ = ~  bands in the octahedral complexes suggests a cis arrangement of the two 
Ph,Te=O ligand~,'~. 

RTeCI, + 2 Ph,Te=OCHC". RCI,Te[O=TePh,], (247) 

R =  Me, C6H40Me-p, C,H40Ph-p 

B. Anionic Monodentate Ligands 

The synthesis of complexes containing terminal and bridging tellurol ligands (Table 46) 
parallels the routes described above for selenol complexes (Section II.B.2). The most 
common preparative route involves oxidative addition of a diorganoditelluride to a low- 
valent metal substrate (equations 248-250). 

C6H6 
2 Fe(NO),(CO), + ArTeTeAr - (ON),Fe(p-TeAr),Fe(NO), 

1.1. 
-4co 

(Ref. 640) (248) 
( I  3) 

Ar = C,H,OMe-p 
C6H6 

reflux 
CpFe(p-CO),FeCp + PhTeTePh - CpFe(CO),TePh 

(124) 
C6H6 

rcflurlhv 
- Cp( OC)Fe( p-TePh), Fe(C0)Cp 

(1 25) 

Ar 
I /Ar 

C d - 6  Ph3 p\ pd/Te \ pd/Te 
Pd(PPh3I4 + ArTeTeAr - ' 'Te' \PPh3 7 1  

Ar Ar 
Ar = C6H40Et-p ,2-thienyl 

(128) 

(Ref. 329) (249) 

(Ref. 641) (250) 

The diamagnetic dimer 123 is isostructural with Roussin's salt, [Fe(NO),SEt],, the 
structural determination of which has established tetrahedral coordination about the Fe 
atoms (two terminal NO ligands and two bridging S atoms; Fe-Fe = 2.72A6,0). 
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TABLE 46. Complexes with anionic tellurium ligands 

Ligand Complex Ref. 

Te(alky1) - 
terminal 
bridging 

Te(ary1)- 
terminal 

bridging 

Te(SnMe,)- 
bridging 

TeH- 
term i n a I 
bridging 

Te(O), Me - 

(OC),(Ph,P),(Me)OsTeMe 
[EtTeCul. 
(ON),Fe(~-TeCH,Ph),Fe(NO), 
Cp( ON),Cr(p-Te(Bu-n)),Cr(NO),Cp 

CpFe(CO),TePh 
(q7-C7H7)Mo(CO),TePh 
(q7-C7H,)W(CO),TePh 

CpNi(P(Bu-n),)(TeC,H,X) 
CPh,PICHg(TePh),l 

Cp,W(TeAr), 
X = H, p-C1, p-MeO, p-Me, m-CF, 

Ar = Ph, C,H,Me-p 
CP, Nb(TePh)z 
Cp(OC)Fe(p-Te Ar),Fe(CO)Cp 

Ar = Ph, pEtOC6H4 
(t17-C7H7)W(~-TePh),W(C0)3 

Cp(ON),Cr(~-TePh),Cr(NO),Cp 
(q7-C7H7)(OC)Mo(p-TePh)zMo(CO)(q7-C7H7) 

(OC),Re(p-TeSnMe,),Re(CO), 

PPN[Cr(CO),TeH] 

(q7-C7H7)Mo(C0)2Te(0)zMe 

(°C)4W(p-TePh)2 w(co)4 

(A~Ph4)C(oC) ,W(~-TeH)Wo,I  

41 8 
616 
353 
351 

305 
337 a 

336 
637 a 

330 

332 

332 

329, 638 a 

336 
336 
351 
639 

363 

108 
108 
390 

"Structure determined by single-crystal X-ray difiraction. 

The monomeric complex 124 with terminally bonded TePh - gave the dimeric complex 
125 when the reaction solution was refluxed with infrared irradiation3". The dimeric 
complex was obtained as a mixture of two isomers on the basis of TLC and 'H-NMR 
evidence, but the pure isomers could not be isolated. Spectroscopic evidence (Table 47) 
indicated the formulations 127a and 127b (Ar = Ph) for the two d i m e r ~ ~ ~ ~ .  Five 
stereoisomers (I27a-e) of such a dimer are possible, and each of these can exist in two 
conformational forms for a non-planar Fe,Te, ring642. 

TABLE 47. Spectroscopic data for Cp(OC)Fe(p-EPh),Fe(CO)Cp (E = S, Se, Te) dimers (127a) and 
(127b) 

127a 127b 

E vcE0 (cm-')" 6CP (PPmIb vcEo (cm-'p 6CP (PPWb 
S' 1982s 4.43 1953s, 1937s 4.03 
Se 1975s 4.46 1947s, 1931s 4.02 
Te 1965m 4.48 1937, 1921 4.1 1 

"In C6H,, solution. 
CS, solution. 

'The crystal structure of isomer 1% of this dimer has been reported6'-l. 
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Ar Ar 
I 

Ar  

(127a) (127b) 

Ar Ar 
I 

A 
Ar 

(127~) 

1 
Ar 

(127d)  (127e)  

The relative stabilities of the isomers 127a and 127b vary significantly with the nature of 
the chalcogen atom. The amounts of isomer 127b obtained from equation (249) and 
related reactions for Ph,E, (E = S, Se) are: Te (major product) > Se ( -  25%) > S ( -  1%). 

The related reaction with Te2(C6H40Et-p), gave two isomers, which could be 
mechanically separated after recrystallization from CH,Cl,/he~ane~~*. Single-crystal X- 
ray diffraction of the isomer obtained in lower yield (ca. 5%) showed it to be isomer (127a) 
while the other isomer, obtained as 95% of the total yield, has the structure (127d)638. 

The unique dimeric complexes 126 contain both terminal and bridging tellurol 
l i g a n d ~ ~ ~ ’ .  These complexes were characterized by elemental analysis and molecular 
weight measurements in benzene. Although lz5Te Mossbauer spectroscopy failed to 
resolve the chemically inequivalent Te atoms in these dimers, X-ray photoelectron 
spectroscopy resolved the two types (Te 3d5,z z 572.5, 573.5 eV)644. 

Elemental Hg also undergoes oxidative addition reactions with diorganoditellurides 
(equation 251). 

Hg + ArTeTeAr + Hg(TeAr), 
Ar = Ph3”, C6H,0Et-p645 

A monomeric trigonal planar anionic complex (Figure 21) was obtained from 
Hg(TePh), and isolated as its air-stable Ph4P+ salt as shown in equation (252). 

Ph4PCI 

- NaCl 
Hg(TePh), + NaTePh +Na+[Hg(TePh),] - - Ph,P[Hg(TePh),] (252) 

Na/liq.NH, I 
iPhTeTePh 

Attempts to form [Hg(TePh),]’- by reaction of [Hg(TePh),]- with an equivalent of 
[Ph,P]TePh in CHCl, gave [Hg,(TePh), ,I5-,  isolated as its orange-red crystalline 
Ph,P+ salt. The structure of this complex is unknown. 

Several Cr, Mo and W complexes containing both terminal and bridging PhTe- have 
been isolated by metathetical reactions with organometallic halide precursors (Table 46). 
As discussed for the analogous SePh- complexes (Section II.B.2; equations 117-1 19), 
these reactions generally give mixtures of monomeric and dimeric complexes, which can 
be separated by column chromatography. The crystal structure of the monomeric 
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C 

Te( 3 

FIGURE 21. 
permission from Ref. 637 

Molecular structure of [Hg(TePh),]-. Reproduced with 

complex ( v ~ - C ~ H , ) ( O C ) ~ M O T ~ P ~  (Figure 22) has been reported337. The Mo-Te bond 
distance in this complex (2.797A) is 0.15A shorter than the sum of the covalent radii, 
indicating a considerable double-bond character. 

The monomeric complex (Ph3P),(OC)2(Me)OsTeMe was prepared by Te methylation 
(i.e. MeI) followed by borohydride reduction of the telluroformaldehyde complex, 
(PhaP)2(OC),0s(qZ-CH,Te) (see next section). 

The only example of a -TeO,R--type ligand was prepared by insertion of TeO, into a 
metal-alkyl bond (equation 253). 

TeOz 
( q  7-C7H ,)Mo(CO), Me - (q7-C7H ,)Mo(CO),Te(O), Me (253) 

vcEo (CH,CI,) = 1990, 1930cm-' 
v , . ~ - ~  (Nujol mull) = 470cm-' 
v,..=~ (Nujol mull) = 960, 785, 

G(CDC1,) = 2.33 (Me), 5.30 (C,H,) 

The TeO, was an active form of the reagent generated in an ether matrix at - 196 "C in 
a metal-atom reactor and subsequently reacted with the methyl compound at - 78 "C for 
8 weeks. The thermal instability of the red microcrystalline product precluded its X-ray 
structural characterization, the proposed formulation being based on the similarity of its 
spectral properties with those of the more stable S and Se analogues. 

750, 695cm-' 
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FIGURE 22. Molecular struc- 
ture of (q’-C,H,)Mo(CO),TePh. 
Reproduced with permission from 
Ref. 331 

Complexes containing both terminal (equation 254) and bridging (equation 255) TeH - 
have been prepared. 

M(CO),THF + Na,Te - Na[M(CO),TeH] - X[M(CO),TeH] 
ElOH X + C k  

- 6 0  OC - NaCl 
(254) 

t 

X = P P N ,  M = C r  
X = Ph,As, M = W 

(255) 
WCOMTHF) 

X[M(CO),TeH] ’ x [ (co) 5 M(P-TeH)M(CO) 5 1 

X = P P N ,  M = C r  
X = Ph4As, M = W 

The terminal TeH- ligand can be alkylated to the neutral dialkyl telluride analogue 
(equation 256). 

(256) 
[EIJOIPF*I 

EtOH 
PPN[Cr(CO),TeH - (OC),CrTeEt, 

C. Bldentate Llgands 

(Table 48). 
Only three well-characterized examples of bidentate Te ligands have been reported 
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TABLE 48. Complexes with bidentate tellurium ligands 

Ligand Complex Ref. 

Telluroformaldehyde 

qZ-CHzTe 

q2,p-CHzTe 

,CHZ 

‘Te 

Cp(Me,P)Rh I 

R = Cp 

R = C6 

y e 2  

I 

/ \  qz,p-CMezTe Cp’ (OC),Mn- Te (CO),Cd 

/C=CH2 Telluroketene Cp( (i- Pr P) R h ‘ Te 
(1 28) [Pt(l28),] [Pt(SCN),] .2 DMF 

41 8 

419 

420 

42 I 
646.641 

647 

648 

57”  

*Structure determined by single-crystal X-ray diffraction 

In 1983 the first examples of telluroformaldehyde complexes, involving both chelating 
$-CH,Te (equations 257-259) and bridging $,p,-CH,Te (equations 260 and 261) 
bonding modes of this ligand, were reported. 

These reactions are further examples of coordination stabilization of an unstable 
organic molecule; monomeric telluroformaldehyde is not known, although a trimer has 
been reported but not ~ h a r a c t e r i z e d ~ ~ ~ .  All four derivatives in the series 
(Ph,P)z(OC)zOs(qz-CH,E) (E = 0650 , ,  S6’l Se4I8, Te4I8) have been prepared. 

The rigid RhCTe three-membered ring in Cp(Me,P)Rh($-CH,Te) produces two ‘H- 
NMR signals for the CH,Te protons (6 = 5.50 (ddd, JHH = 0.6 Hz, JRhH = 0.6 Hz, 

the asymmetry of the dimer Cp(OC),Mn($,p-TeCH,)Mn(CO),Cp results in an AB 
system for the CH, protons in its ‘H-NMR spectrum (equation 260)421. 

The synthesis of p-alkylidene organotransition-metal complexes (e.g. M($,p- 
CH,Te)M) by carbene transfer from diazoalkane precursors to multiply bonded main- 
group/transition-metal compounds (e.g. equations 260 and 261) is a recently developed 
route, which may have general utility for such  derivative^^^^*'^^^^^'. 

The previously unknown telluroketene molecule has been stabilized by coordination to 
Rh(r) in a two-step reaction involving insertion of elemental Te into the metal-carbon 
bond of an initially formed vinylidene complex648 (equation 262). 

J p H  = 10.2 Hz), 6.63 (ddd, J H H  = 0.6 Hz, JRhH = 2.0 Hz, J p H  = 0 . 6 H ~ ) ~ ” ) .  Similarly, 



PPh3 PPh3 oc 

oc' 1 'Te 

\Js/CH21 TeH- . oc oc 

(-HI) 

PPh3 
/ I  'I 

PPh3 OC PPh3 

bright yellow air-stable crystals 

dcEO(Nujol mull) 1991, 1922 crn-I 

6(CDCI3). 2.08 ( t ,  CH2j  J (  P-H)  I. 6.0 H z )  
3 31 1 

PPh3 
ON 

cl'l 'Te 

CH,N, ON PPh3 

C6H, \ I  Te \is/IH2 (Ref. 419) (258) 

PPh3 

OsCI(N0) (PPh3& 

PPh3 

dN=O = 1740 crn-l 

6(CDCI3): 4 . 8 8  (t ,CH2j J(31P-1H) = 3 Hz)  

2 NaTeH/THF 
CH2Iz 25 OC 

-2  Nal 
- TeH, 

Cp(Me3P)Rh(C2H4) ---+ Cp(Me3P)Rh(l) (CH21) Cp(Me3P)Rh(12-CH2Te) 

24% 

dark green, slightly 
air-sensitive crystals 

(Ref. 420) (259) 
CH2 

CH,N,/THF / \  
M 

-.----+ Cp (OC)2Mn -TeMn (CO ),Cp 

air-stable blue crystals 

II 
M //T"\\ - 70 OC 

(-N,) (Ref. 421) (260) 
M = CpMn(CO), 

3C,0(THF) = 1994, 1939,1922, 1871 cm-l 

6 (CGDe) 4.29 (5, Cp) , 3.79 (5, CP) , 
2 

2 
5 . 9 6 ( d , C H 2 j  JHH = 3 . 7  H z ) ,  

6 . 0 2 ( d ,  CH2 j JHH = 3.7 H z )  

cR2 
N,=CR, / \  

Cp'(OC)2Mn=Te=Mn(C0)2Cp' - Cp'(OC)2Mn-Te(C0)2Cp' 
- Nz (Ref. 647) (261) 

R = H, Me 

HCEZCH NaCp/THF 
RhCI(P(Pr-i I3l2 - {(/'-Pr)3P)2CIRh 

- NaCl 

(Ref. 648) (262) 
Te /C, H , 

Cp( ( i-  PrI3P)Rh=C=CH2 Cp((i-Pr)3P)Rh 

70% 
air-sensitive green solid 

m.p. 102 "C 
0 1572 crn-' c=c 
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Single-crystal X-ray diffraction has confirmed the proposed coordination mode for the 
more stable thioketene analogue64s. 

The first example of a stable hybrid bidentate ligand containing a Te donor site was 
prepared recently (equation 263). Reaction of 128 with K,Pt(SCN), gave a complex 
formulated as the neutral square-planar [Pt(l28)(SCN),] (vCEN = 2102, 21 18cm-I). 
Upon recrystallization from hot DMF, however, the complex rearranged to give the 
Magnus-type salt [Pt(128),][Pt(SCN),].2 D M F 5 7  (vCSN = 2108cm-'). Single-crystal X- 
ray diffraction confirmed the proposed bidentate P, Te coordination of the hybrid ligand 
(Figure 23). 

(128) 

(Ref. 57) (263) 
I O o C  

P h TeTe Ph 

Complexes of CU(I) and CU(II) with the potentially chelating ligand di-2-aminophenyl 
ditelluride (e.g. [CUCI,(C~~H,,N,T~,)],,,; n = 1, 2) have been described, but their low 
solubility, presumably due to polymeric structures, precluded their definitive 
~ h a r a c t e r i z a t i o n ~ ~ ~ .  

D. Complexes Incorporating Ten@ = 1,2) 

Although not as extensive as S, and Sen ligand chemistry, several types of transition- 
metal dimers and cluster compounds incorporating Te atoms are known (Table 49). The 
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TABLE 49. Complexes with Te, ligands 

Ligand Complex Ref 

353 
556" 
559 
646,647" 
570, 571 
570, 571,562 
579 

653 
568, 
654-66 1" 

655 

660 

662,663 

663 

652, 661 
589", 661 
664 

59 I 
590 
590 
618, 661, 
665" 
66 1 

'Structures determined by single*rystal X-ray dilfraction. 

low tendency of Te to  form Ten (n > 2) rings and chains comparable to S and Se (e.g. 
Section II.G.4) is no doubt responsible for this less diverse ligand chemistry of the heaviest 
member of the chalcogen elements. Te vapour, for example, consists primarily of Te, with 
less than 1% Te,666. 

Dimeric complexes incorporating bridging Te atoms, 130 and 132, were prepared 
recently by insertion of elemental Te into the reactive Rh=Rh double bond of 129 
(equation 264) and by reaction of TeH, with a substitution labile organomanganese(1) 
complex (131) (equation 265). 

0 
II 
P\ Te 

Cp'Rh=RhCp' - p2-Te[Rh(CO)C$I2 

'C' (130) (Ref. 556a) (264) II 
0 oc=.O(THF) = 1954 crn-' 

(129) 



18. Ligand properties of organic Se/Te compounds 833 

H,Te CP ; //" \\Mn / CP' 
Cp' Mn (CO),(THF) M? 

oc/ \ ,.' \co 
co oc 

(131) (Ref. 647) (265) 
I (132) 

Al,Te, 

The reactivity of M-M multiple bonds has been shown to be useful for the synthesis of 
a variety of alkylidene-bridged o r g a n ~ m e t a l l i c s ~ ~ ~  as well as S556 ,  Se (equation 215) and 
Te (equation 264) insertion products. These reactions generally go under mild conditions 
in quantitative  yield^'^^.^^^. Although elemental S reacts with 129 at - 20 "C to give ( q 2 -  
S4)Rh(p-CO)Rh(q2-S4)556a with C O  elimination, the analogous reactions with Se 
(equation 215) and Te (equation 264) ( -  80 to 0 "C) gave products containing only one 
chalcogen atom. The detailed structures of these latter complexes (three-membered Rh2E 
ring systems or Rh=E=Rh geometries) await definitive crystallographic studies. 

The 
complex contains a bent Mn-Te-Mn framework with multiple bonding (Mn-Te = 
2.459(2)A vs. 2.70A for the sum of the covalent radii). The intramolecular Mn-Mn 
distances (4.209 A) show that no metal-metal bonding is present. In contrast, the S 
analogue, [p-S[Cp'Re(C0)2]2]647, has been shown to contain a Re-Re bond. The 
dimer 132 readily reacts with diazoalkanes to  give alkylidene addition products 
(equation 261)647. 

Replacement of the Cp' ligand in 131 by the less sterically demanding unsubstituted Cp 
ligand in 133 in equation (265) results in the formation of a p,-bridged product 134 as well 
as  a small amount of another product (135) of uncertain structure (equation 266). 

The structure of 132 has been confirmed by single-crystal X-ray 

H,Te M M 
CpMn(C0)2(THF) - \TeH + Te,[Mn(CO),Cp], 

II 
M 

(133) (134) 

M = CpMn(C0)2 

block crystals(47%) 

,'C&Et20) l998rn, 1992m (sh), 

1940s, 1928vs, 
1909m, 1886w ern-' 

'H-NMR 6 ((CD3)2CO) 5.23 (s,Cp) 

(135) 

black crystals (0.8%) 

1994s, 1982m (sti) , 

1901s, 1886m(sh) cm-' 
5.23 

1935vs,1919vs, 

The propeller-type arrangement of the MnTe, core of 134 has been confirmed by X-ray 
diffraction. The central Te atom lies 0.034(1)A above the centre of the triangular Mn, 
plane, and as  in 132, formal Mn=Te double bonds have been proposed on the basis of 
bond distances (Mn-Tea,, = 2.485 A vs. 2.54A for the sum of the covalent radii) and the 
inert gas 

A redox route was used to prepare the Te-bridged dimer (136) (equation 267). 

H3m4 
Na[V(CO),dppe] + Na2Te0,  - [V(CO),dppe],Te (Ref. 559) (267) 

(136) 
25% 

vc=o = 1970m, 1925s, 
1880vs cm - ' 
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A linear V=Te=V arrangement was proposed for 136 because of its spectral similarity 
with the S analogue, whose structure has been determined by single-crystal X-ray 
diffraction. 

The dimeric complex [(ON)2Fe(p-Te)2Fe(NO)2]2 - was prepared by the previously 
described metathetical route (e.g. (ON),Fe(p-I),Fe(NO), + Li2Te; equation 121)353. 
Like the Se analogue, this dimer can undergo pc,-Te alkylation to give the corres- 
ponding neutral dimers (e.g. equation 121)353. 

The complex 137 was first described by Lesch and Rauchfu~s~ '~ ,  who obtained it, 
contaminated with 138, in less than 1% yield from fractional sublimation (0.1 mm 
Hg/45 "C/36 h) of the crude product obtained by Hieber and G r ~ b e r ' s ~ ~ '  original 
synthesis of 138 (equation 268). 

(137) 

-5HzO 

- 2  co 
3 [Fe(C0),I2- + 2Te03'- + 10H' - Fe3(p,-Te),(CO)g + 137 

NaOH/MeOH (138) (268) 
v c ~ o  (hexane; cm-I): 2045s 2067m 

I 
3 Fe(CO), 

2025s 2028s 
2004s 1995s 

Although the dimer 137 could not be obtained pure, it was characterized by infrared 
spectroscopy of the sublimate (137 + 138), the latter cluster being a well-characterized 
compound (Table 49). In contrast, the S and Se dimers obtained in reactions analogous to 
equation (268) were readily separated from Fe,(p,-E)2(C0)9 (E = S, Se) by fractional 
sublimation. 

An effective separation of 137 from 138 was, however, achieved by using the selective 
reactivity of 137 in an oxidative addition reaction with a Pt(o) s ~ b s t r a t e ~ ~ ~ . ~ ~ ~  
(equation 269). 

(PPh3I2 

I 
A 

C6H6 /Te Te 
'Fe (CO), (269) 137 + Pt(PPh3)2(C2H4) - (OCI3Fe--- 

(1 39) 
red needles (70%) 

%o = 20345, 1995vs, 1960s crn-' 

The cluster 138, lacking a reactive Te-Te bond, is unreactive to oxidative addition, 
and the product (139) can be readily separated from the former cluster by adsorption 
chromatography. Surprisingly, Te2Ph, was reported to be unreactive towards 
Pt(PPh3)2(C2H4)570. In contrast, Pd(PPh,), readily undergoes oxidative addition 
reactions with ditellurides (equation 250)64L, and Pt(PPh3),(C2H4) oxidatively adds 
S2Ph2 and Se2Ph2571. 

The molecular structure of the Se analogue of 139 has been confirmed by single-crystal 
X-ray diffraction, and an analogous structure for the Te dimer was inferred from the 
similar spectral and chemical properties of the two  derivative^^^'. 
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In subsequent work6" non-aqueous gel permeation chromatography with 8% cross- 
linked polystyrene was an effective method for the separation of the thermally labile 
(OC),Fe(p,, q2-Te2)Fe(CO), from Fe,(p,-Te),(CO), (products of equation 268). By using 
this size-exclusion method, yields of ca. 4% of 137, based on starting Fe(CO),, were 
obtained. In an additional modification of the original Hieber and Gruber method 
(equation 268), the reaction solution was kept at 0 "C to minimize decomposition of the 
thermally labile 137. After acidification and CH,CI, extraction of the black reaction 
residue, the mixture was applied to acolumn of Bio-Beads SX-8 resin swelled with CH2Cl2 
and eluted with the same solvent. A purple band of 138 (58%) eluted first, followed by an 
orange band of 137 (4.3%). Solutions of 137 were air-stable, but attempts to isolate the 
solid dimer by evaporation of the solvent under a stream of Ar or CO resulted in 
decomposition to an insoluble black material, which was tentatively formulated as 
Fe,(p,-Te),(CO),,. Although this cubane-type cluster was not previously reported, an 
analogous insoluble and non-volatile cluster, Co,(p3-Sb),(CO)I ,, has been structurally 
~haracterized~~' .  Thermolysis of an acetonitrile solution of Fe,(p,-Te),(CO), (80-90 "C) 
under 2000 psi of CO gave Fe,Te,(CO)lz in 69% yield (black crystals; vcEo (mull): 
2043vs, 2035sh, 1994sh, 1988sh, 1982s, 1 9 6 8 ~ c m - l ) ~ ~ ~ .  

The dimer 137 was characterized by mass spectroscopy, which showed peaks for all 
Fe,Te,(CO), (x = 0-6) fragments, and by infrared and '"Te-NMR spectroscopy652. 

The instability of 137 was rationalized in terms of the considerable strain imposed on 
the tetrahedral Fe2Te2 framework because of the large size of the Te atoms vs. S and Se 
atoms, which gave stable Fe,(p,-E2)(C0)6 dimers. 

Compound (137) was later obtained in 40% yield by treatment of methanolic solutions 
of 138 with NaOMe, followed by acidification with 6hl HC1661. 

On the basis of the reactions illustrated in equations (270) and (27 I), Fe,(p,-Te,)(CO), 
was proposed to be an intermediate in the formation of Fe,(p,-Te),(CO), via Fe,(p,- 
Te), (CO) 6 5  '. 

CHzCI, 
137 + Fe(CO), + 2 Me,NO - 138 + 2 C 0 2  + 2 Me,N (270) 

1 .  MeOH/KOH 

2 .  6 M  HCI 
137 + Fe(CO), 138 + F ~ ~ ( P ~ - T ~ ) , ( C O ) I  o 

50% (140) 50% 

The formation of 138 from 137 and Fe(CO), in neutral solution occurs only in the 
presence of the decarbonylation reagent Me,N066s (equation 270). Treatment of 137 
with a basic solution of Fe(CO), (HFe(CO),- forms under the latter condition) gave 
about equal amounts of 138 and 140, the latter presumably forming via oxidative addition 
of [HFe(CO),]- across the Te-Te bond of 137, analogous to the reaction in equation 
(269). The decacarbonyl 140, which has also been prepared by treatment of 138 with 
C0655,660, readily loses CO, thermally (refluxing 0.5 h in hexane) or chemically (CH2C12 
solution of Me,NO at room temperature), to give 138 q u a n t i t a t i ~ e l y ~ ~ ~ .  The de- 
cacarbonyl 140 has been obtained in 70% yield by treatment of a well-stirred mixture of 
CH2C12 and aqueous K,TeO, with methanolic K[HFe(CO),] at O T ,  followed by 
acidification and CH& extraction652. 

The rather low-yield synthesis of 137 has until recently661 prevented extensive 
investigation of its chemistry, but the presence of the reactive Te-Te bond should allow 
its use in the synthesis of a wide variety of mixed metal clusters (e.g. see Figure 12). 

As in the Sen ligands, the first report of a metal cluster complex incorporating a naked Te 
atom was Hieber and Gruber's synthesis of Fe,(p,-Te),(CO), (equation 268)568. 
Although this stable black cluster compound was first described in 1958, its X-ray 
structure determination was not reported until 1982654. It was shown to be isostructural 
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FIGURE 24. Molecular structure of Fe,(p,-Te),(CO), 

with Fe,(p,-Se),(CO)g, the Fe,Te, skeleton being square-pyramidal with alternating Fe 
and Te atoms in the base and an apical Fe atom (Figure 24). These workers654 obtained 
the cluster as black needles by cooling a pentane extract of the residue from the reaction of 
Fe(CO),I, and Na,Te (equation 272). 

TH F 

E l l 0  
3 Fe(CO), + 2 I, + 2 Na,Te - Fe,(p,-Te),(CO), + 4NaI + 6 CO (272) 

The mass spectrum of 138 shows a molecular peak and nine peaks corresponding to the 
successive loss of the nine CO ligands, the [Fe,Te,]+ peak being the most intense6'*. 

A variable-temperature "C-NMR investigation of 138659 showed that two discrete CO 
exchange processes occur in this cluster (Figure 25). At room temperature only two 
resonances are observed, corresponding to the equivalent carbonyls on the apical iron, 
Fe(l), and the two basal iron atoms, Fe(2). At - 87 "C the carbonyls on the apical iron, 
Fe(l), remain equivalent, but two of the three chemically inequivalent types of CO ligands 
on the basal iron atom, Fe(2), are resolved. Delocalized exchange between CO ligands on 
the apical and basal iron atoms does not occur. 

The Iz5Te-NMR spectrum of this cluster showed an unexpectedly large downfield shift 
compared to the (OC),Fe(p,,q2-Te,)Fe(CO), dimer6" (Table SO). Indeed, '"Te-NMR 
spectroscopy has been shown to be a useful structural probe for a variety of Te 
compounds, a range of some 5000 ppm having been observed for the compounds 
measured to date669. In addition, in complexes with metals having NMR active nuclei, 
',Te-M coupling constants can provide useful structural information (e.g. Figure 19). 

Reactions of 138 with Lewis bases (phosphines, CO, t-BuNC) initially give adducts 
(Fe,(p,-Te),(CO),L) followed by substitution reactions under more forcing conditions to 
give Fe,(p,-Te),(CO),L, (n = 8, rn = 1 and n = 7, rn = 2 ;  Table 49)659.660. 

The adduct Fe,(p,-Te),(CO),PPh, has been characterized by singlecrystal 
X-ray diffraction660. The structure contains an isosceles triangle of Fe atoms joined by 
capping p,-Te atoms. Each Fe atom contains three terminal CO ligands, and the 
phosphine coordinates to a unique Fe atom. A variable-temperature ,C-NMR 
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FIGURE 25. 
lution). Reproduced with permission from Ref. 659 

Variable-temperature "C-NMR spectra of Fe,(p,-Te),(CO), (CDCI, so- 

in~es t iga t ion~~ '  of the adduct Fe,(p3-Te)2(CO)g(P(Bu-n),) had been unable to establish 
the coordination site (Fe or Te) of the phosphine ligand. 

Mixed cluster compounds Fe,(p,-Te)(p,-E)(CO), (E = S, Se) have been prepared by the 
route described in equation (268) with appropriate equimolar mixtures of 
Te03' - /E03'  - 6 6 2 .  The reactions gave the three possible clusters, ( P ~ - E ) ~ ,  (p3-Te)2, and 
(p,-Te) (p,-E), which were separated by repeated preparative thin-layer chromatography. 

TABLE 50. 

Complex 6 bpm)" J(' 25Te-M) (Hz) Ref. 

125Te-NMR data for metal complexes containing Te ligands 

Fe2(p2-Te~)(CO), - 733 652 
Fe3(p3-Te),(CO), + I123 652 
Fe,(CO),Te,Pt(PPh,), - 861 M = "'Pt, 561 57 1 
CpCoFe,Te,(CO), - 825 66 1 
CpCoFe,Te,(CO), 1103, 1087b 66 1 
F ~ , ( P ~ - T ~ ) Z ( C O ) ~ P P ~ J  - 887 664 

Fe3b3-Te),(CO)J'Ph3 1062 664 
CpRhFe2Te2(CO),PPh3 - 925 M = lo3Rh, 100 664 

CpRhFe,Te,(CO), - 973 M = lo3Rh, 93 664 
CpRhFe,Te,(CO), 1081 664 

- 938 M = "P, 42 

- 838 M = "P, 21 

1109 

*Measured in CDCI, vs. external neat TeMel; positive chemical shifts are downfield. 
bThe cluster gives two isomers in solution66'. 
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Like the parent cluster 138, these mixed derivatives are air-stable and give substitution 
reactions with AsPh, and P(OPh)3663. 

The cluster Fe,(p,-Te),(CO), has been shown to be a useful precursor for the synthesis 
of a variety of mixed metal cluster This reagent is especially attractive 
since it is one of the relatively few transition-metal carbonyl cluster compounds that can 
be prepared easily in good yields from inexpensive starting materials652. 

The utility of thiscluster has been attributed to its conversion to the reactive Fe2(p2,$- 
Te,)(CO), in polar solvents (e.g. acetonitrile). Indeed, the mixed metal cluster 
Fe2Te,Pt(CO),(PPh,), (139), originally prepared from Fe,(p,,$-Te,)(CO), (equation 
269), can be isolated in 76% yield from the reaction of Fe,(p,-Te),(CO), (138) and 
Pt(PPh,),C,H, in MeCN at room temperature661. Other syntheses of mixed metal 
clusters are illustrated in equations (273)-(276). 

MeCN 

reflur 
138 + CpCo(CO), - CpCoFe2Te2(CO), (Ref. 661) (273) 

70% 
FDMS: 687 ([MI') 

hcxane 

ISOOC 
1 7 0 0  psi CO 

138 + Co,(CO), F Co,FeTe(CO), (Ref. 661) (274) 

76% 

CH2CI2 

1 s o o c  
138 + CO,(CO)~ b Co,Te,(CO), I (Ref. 661) (275) 

2000 psi CO 64% 

MeCN 

reflux 
138 + CpRh(CO), - CpRhFe,Te,(CO), (Ref. 664) (276) 

73% 
FDMS: 731 ([MI'.) 

The clusters CpMFe,Te,(CO), (M = Co6", Rh664) can both be decarbonylated by 
Me,NO to give CpMFe,Te,(CO), clusters, which exist in two isomeric forms as evidenced 
by Iz5Te-NMR (Table 50), but the isomers cannot be separated by chromatography. 

All of these clusters have been characterized by infrared and I2'Te-NMR (Table 50) 
spectroscopy as well as by field-desorption mass spectroscopy (FDMS), a technique 
especially useful for thermally labile compounds670. 

In two cases (equations 277 and 278), diorganotellurides have been used as precursors 
to introduce Te into transition-metal cluster frameworks. 

hexanc 

Co,(CO), + Fe,(CO),, + Et2Te - F ~ C O , ( ~ , - T ~ ) ( C O ) ~  

30% (Ref. 589) (277) 
air-stable brown crystals 

CsH, 

Z O O C  
- 6 C O  

2 Co,(CO), + 2 TePh, - CO,(~ , -T~) , (CO)~(~~-CO)~  + PhPh 

(Ref. 61 8) (278) 

Diphenyl telluride was previously shown to be a precursor for p,-TePh- bridging 
ligands (equations 234 and 235). The formation of transition-metal cluster compounds 
containing 'naked' main-group elements by using organometallic compounds of the latter 
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has, however, been demonstrated recently in other systems (e.g. [Rh,P(CO),,]2- h 7 1 ,  

[Rh,oP(C0)22]3- 6 7 2 ,  [Rh, ,Sb(C0),,I3- 6 7 3  and [Rh,oAs(C0)2z]3- 674  from 
Rh(CO),acac and PPh,, SbPh, and AsPh,, respectively). 

The molecular structure of FeCo,(p,-Te)(CO), has been described as a tetrahedral 
FeCo,Te cluster system formed by the symmetrical coordination of an apical Te atom to a 
basal FeCo,(CO), fragment containing three M(CO), groups at the corners of an 
equilateral triangle and linked to one another by metal-metal bonds5',. 

The cluster C O , ( ~ , - T ~ ) ~ ( C O ) ~ ( ~ ~ - C O ) ~  (equation 278) is the only reported structure 
involving a p,-Te bridging ligandhh5, although other related structures involving a Co,E 
framework with an apical main-group element bridging four Co atoms in a basal rectangle 
are k n o ~ n ~ ~ ~ . ~ ~ ~ .  

Attempts to prepare Ru,Te,(CO), by reaction of Ru,(CO), , in alkaline tellurite (TeO, 
+ aqueous KOH), conditions used for Fe,Te,(CO), (equation 268), gave instead the 
hydride cluster H,Ru,Te(CO), in 0.5% yield after acidification of the reaction solution 
with 2 N  H,SO, and CCl, extraction of the resulting p r e ~ i p i t a t e ~ ~ ' . T w o  structures (141a 
and b) were proposed for this cluster. The reaction of RU,(CO)~, with Te  powder in n- 
octane under a pressure of CO/H2 (35 atm, 1 : 1) was reported to give a mixture of 
H,Ru,Te(CO), and R U , T ~ , ( C O ) , ~ ~ ~ .  These workers also reported that under a pure C O  
atmosphere the yield of the hydrido cluster was significantly decreased. These two clusters 
were separated by thin-layer chromatography, although data (elemental analysis, 
infrared and mass spectroscopy) are reported only for H , R U , T ~ ( C O ) ~ ~ ~ ~ .  

(1410) (141b) 

A similar reaction of Os,(CO), with elemental Te in refluxing n-octane gave a mixture 
of H,Os,Te(CO),, Os,Te,(CO), and H,0s4Tez(CO), , although again only data for 
Os,Te,(CO), were reported5,'. As usual for such complex metal clusters, definitive 
structural characterization requires single-crystal X-ray diffraction. 

IV. REFERENCES 

1.  F. A. Cotton and G .  Wilkinson, Advanced Inorganic Chemirtry, 4th ed., John Wiley and Sons, 

2. G. Wilkinson, F. G .  A. Stone and E. W. Abel (Eds.), Comprehensive Organometallic 

3 .  M. A. Verneuil, Ann. Chim. Phys., Ser. 6, 9, 292 (1886). 
4. J .  Petren, Z .  Anorg. Allgem. Chem., 20, 62 (1899). 
5. E. Fritzmann, Z .  Anorg. Allgem. Chem., 73, 239 (1912). 
6. E. Fritzmann, Z .  Anorg. Allgem. Chem., 133, 119 (1924). 
7. E. Fritzmann, Z. Anorg. Allgem. Chem., 133, 133 (1924). 
8. E. Fritzmann, J .  Russ. Phys. Chem. Soc., 47, 588 (1915). 
9. (a) M. D. Healy and A. J. Rest, Adv. Inorg. Chem. Radiochem., 21, 1 (1978). 

(b) S. M. Bloom, M .  Green, M. Idelson and M. S .  Simon in The Chemistry of Synthetic Dyes 
(Ed. K. Venkataraman), Vol. 8, Academic Press, New York, 1978, p. 33 I .  

New York, 1980. 

Chemistry, Pergamon Press, Oxford, 1982. 



Henry J .  Gysling 

(c) M. I. Bruce and B. L. Goodall, in The Chemisiry of the Hydrazo. Azo and Azoxy Groups, 
Part 1 (Ed. S. Patai), John Wiley and Sons, London, 1975, p. 259. 
(d) G. Booth in The Chemistry of Syntheiic Dyes (Ed. K. Venkataraman), Vol. 5, Academic 
Press, New York, 1971, p. 241. 
(e) R. Price, in The Chemistry of Synthetic Dyes (Ed. K. Venkataraman), Vol. 3, Academic 
Press, New York, 1970, p. 303. 
(f) W. R. McWhinnie and J. D. Miller, Adv. Inorg. Chem. Radiochem., 12, 135 (1969). 
(a) C. A. McAuliffe (Ed.), Transition Metal Complexes of Phosphorus. Arsenic and Antimony 
Ligands, John Wiley and Sons, New York, 1973. 
(b) C. A. McAuliffe and W. Levason, Phosphine, Arsine and Stibine Complexesof the Transition 
Elemenis, Elsevier, Amsterdam, 1979. 
(a) R. M. Izatt and J. J .  Christensen (Eds.), Synthetic Muliideniaie Macrocyclic Compounds, 
Academic Press, New York, 1978. 
(b) G. W. Gokel and H. D. Durst, Aldrichimica, 9(1), 3 (1976). 
(c) C. Kutal, J. Chem. Educ., 52, 319 (1975). 
(a) S. E. Livingstone, Quari. Rev. (London), 19, 386 (1965). 
(b) D. Coucouvanis, Progr. Inorg. Chem., 11, 233 (1970); 26, 301 (1979). 
(c) R. P. Bums and C. A. McAuliffe, Adv. Inorg. Chem. Radiochem., 22, 303 (1979). 
(d) I. Omae, Coord. Chem. Rev., 28, 97 (1979). 
(e) M. A. Ali and S .  E. Livingstone, Coord. Chem. Rev., 13, 101 (1974). 
(f) R. A. Walton, Coord. Chem. Rev., 31, 79 (1980). 
(9) E. Diemann and A. Miiller, Coord. Chem. Rev., 10, 79 (1973). 
S. G. Murray and F. R. Hartley, Chem. Rev., 81, 365 (1981). 
(a) D. L. Klayman and W. H. H. Giinther (Eds.), Organic Selenium Compounds: Their 
Chemistry and Biology, John Wiley and Sons, New York, 1973. 
(b) K. J. Irgolic and M. V. Kudchadker, ‘The Organic Chemistry of Selenium’ in Selenium (Eds. 
R. A. Zingaro and W. C. Cooper), Van Nostrand Reinhold, New York, 1974. 
(a) K. J. Irgolic, The Organic Chemistry of Tellurium, Gordon and Breach, London, 1974. 
(b) K. J. Irgolic, J. Organomel. Chem., 103, 91 (1975). 
(c) K. J. Irgolic, J. Organornet. Chem., 130, 41 1 (1977). 
(d) K. J. Irgolic, J. Organomet. Chem., 158, 235 (1978). 
(e) K. J. Irgolic, J .  Organomei. Chem., 189, 65  (1980). 
(f) K .  J. Irgolic, J .  Organomet. Chem., 203, 367 (1980). 
(9) H. J. Gysling, ‘The Synthesis of Organotellurium Ligands’, Kodnk Lab. Chem. Bull., 53(1) 
(1982). 
(a) G. H. Denison and P. C. Condit, California Research Corp., U.S .  Pateni, No. 2,398,414 
(1946). 

840 

10. 

11. 

12. 

13. 
14. 

15. 

16. 

(b) M. R. Detty, J.  Org. Chem., 44,4528 (1979). 

Nostrand Reinhold, New York, 1974, pp. 337-407. 
(b) K. A. Jensen and C. K. Jgrgensen, Ref. 14(a), pp. 1017-1041. 

18. H. J. Gysling, Coord. Chem. Rev., 42, 133 (1982). 
19. E. W. Abe.1 and B. C. Crosse, Organornet. Chem. Rev., 2, 443 (1967). 
20. R. A. Zingaro and D. 0. Skovlin, J. Electrochem. SOC., 111, 42 (1964). 
21. P. Pramanik and R. N. Bhattacharya, J. Solid State Chem., 44, 425 (1982). 
22. R. N. Bhattacharya and P. Pramanik, Bull. Muter. Sci., 3, 403 (1981). 
23. (a) T. M. Racheva, I. D. Dragieva, D. H. Djoglev and P. P. Dimitrova, Thin Solid Films, 17,85 

(1973). 
(b)I. K. Ostrovskaya, L. E. Yatlova,G. A. KitaevandV. I. Dvoinin, Zh. Prikl. Khim.,49, 1212 
(1976). 

24. Asahi Chemical Industry Company, Ltd., Japanese Pateni, No. 78,65,827 (1978); Chem. 
Absir., 89, 146588 (1978). 

25. (a) H. J. Gysling, Eastman Kodak Company, U.S.  Patent, No. 4,394,318 (1983). 
(b) H. J. Gysling, Eastman Kodak Company, U S .  Paieni. No. 4.287,354 (1981). 

26. H. A. Tayim and J. C. Bailar, J. Amer. Chem. Soc., 89, 4330 (1967). 
27. (a) G.  C. Papavassiliou, Mol. Cryst. Liq. Cryst., 86, 159 (1982). 

17. (a) V. Krishnan and R. A. Zingaro, in Selenium (Eds. R. A. Zingaro and W. C. Cooper), Van 

(b) G. C. Papavassiliou, Z .  Naiurforsch., 37b, 825 (1982). 



18. Ligand properties of organic S e n e  compounds 841 

28. (a) E. M. Engler, Proceedings of the 3rd International Symposium on Organic Selenium and 
Tellurium Compounds, Metz, France, July 9-12, 1979, p. 351. 
(b) J. S. Miller, Ann. N. Y.  Acad. Sci., 313, 25 (1978). 
(c) R. N. Lyubovskaya, Russ. Chem. Rev., 52, 736 (1983). 

29. Organometallics for Electronics, Thiokol/Ventron Division Alfa Products, 1980. 
30. W. Stulius, Appl. Phys. Letters, 40, 246 (1982). 
31. H. J. Gysling, Proceedings of the 4th International Conference on the Organic Chemistry of 

32. (a) G. W. Parshall, Homogeneous Catalysis, Wiley-Interscience, New York, 1980. 
Selenium and Tellurium, Birmingham, England, July 25-29, 1983, p. 32. 

(b) ‘Catalytic Aspects of Metal Phosphine Complexes’, Advances in Chemistry Series No. I96 
(Eds. E. C. Alyea and D. W. Meek), American Chemical Society, Washington, D.  C., 1982. 

33. A. Chiesi, G. Grossoni, M. Nardelli and M. E. Vidoni, Chem. Commun., 404 (1969). 
34. A. T. Pilipenko and I. P. Sereda, Zh. Anal. Khim., 13, 3 (1958). 
35. A. T. Pilipenko and I. P. Sereda, Russ. J .  Inorg. Chem., 6, 209 (1961). 
36. P. J. Hendra and 2. JoviC, Spectrochim. Acta, MA, 1713 (1968). 
37. G. B. Aitken and G.  P. McQuillan, Inorg. Synth., 16, 83 (1976). 
38. G. B. Aitken, J. L. Duncan and G. P. McQuillan, J. Chem. Soc. (A) ,  2103 (1972). 
39. 0. Piovesana and C. Furlani, J. Inorg. Nucl. Chem., 30, 1249 (1968). 
40. N. N. Proskina, S. M. Chul’skaya, G. F. Volodina and A. V. Ablov, Zh. Strukt. Khim., 9, 1095 

41. S. Hauge and M. Tysseland, Acta Chem. Scand., 25, 3072 (1971). 
42. S. Hauge and 0. Vikane, Acta Chem. Scand., 27, 3596 (1973). 
43. S. Hauge, 0. Johannesen and 0. Vikane, Acta Chem. Scand., 32A, 901 (1978). 
44. K. Nakamoto, in Infrared and Raman Spectra of Inorganic and Coordination Compoundr, 3rd 

45. J. S. Rutherford and C. Calvo, Z. Krbtallogr. Kristallgeo. Krbtallphys. Kristallchem., 128, 229 

46. (a) S. Husebye, Proceedings of the 4th International Conference on the Organic Chemistry of 

(1968); Engl. Ed., p. 983. 

ed., Wiley-Interscience, New York, 1978. 

(1969). 

Selenium and Tellurium, Birmingham, England, July 25-29, 1983, p. 298. 
(b) 0. Foss, Pure Appl. Chem., 24, 31 (1970). 
(c) N. W. Alcock, Adv. Inorg. Chem. Radiochem., 15, 1 (1972). 
(d) N. M. Mangion, R. A. Zingaro and E. A. Meyers, Chem. Scripta, 8, 45 (1975). 

47. C. Furlani and T. Tarantelli, Inorg. Nucl. Chem. Letters, 2, 391 (1966). 
48. T. Tarantelli and C. Furlani, J. Chem. Soc. ( A ) ,  1717 (1968). 
49. T. Tarantelli and C. Furlani, J. Inorg. Nucl. Chem., 34, 999 (1972). 
50. W. J. Geary, Coord. Chem. Rev., 7, 81 (1971). 
51. T. Tarantelli and D. Leonesi, Ann. Chim. (Italy), 53, 1 1  13 (1963). 
52. M. R. Rosenthal, J. Chem. Educ., 50, 331 (1973). 
53. S. Okeya, T. Milyamoto, S. Ooi, Y. Nakamura and S. Kawaguchi, Inorg. Chim. Acta, 45, L135 

54. 0. Vikane, Acta Chem. Scand., 29A, 152 (1975). 
55. 0. Vikane, Acta Chem. Scand., 29A, 787 (1975). 
56. 0. Vikane, Acta Chem. Scand., 29A, 763 (1975). 
57. H. J. Gysling and H. R. Luss, Organometallics, 3, 596 (1984). 
58. P. Schulz and G. Klar, 2. Naturforsch., 30b, 40 (1975). 
59. P. Klaeboe and 0. Vikane, Acta Chem. Scand., 31A, 120 (1977). 
60. T. Tarantelli and B. Chiari, J. Inorg. Nucl. Chem., 39, 33 (1977). 
61. (a) J. A. Gladysz, J. L. Hornby and J. E. Garbe, J .  Org. Chem., 43, 1204 (1978). 

62. M. R. Detty and M. D. Seidler, J. Org. Chem., 47, 1354 (1982). 
63. D. L. J. Clive, P. C. Anderson, N. Moss and A. Singh, J .  Org. Chem., 47, 1641 (1982). 
64. J. Chatt and L. M. Venanzi, J .  Chem. Soc., 2351 (1957). 
65. J. Chatt and L. M. Venanzi, J. Chem. Soc., 2445 (1957). 
66. J. Chatt, L. A. Duncanson and L. M. Venanzi, J .  Chem. Soc., 3203 (1958). 
67. J. R. Allkins and P. J. Hendra, J. Chem. Soc. (A) ,  1325 (1967). 
68. J. R. Allkins and P. J. Hendra, Spectrochem. Acta, 24A, 1305 (1968). 
69. L. R. M. Pitombo, Anal. Chim. Acta, 46, 158 (1969). 

(1980). 

(b) J. A. Gladysz, Aldrichimica Acta, 12(1), 13 (1979). 



Henry J. Gysling 

P. E. Skakke and S .  E. Rasmussen, Acta Chem. Scand., 24, 2634 (1970). 
S. Sergi, F. Faraone, L. Silvestro and R. Pietropaolo, J .  Organomet. Chem., 33, 403 (1971). 
B. E. Aires, J. E. Fergusson, D. T. Howarth and J. M. Miller, J.  Chem. SOC. ( A ) ,  1144 (1971). 
L. R. M. Pitombo, And.  Chim. Acta. 62, 103 (1972). 
J .  E. Fergusson and K. S .  Loh, Australian J .  Chem., 26, 2615 (1973). 
L. R. M. Pitombo and E. Q. Cartaxo, Talanta, 21, 965 (1974). 
(a) R. J. Cross, T. H. Green and R. Keat, Chem. Commun., 207 (1974). 
(b) R. J. Cross, T. H. Green and R. Keat, J.  Chem. Soc., Dalton Trans., 1150 (1976). 
(a) R. J. Cross, T. H. Green and J. F. Paterson, Inorg. Nucl. Chem. Letters, 11, 145 (1975). 
(b) R. J .  Cross, T. H. Green, R. Keat and J. F. Paterson, J .  Chem. SOC., Dalton Trans., 1486 
(1976). 
R. J. Cross, T. H. Green and R. Keat, J.  Chem.-Soc., Dalton Trans., 382 (1976). 
E. W. Abel, G. W. Farrow, K. G. Orrell and V. Sik, J .  Chem. Soc.. Dalton Trans., 42 (1977). 
K. A. Jensen, Z .  Anorg. Allgem. Chem., 225, 97 ( I  935). 
J. Chatt and L. M. Venanzi, J .  Chem. SOC., 2787 (1955). 
J. Chatt and L. M. Venanzi, J.  Chem. Soc., 3858 (1955). 
J .  Chatt, L. A. Duncanson and L. M. Venanzi, J .  Chem. Soc., 4461 (1955). 
J .  Chatt, G .  A. Gamlen and L. E. Orgel, J .  Chem. SOC., 1047 (1959). 
D. M. Adams, J. Chatt, J. Gerratt and A. D. Westland, J.  Chem. SOC., 734 (1964). 
J .  Chatt and A. D. Westland, J.  Chem. SOC. ( A ) ,  88 (1968). 
S .  Sergi, V. Marsala, R. Pietropaolo and F. Faraone, J .  Organomet. Chem., 23, 281 (1970). 
F. Faraone, L. Silvestro, S. Sergi and R. Pietropaolo, J .  Organomet. Chem., 34, C55 (1972). 
S. R.  Haddock, Ph. D. Thesis, Bristol University, 1975. 
P. L. Goggin, R. J. Goodfellow and S .  R. Haddock, Chem. Commun., 176 (1975). 
S .  J .  Anderson, P. L. Goggin and R. J. Goodfellow, J .  Chem. Soc., 1959 (1976). 
S. 1. Anderson and R. J. Goodfellow, J .  Chem. SOC., Dalton Trans., 1683 (1977). 

842 

70. 
71. 
72. 
73. 
74. 
75. 
76. 

77. 

78. 
79. 
80. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. G.  E. Coates, J .  Chem. SOC., 2003 (1951). 
94. D. L. Laing and L. D. Pettit, J .  Chem. Soc., Dalton Trans., 2297 (1975). 
95. A. M. Noble and J. M. Winfield, Inorg. Nucl. Chem. Letters, 4, 339 (1968). 
96. W. Hieber, W. Opavsky and W. Rohm, Chem. Eer., 101, 2244 (1968). 
97. F. Faraone, S. Sergi and R. Pietropaolo, J.  Organomet. Chem., 24, 453 (1970). 
98. F. Faraone, R. Pietropaolo and S .  Sergi, J.  Organomet. Chem., 24, 791 (1970). 
99. F. Faraone, R. Pietropaolo, S. Sergi and P. Pira, J.  Organomet. Chem., 24, 805 (1970). 

100. H. C. E. McFarlane, W. McFarlane and R. J. Wood, Bull. SOC. Chim. Eelg., 85, 864 (1976). 
101. W. Hieber and P. John, Chem. Eer., 103, 2161 (1970). 
102. J. E. Fergusson and C. T. Page, Australian J .  Chem., 29, 2159 (1976). 
103. C. T. Page and J. E. Fergusson, Australian J .  Chem., 36, 855 (1983). 
104. C. A. Stein and H. Taube, Inorg. Chem., 18, 1168 (1979). 
105. J. E. Fergusson and K. S .  Loh, Australian J .  Chem., 26, 2615 (1973). 
106. P. Piraino, F. Faraone and R. Pietropaolo, Atti Accad. Peloritana Pericolanti, 51, 283 (1971); 

107. R. Roulet and R. Favez, Chimia, 29, 346 (1975). 
108. H. Hausmann, M. Honer, T. Kruck and H. W. Zimmermann, Chem. Eer., 114, 975 (1981). 
109. K. A. Jensen, Z .  Anorg. Allgem. Chem., 231, 365 (1937). 
110. L. W. Houk and G.  R. Dobson, Inorg. Chem., 5, 2119 (1966). 
1 1  1 .  W. Hieber and F. Stanner, Chem. Ber., 102, 2930 (1969). 
112. E. W. Abel, A. K. S. Ahmed, G. W. Farrow, K. G. Orrell and V. Sik, J .  Chem. Soc.. Dalton 

113. L. Maier, in Organic Phosphorus Compounds (Eds. G .  M. Kosolapoff and L. M. Maier), Vol. 4, 

114. E. Bannister and F. A. Cotton, J .  Chem. Soc., 1959 (1960). 
115. T. Singh and S. S .  Sandhu, J .  Chem. Sci., 4, 37 (1978). 
116. M. G. King and G. P. McQuillan, J .  Chem. Soc., 898 (1967). 
117. L. S. D. Glasser, L. Ingram, M. G. King and G. P. McQuillan, J .  Chem. SOC. ( A ) ,  2501 (1969). 
118. T. S. Lobana and K. Sharma, Transition Met. Chem., 7 ,  333 (1982). 
119. P. Nicpon and D. W. Meek, Chem. Commun., 398 (1966). 
120. T. S. Lobana, T. R. Gupta and S .  S .  Sandhu, Polyhedron, I ,  781 (1982). 

Chem. Abstr., 79, 13011k (1973). 

Trans., 47 (1977). 

Wiley-Interscience, New York, 1972, Chapt. 7. 



18. Ligand properties of organic S e n e  compounds 843 

121. M. G .  King, G.  P. McQuillan and R. Milne, J .  Inorg. Nucl. Chem., 35, 3039 (1973). 
122. A. M. Brodie, G.  A. Rodley and C. J .  Wilkins, J .  Chem. SOC. ( A ) ,  2927 (1969). 
123. J. A. Tiethof, A. T. Hetey and D. W. Meek, Inorg. Chem., 13, 2505 (1974). 
124. S. 0. Grim, E. D.  Walton and L. C. Satek, Can. J .  Chem., 58, 1476 (1980). 
125. W. E. Morgan, W. J. Stec, R. G. Albridge and J. R. VanWazer, Inorg. Chem., 10,926 (1971). 
126. R. Colton and D. Dakternieks, Australian J .  Chem., 33, 1463 (1980). 
127. W. Hieber and H. Fuhrling, Z .  Anorg. Allgem. Chern., 373, 48 (1970). 
128. E. W. Ainscough, A. M. Brodie and E. Mentzer, J .  Chem. SOC., Dalton Trans., 2167 (1973). 
129. E. W. Ainscough, A. M. Brodie and A. R. Furness, J.  Chem. SOC.. Dalton Trans., 2360 (1973). 
130. P. M. Boorman and K. J. Reimer, Can. J .  Chem., 49, 2926 (1971). 
131. D. Britnell, G. W. A. Fowles and D.  A. Rice, J .  Chem. SOC., Dalton Trans., 213 (1975). 
132. K. C. Malhotra, V. P. Mahajan, G.  Mehrotra and S. C. Chaudhry, Chem. Ind. (London), 921 

133. H. J. Gysling, Inorg. Synth., 19, 92 (1979). 
134. E. W .  Ainscough, H. A. Bergen, A .  M. Brodie and K. A. Brown, J .  Chem. SOC., Dalton 

135. (a) M. R. Houchin and D. Chapman, Inorg. Nucl. Chem. Letters, 16, 437 (1980). 

(1 978). 

Trans., 1649 (1976). 

(b) J. Martin-Gil, F. J. Martin-Gil, A. Perales, J. Fayos and M. Martinez-Ripoll, Acta Cryst., 
39C, 44 (1983). 

136. D. H. Brown, R. J .  Cross and R. Keat, J .  Chem. Soc., Dalton Trans., 871 (1980). 
137. M. A. Jennings and A. Wojcicki, Inorg. Chim. Acta, 3, 335 (1969). 
138. N. J. DeStefano and J. L. Burmeister, Inorg. Chem., 10, 998 (1971). 
139. J .  S. Thayer, Inorg. Chem., 7, 2599 (1968). 
140. (a) P. Nicpon and D. W. Meek, Inorg. Chem., 5 ,  1297 (1966). 

(b) P. Nicpon and D. W. Meek, Inorg. Synth., 10, 157 (1967). 
(c) A. 1. Blake, G .  P. McQuillan and I. A. Oxton, J.  Mol. Struct., 78, 265 (1982). 
(d) W. E. Slinkard and D. W. Meek, J. Chem. SOC., Dalton Trans., 1024 (1973). 

(b) P. A. W. Dean, Can. J.  Chem., 57, 754 (1979). 
141. (a) R. A. Zingaro and R. E. McGlothlin, J. Chem. Eng. Data, 8, 226 (1963). 

142. S. S. Sandhu and T. Singh, Transition Met .  Chem., 1, 155 (1976). 
143. W. Malisch, R. Maisch, I. J. Colquhoun and W. McFarlane, J .  Organomet. Chem., 220, CI 

144. V. Kullmer and H. Vahrenkamp, Chem. Ber., 110, 237 (1977). 
145. (a) M. Ziegler and 0. Glemser, Z .  Anal. Chem., 146, 29 (1955). 

146. V. G .  Pesin, Russ. Chem. Rev., 39, 923 (1970). 
147. J. M. Vernon, M. R. Bryce and T. A. Dransfield, Tetrahedron, 39, 835 (1983). 
148. R. H.  Hanson and C. E. Meloan, Inorg. Nucl. Chem. Letters, 7, 461 (1971). 
149. R. H. Hanson and C. E. Meloan, Inorg. Nucl. Chem. Letters, 7. 467 (1971). 
150. W. Kaim, J .  Organomet. Chem., 264, 317 (1984). 
151. L. Futekov, R. Parichkova and H. Specker, Fresenius’Z. Anal. Chem., 315,342 (1983); Chem. 

Abstr., 99, 98243y (1983). 
152. (a) K. P. Rudolph, J. Flachowsky, A. Lange and J .  Dubnack, Isotopenpraxis, 19, 225 (1983); 

Chem. Abstr., 99, 81598~ (1983). 
(b) S. Grazuliene, V. K. Karandashev and Yu. V. Yakovlev, Radiochem. Radioanal. Letters, 57, 
273 (1983); Chem. Abstr., 99, 132965~ (1983). 

153. (a) J. L. Burmeister, Coord. Chem. Rev., 1, 205 (1966). 
(b) J. L. Burmeister, Coord. Chem. Rev., 3, 225 (1968). 
(c) A. H.  Norbury and A. I .  P. Sinha, Quart. Rev., 24, 69 (1970). 
(d) A. H .  Norbury, Adv. Inorg. Chem. Radiochem., 17, 231 (1975). 
(e) R. J. Balahura and N. A. Lewis, Coord. Chem. Rev., 20, 109 (1976). 

154. P. M. Solozhenkin, V. Sh. Tsveniashvili, E. V. Semenov and N. S. Khavtasi, Dokl. Akad. Nauk 
Tadzh. SSR, 19, 38 (1976); Chem. Ahstr., 86, 50099k (1977). 

155. V. V. Davydov, 1. N. Marov, V. K. Belyaeva, A. S. Katugin, B. E. Zaitsev and A. K. 
Molodkin, Russ. J .  Inorg. Chem., 26, 523 (1981). 

156. L. G. Kuz’mina, L. P. Grigor’eva, Yu. T. Struchkov, Z. I. Ezhkova, B. E. Zaitsev, V. V. 
Davydov and A. K.  Molodkin, Russ. J. Inorg. Chem., 25, 1614 (1980). 

(1 98 I). 

(b) T. G. Bunting and C. E. Meloan, Anal. Chem., 40, 435 (1968). 



844 Henry J. Gysling 

157. (a) L. J. Gerenser, M. G .  Mason and P. J. Trotter, J .  Phys. Chem., 80, 2384 (1976). 
(b) P. J. Trotter, M. G .  Mason and L. J. Gerenser, J .  Phys. Chem., 81, 1325 (1977). 
(c) H. J. Gysling, L. J. Gerenser and M. G. Mason, J .  Coord. Chem., 10, 67 (1980). 

(b) F. DuBois Murphy, W. C. Stevens, T. T. P. Cheung, S. Lacelle, B. C. Gerstein and D. M. 
Kurtz, J. Amer. Chem. SOC., 103, 4400 (1981). 

159. V. Sh. Tsveniashvili, V. N. Gaprindashvili and N. S. Khavtasi, Zh. Obshch. Khim., 42, 2049 
( 1972). 

160. V. Sh. Tsveniashvili, M. V. Malsshkhiya, N. S.  Khavtasi and V. N. Gaprindashvili, Zh. 
Obshch. Khim., 53, 1851 (1983). 

161. K. H. Pannell, A. J. Mayr, R. Hoggard and R. C. Pettersen, Angew. Chem. (Intern. Ed. Engl.), 
19, 632 (1980). 

162. K. H. Pannell, A. J. Mayr, R. Hoggard, J. S. McKennis and J. C. Dawson, Chem. Ber., 116, 
230 (1983). 

163. T. L. Gilchrist, P. G. Mente and C. W. Rees, J. Chem. SOC., Perkin Trans. I ,  2165 (1972). 
164. G. N. Schrauzer and H. Kisch, J.  Amer. Chem. SOC., 95, 2501 (1973). 
165. R. C. Pettersen, K. H. Pannell and A. J. Mayr, Acfa Crysf.,  36B, 2434 (1980). 
166, R. C. Pettersen, K. H. Pannell and A. J. Mayr, Crysf. Sfruct. Commun., 9, 643 (1980). 
167. W. Beck, J. C. Weis and J. Wieczorek, J. Organornet. Chem., 30, 89 (1971). 
168. J. C. Weis and W. Beck, J.  Organomet. Chem., 44, 325 (1972). 
169. M. V. Artemenko, E. A. Chistyakova, P. A. Suprunenko and G. I. Kal’naya, Russ. J. Inorg. 

170. E. S. Gould and W. Burlant, J. Amer. Chem. SOC., 78, 5825 (1956). 
171. P. J. Hendra and N. Sadasivan, J. Chem. SOC., 2063 (1965). 
172. G. Hunter and R. C. Massey, J .  Chem. SOC., Dalton Trans., 1872 (1974). 
173. R.  E. Marsh and J. D. McCullough, J .  Amer. Chem. SOC., 73, 1106 (1951). 
174. K. L. Baker and G. W. A. Fowles, J. Chem. SOC. ( A ) ,  801 (1968). 
175. J. C. Barnes, G. Hunter and M. W. Lown, J. Chem. SOC., Dalton Trans., 1227 (1976). 
176. J. C. Barnes, G. Hunter and M. W. Lown, J. Chem. SOC.. Dalton Trans., 458 (1977). 
177. C. Preti. G. Tosi, D. DeFilippo and G. Verani, Can. J .  Chem., 52, 2021 (1974). 
178. A. R. Siedle, R. A. Newmark, A. A. Kruger and L. H. Pignolet, Inorg. Chem., 20,3399 (1981). 
179. A. R. Siedle, M. C. Etter, M. E. Jones, G. Filipovich, H. E. Mishmash and W. Bahmet, Inorg. 

180. A. R. Siedle, R. A. Newmark and L. H. Pignolet, Inorg. Chem., 22, 2281 (1983). 
181. E. H. Braye, W. Hiibel and I. Caplier, J. Amer. Chem. SOC., 83, 4406 (1961). 
182. 0. Haas and A. Von Zelewsky, J .  Chem. Res., 77 (S)j1980); 1201 (M) (1980). 
183. E. W. Abel, A. R. Khan, K. Kite, K. G. Orrell and V. Sik, J. Chem. SOC.. Dalfon Trans., 1169 

184. E. W. Abel, A. R. Khan, K. Kite, K. G.  Orrell, V. Sik, T. S. Cameron and R. Cordes, Chem. 

158. (a) N. Zumbulyadis and H. J. Gysling, J. Amer. Chem. SOC., 104, 3246 (1982). 

Chem., 17, 373 (1972). 

Chem., 21, 2624 (1982). 

(1980). 

Commun., 713 (1979). 
185. E. W. Abel, A. R. Khan, K. Kite, K. G. Orrell and V. Sik, J. Chem. SOC.. Dalron Trans., 2220 

(1980). 

Organornet. Chem., 235, 121 (1982). 

Hursthouse and K. M. A. Malik, J. Organornet. Chem., 250, 373 (1983). 

186. E. W. Abel, A. R. Khan, K. Kite, M. B. Hursthouse, K. M. A. Malik and M. A. Mazid, J. 

187. E. W. Abel, S. K. Bhargava, M. M. Bhatti, M. A. Mazid, K. G. Orrell, V. Sik, M. B. 

188. E. W. Abel, S. K. Bhargava, P. K. Mittal, K. G. Orrell and V. Sik, Chem. Commun., 535 (1982). 
189. J. Korp, I .  Bernal, J. L. Atwood, F. Calderazzo and D. Vitali, J. Chem. SOC., Dalton Trans., 

1492 (1979). 
190. F. Calderazzo, D. Vitali, R. Poli, J. L. Atwood, R. D. Rogers, J. M. Cummings and 1. Bernal, J. 

Chem. SOC., Dalfon Trans., 1004 (1981). 
191. (a) H. W. Roesky, T. Cries, P. G. Jones, K. L. Weber and G. M. Sheldrick, J.  Chem. SOC., 

Dalfon Trans., 1781 (1984). 
(b) J. L. Atwood, I. Bernal, F. Calderazzo, L. G. Canada, R. Poli, R. D. Rogers, C. A. Veracini 
and D. Vitali, horg.  Chem., 22, 1797 (1983). 

192. J. Grobe and D. LeVan, Z .  Naturforsch., 34b, 1653 (1979). 
193. J. Grobe and D. LeVan, J .  Fluorine Chem., 19, 279 (1982). 



18. Ligand properties of organic S e n e  compounds 845 

194. J .  Grobe and D. LeVan, Z .  Naturjorsch., 35b, 694 (1980). 
195. D. Vitali and F. Calderazzo, Gazz. Chim. f tal . ,  102, 587 (1972). 
196. H .  Schumann and R. Weis, Angew. Chem. (Intern. Ed. Engl.), 9, 246 (1970). 
197. H. Schumann, R. Mohtachemi, H.-J. Kroth and U. Frank, Chem. Eer., 106, 1555 (1973). 
198. J. Pickardt, H. Schumann, C. F. Campana and L. F. Dahl, J .  Organomet. Chem., 216, 245 

199. I. Ruidisch and M. Schmidt, J.  Organomet. Chem., 1, 160 (1963). 
200. F. W. B. Einstein, C. H. W. Jones, T. Jones and R. D. Sharma, Can. J .  Chem., 61,261 1 (1983). 
201. J. E. Drake, B. M. Glavincevski, R. T. Hemmings and H. E. Henderson, Inorg. Synth., 20, 171 

202. A. N. Egorochkin, S. Ya. Khorshev, N. S. Vyazankin, M. N. Bochkarev, 0. A. Krughaya and 

203. I .  S .  Butler, Ace. Chem. Res., 10, 359 (1977). 
204. P. V. Yaneff, Coord. Chem. Rev., 23, 183 (1977). 
205. Ref. I ,  p. 86. 
206. B. D. Dombek and R. J. Angelici, fnorg. Synth., 19, 183 (1979). 
207. I .  S. Butler, N. J. Coville, D. Cozak, S. R. Desjardins, A. E. Fenster and K. R. Plowman, Inorg. 

208. G. Jaouen and G. Simonneaux, fnorg. Synth., 19, 197 (1979). 
209. M. Kubota and C. 0. M. Ho, Inorg. Synth., 19, 204 (1979). 
210. M. Kubota, Inorg. Synth., 19, 206 (1979). 
211. B. W. S. Kolthammer, P. Legzdins and J. T. Malito, fnorg. Synth., 19, 208 (1979). 
212. I .  S. Butler, D. Cozak, S. R. Stobart and K. R. Plowman, Inorg. Synth., 19, 193 (1979). 
213. I .  S. Butler, A. M. English and K. R. Plowman, Inorg. Synth., 21, 1 (1981). 
214. G. R. Clark, K. R. Grundy, R. 0. Harris, S. M. James and W. R. Roper, J .  Organomet. Chem., 

215. P. J. Brothers, C. E. L. Headford and W. R. Roper, J .  Organomet. Chem., 195, C29 (1980). 
216. G .  R. Clark, K. Marsden, W. R. Roper and L. J. Wright, J. Amer. Chem. Soc., 102, 1206 

217. W. R. Roper and K. G .  Town, J .  Organomet. Chem., 252, C97 (1983). 
218. J. P. Battioni, D. Mansuy and J. C. Chottard, Inorg. Chem., 19, 791 (1980). 
219. I. S. Butler, D.  Cozak and S. R. Stobart, Chem. Commun., 103 (1975). 
220. I .  S .  Butler, D. Cozak and S .  R. Stobart, Inorg. Chem., 16, 1779 (1977). 
221. D. Cozak and I .  S. Butler, Can. J .  Spectry, 27, 141 (1982). 
222. A. M. English, K. R. Plowman, I .  S. Butler, G. Jaouen, P. LeMaux and J. Y. Thepot, J .  

223. T. Desmond, F. J. Lalor, G .  Ferguson and M. Parvez, Chem. Commun., 75 (1984). 
224. 0. Kolb and H. Werner, J. Organornet. Chem., 268, 49 (1984). 
225. G.  R. Clark and K. Marsden, unpublished work cited in Ref. 216. 
226. W. R. Roper and A. H. Wright, J .  Organomet. Chem., 233, C59 (1982). 
227. J. P. Collman and L. S .  Hegedus, Principles of Organotransition Metal Chemistry, University 

Science Books, Mill Valley, California, 1980. 
228. J. Goulon, C. Goulon-Ginet, P. Friant, J. L. Poncet, R. Guilard, J. P. Battioni and D. Mansuy, 

Proceedings of the 4th International Conference on the Organic Chemistry of Selenium and 
Tellurium, Birmingham, England, July 25-29, 1983, p. 379. 

229. W. L. Reynolds, frog. fnorg. Chem., 12, 1 (1970). 
230. J. A. Davies, Adv. fnorg. Chem. Radiochern., 24, 115 (1981). 
231. F. A. Cotton and T. R. Felthouse, Inorg. Chem., 19, 2347 ((1980). 
232. P. J. Alvey, K. W. Bagnall and D. Brown, J .  Chem. Soc.. Dalton Trans., 2326 (1973). 
233. F. C. Marsh and G. Ferguson, Can. J.  Chem., 49, 3590 (1971). 
234. A. Mercer and J. Trotter, J .  Chem. Soc.. Dalton Trans., 2480 (1975). 
235. B. R. James and R. H. Morris, Can. J .  Chem., 58, 399 (1980). 
236. E. S. Could and J. D. McCullough, J .  Amer. Chem. SOC., 73, 3196 (1951). 
237. R. Paetzold and P. Vordank, Z .  Anorg. Allgem. Chem., 347, 294 (1966). 
238. K. A. Jensen and V. Krishnan, Acta Chem. Scand., 21, 1988 (1967). 
239. R. Paetzold and G. Bochmann, Z .  Anorg. Allgem. Chem., 368, 202 (1969). 
240. M. Ziegler and H. Schroeder, Mikrochim. Acta, 782 (1967). 

(1981). 

(1 980). 

G. S. Semchikova, Zh. Obshch. Khim., 37, 2308 (1967). 

Synth., 19, 188 (1979). 

90, C37 (1975). 

(1 980). 

Organomet. Chem., 132, CI (1977). 



846 Henry J. Gysling 

241. T. Tanaka and T. Kamitani, Inorg. Chim. Acta, 2, 175 (1968). 
242. C. K. Jorgensen, Absorption Spectra and Chemical Bonding in Complexes, Pergamon Press, 

243. A. N. Speca, C. M. Mikulski, F. J. Iaconianni, L. L. Pytlewski and N. M. Karayannis, Inorg. 

244. E. 0. Fischer and A. Maasbol, Chem. Eer., 100, 2445 (1967). 
245. (a) E. 0. Fischer, Pure Appl. Chem., 24, 407 (1970). 

(b) E. 0. Fischer, Pure Appl. Chem., 30, 353 (1972). 
(c) E. 0. Fischer, Adv. Organomet. Chem., 14, 1 (1976). 
(d) E. 0. Fischer, Pure Appl. Chem., 50, 857 (1978). 
(e) K. H. Dbtz, H. Fischer, P. Hofmann, F. R. Kreissl, U. Schubert and K. Weiss, Transition 
Metal Carbene Complexes, Verlag Chemie International, Deerfield Beach, Florida, 1983. 

Oxford, 1962. 

Chem., 19, 3491 (1980). 

246. E. 0. Fischer and V. Kiener, Angew. Chem. (Intern. Ed. Engl.), 6, 961 (1967). 
247. E. 0. Fischer, G .  Kreis, F. R. Kreissl, C. G .  Kreiter and J. Miiller, Chem. Eer., 106, 3910 

248. E. 0. Fischer, D. Himmelreich, R. Cai, H. Fischer, U. Schubert and B. Zimmer-Gasser, Chem. 

249. H. Fischer, E. 0. Fischer, D. Himmelreich, R. Cai, U. Schubert and K. Ackermann, Chem. 

250. W. Roll, E. 0. Fischer, D. Neugebauer and U. Schubert, Z .  Naturforsch., 37b, 1274 (1982). 
251. A. V. Ablov, N. V. Gerbeleu and A. M.  Romanov, Russ. J .  Inorg. Chem., 13, 413 (1968). 
252. M. S .  Delgado and V. Fernandez, Z .  Anorg. Allgem. Chem., 455, 112 (1979). 
253. M .  S .  Delgado, F. Alguacil and V. Fernandez, Z .  Anorg. Allgem. Chem., 493. 187 (1982). 
254. H.  G .  Raubenheimer, G .  J. Kruger and A. Lombard, J .  Organomet. Chem., 240, CI 1 (1982). 
255. D. Neugebauer and U. Schubert, J. Organomet. Chem., 256, 43 (1983). 
256. H.  Fischer and S .  Zeuner, Z .  Naturforsch., 38b, 1365 (1983). 
257. E. W. Abel, K. Kite, K. G .  Orrell, V. Sik and B. L. Williams, J .  Chem. SOC., Dalton Trans., 2439 

258. M. Di Vaira, M. Peruzzini and P. Stoppioni, Inorg. Chem., 22, 2196 (1983). 
259. M. Di Vaira, M. Peruzzini and P. Stoppioni, J .  Organomet. Chem., 258, 373 (1983). 
260. M. Di Vaira, M. Peruzzini and P. Stoppioni, Chem. Commun., 903 (1983). 
261. M .  Di Vaira, M. Peruzzini and P. Stoppioni, J .  Chem. SOC., Dalton Trans., 359 (1984). 
262. (a) A. V. Ablov and N. V. Gerbeleu, Russ. J .  Inorg. Chem., 6, 1356 (1961). 

(b) A. V. Ablov and N. V. Gerbeleu, Russ. J .  Inorg. Chem., 9, 1260 (1964). 
263. A. V. Ablov and N. M. Samus, Dokl. Akad. Nauk SSSR, 123, 457 (1958). 
264. E. E. Aynsley, N. N. Greenwood and M. J. Sprague, J .  Chem. SOC., 2395 (1965). 
265. E. E. Aynsley, N. N. Greenwood, G. Hunter and M.  1. Sprague, J .  Chem. SOC. ( A ) ,  1344 

266. S .  Hauge, Acta Chem. Scand., 25, 3081 (1971). 
267. (a) M.  Di Vaira, L. Sacconi and P. Stoppioni, J .  Organomet. Chem., 250, 183 (1983). 

(b) M. Di Vaira, M. Peruzzini and P. Stoppioni, Acta Cryst., 39C, 1210 (1983). 
268. M. Di Vaira, M.  Peruzzini and P. Stoppioni, Chem. Commun., 894 (1982). 
269. (a) A. H. Norbury, Adv. Inorg. Chem. Radiochem., 17, 231 (1975). 

(1973). 

Ber., 114, 3209 (1981). 

Ber., 114, 3220 (1981). 

(1981). 

( I  966). 

(b) P. P. Singh, Coord. Chem. Rev., 32, 33 (1980). 
(c) V. V. Skopenko, G .  V. Tsintsadze and E. I. Ivanova, Russ. Chem. Rev., 51, 21 (1982). 

270. A. V. Ablov and 1. D. Samus, Dokl. Akad. Nauk SSSR, 146, 1071 (1962). 
271. S .  Hauge and 0. Vikane, Acta Chem. Scand., 29A, 755 (1975). 
272. G .  V. Tsintsadze, M. A. Porai-Koshitsand A. S .  Antsyshkina, Zh. Strukt. Khim., 8,296(1967). 
273. F. A. Cotton, D. M. L. Goodgame, M. Goodgame and T. E. Haas, Inorg. Chem., 1,565 (1962). 
274. V. Vrabel, J. Lokaj, J. Garaj and F. Pavelcik, Collect. Czech. Commun.. 47, 2623 (1982). 
275. S .  M. Nelson, F. S .  Esho and M. G .  B. Drew, Chem. Commun., 388 (1981). 
276. J. Devlin and S .  M. Nelson, unpublished results cited in Ref. 253. 
277. M. G .  B. Drew, F. S .  Esho and S .  M .  Nelson, Inorg. Chim. Acta, 76, L269 (1983). 
278. J. S .  Thayer and R. West, in Advances it1 Organornetallic Chemistry, Academic Press, New 

279. F. Challenger, A. T. Peters, and J. Halevy, J .  Chem. SOC., 1648 (1926). 
280. T. N. Srivastava and K.  K. Bajpai, J .  Organornet. Chem., 31, 1 (1971). 
281. J .  S .  Thayer, J .  Organomet. Chem.. 9, P30 (1967). 

York, 1967, Vol. 5 ,  p. 169. 



18. Ligand propert ies  of organic  Se/Te c o m p o u n d s  847 

282. A. Sabatini and I .  Bertini, Inorg. Chem., 4, 959 (1965). 
283. J. L. Burmeister and L. E. Williams, Inorg. Chem., 5, 1113 (1966). 
284. J. L. Burmeister and M.  V. Al-Janabi, Inorg. Chem., 4, 962 (1965). 
285. J. L. Burmeister and H .  J. Gysling, Inorg. Chim. Acta, 1, 100 (1967). 
286. M.  Bobadilla and M.  Moran, Z .  Naturforsch., 38b, 1069 (1983). 
287. A. Turco, C. Pecile and M. Nicolini, J .  Chem. Soc., 3008 (1962). 
288. W. H. Pan, J. P. Fackler, J. A. Kargol and J .  L. Burmeister, Inorg. Chim. Acta, 44, L95 (1980). 
289. A. V. Ablov and N. M. Samus, Dokl. Akad. Nauk SSSR,  133, 1327 (1960). 
290. A. V. Ablov, N. N. Proskina, 0. A. Bologa and N.  M.  Samus, Russ. J. Inorg. Chem., 15, 1245 

291. R.  S. Artz and J .  L. Burmeister, Inorg. Chim. Acta, 40, 31 (1980). 
292. (a) J .  L. Burmeister and J. B. Melpolder, Chem. Commun., 613 (1973). 

(b) J. B. Melpolder and J. L. Burmeister, Inorg. Chim. Acta, 49, 115 (1981). 
293. M. E. Kramer and J. L. Burmeister, Synth. React. Inorg. Metal.-Org. Chem., 7, 69 (1977). 
294. R.  Wojtowski, 1. Wharf and M. Onyszchuk, Can. J .  Chem., 61, 743 (1983). 
295. M.  Onyszchuk and I .  Wharf, J .  Organomet. Chem., 249, C9 (1983). 
296. V. Gutmann and R. Schmid, Coord. Chem. Rev., 12, 263 (1974). 
297. A. Turco, C.  Pecile and M.  Niccolini, Proc. Chem. Soc., 213 (1961). 
298. M.  Moran, A. lbanez and J .  R. Masaguer, 2. Naturforsch., 37b, 292 (1982). 
299. F. Faraone and S .  Sergi, J .  Organomet. Chem., 112, 201 (1976). 
300. M. Moran and V. Fernandez, J .  Organomet. Chem., 165, 215 (1979). 
301. A. M.  Domingos and G .  M. Sheldrick, J .  Organomet. Chem., 67, 257 (1974). 
302. J. L. Burmeister, Chemistry and Biochemistry of Thiocyanic Acid and Its Derivatives (Ed. H .  A. 

303. W. C.  Fultz, J. L. Burmeister, J .  J. MacDougall and J .  H .  Nelson, Inorg. Chem., 19, 1085 

304. W. C.  Fultz, J .  L. Burmeister, C. P. Cheng and T. L. Brown, Inorg. Chem., 20, 1734 (1981). 
305. J. A. Kargol, R .  W.  Crecely and J. L. Burmeister, Inorg. Chem., 18, 2532 (1979). 
306. R. A. Bailey, T. W. Michelsen and W. N. Mills, J .  Inorg. Nucl. Chem., 33, 3206 (1971). 
307. F. A. Cotton, A. Davison, W. H.  Ilsley and H. S .  Trop, Inorg. Chem., 18, 2719 (1979). 
308. L. R. Groeneveld, G. Vos, G. C. Verschoor and J. Reedijk, Chem. Commun., 620 (1982). 
309. R.  G. Pearson, J .  Chem. Educ., 45, 581, 643 (1968). 
310. (a) J.  L. Burmeister, H.  J .  Gysling and J. C.  Lim, J .  Amer. Chem. Soc., 91, 44 (1969). 

(b) K. A. Johnson, J. C.  Lim and J. L. Burmeister, Inorg. Chem., 12, 124 (1973). 
311. M. A. Jennings and A. Wojcicki, J .  Organomet. Chem., 14, 231 (1968). 
312. P. P. Singh, Coord. Chem. Rev., 32, 33 (1980). 
313. P. P. Singh and D. S. Yadav, J .  Mol.  Struct., 53, 225 (1979). 
314. P. P. Singh and V. P. Singh, Inorg. Chim. Acta, 71, 205 (1983). 
315. D. C. Calabro, B. A. Harrison, G .  T. Palmer, M. K .  Moguel, R. L. Rebbert and J. L. 

316. J .  A. Kargol, K.  D. Lavin, R. W.  Crecely and J. L. Burmeister, Inorg. Chem., 19, 1515 (1980). 
317. J .  A. Kargol, R. W. Crecely, J. L. Burmeister, P. J .  Toscano and L. G. Marzilli, Inorg. Chim. 

318. E. W. Burkhardt and J. L. Burmeister, Inorg. Chim. Acta, 27, 115 (1978). 
319. J. L. Allison and J. L. Burmeister, Inorg. Chim. Acta, 16, 185 (1976). 
320. J .  L. Burmeister and H .  J .  Gysling. Chem. Commun., 543 (1967). 
321. V. Fernandez, I .  Yerga and U. Miiller, 2. Anorg. Allgem. Chem., 477, 205 (1981). 
322. M. H. Quick and R. J. Angelici, Inorg. Chem., 15, 160 (1976). 
323. W. Hieber and W.,Beck, 2. Anorg. Allgem. Chem., 305, 265 (1960). 
324. H .  Kopf, B. Block and M.  Schmidt, 2. Naturforsch., 22b, 1077 (1967). 
325. H.  Kopf and B. Block, Z. Naturforsch., 23b, 1536 (1968). 
326. W. Sat0 and T. Yoshida, J .  Organomel. Chem., 67, 395 (1974). 
327. E. W. Tillay, E. D .  Schermer and W. H. Baddley, Inorg. Chem., 7, 1925 (1968). 
328. K.  Andrae, Z. Anorg. Allgem. Chem., 373, 209 (1970). 
329. E. D. Schermer and W. H .  Baddley, J .  Organomet. Chem., 27, 83 (1971). 
330. M. Sat0 and T. Yoshida, J .  Organornet. Chem., 51, 231 (1973). 
331. B. Gautheron, G.  Tainturier and Ph. Meunier, J .  Organomet. Chem., 209, C49 (1981). 
332. M.  Sat0 and T. Yoshida, J .  Organomet. Chem., 87, 217 (1975). 

( 1970). 

Newman), Academic Press, London, 1975, Chapt. 2, pp. 68-130. 

(1 980). 

Burmeister, Inorg. Chem., 20, 431 I (1981). 

Acta, 40, 79 (1980). 



848 Henry J. Gysling 

333. 2. Hatkevitz and G .  Schmuckler, J .  Inorg. Nucl. Chem., 38, 479 (1976). 
334. J. P. Collman, R. K .  Rothrock, J. P. Sen, T. D. Tullius and K .  0. Hodgson. Inorg. Chem., 15, 

335. 1. P. Collman, R.  K.  Rothrock and R.  A. Stark, Inorg. Chem., 16. 437 (1977). 
336. W. Schulze and M. L. Ziegler, Z .  Anorg. Allgem. Chem., 481, 78 (1981). 
337. A. Rettenmeier, K. Weidenhammer and M.  L. Ziegler, Z .  Anorg. Allgem.Chem.,473,91(1981). 
338. S. Pouly, G .  Tainturier and B. Gautheron, J .  Organomet. Chem., 232, C65 (1982). 
339. E. W.  Abel, A. M. Atkins, B. C.  Crosse and G .  V. Hutson, J .  Chem. SOC. ( A ) ,  687 (1968). 
340. P. Beardwood and J .  F. Gibson, J .  Chem. Soc.. Dalton Trans., 737 (1983). 
341. J. Liesk and G .  Klar, Z .  Anorg. Allgem. Chem., 435, 103 (1977). 
342. W. Hieber and W. Beck, Z .  Anorg. Allgem. Chem., 305,274 (1966). 
343. J. Grobe, 2. Anorg. Allgem. Chem., 331, 63 (1964). 
344. N. Welcman and I. Rot, J .  Chem. Soc., 7515 (1965). 
345. E. W. Ahel. B. C.  Crosse and G .  V. Hutson, J .  Chem. SOC. ( A ) ,  2014 (1967). 
346. E. W. Ahel. B. C.  Crosse and G .  V. Hutson. Chem. Ind. (London). 238 (1966). 
347. E. W.Ahel. J. Dalton, I .  Paul, P. J. G .  Smith and F. G .  A. Stone, J .  Chem. Soc. ( A ) ,  1203 (1968). 
348. E. Kostiner, M.  L. N.  Reddy. D .  S. Urch and A. G .  Massey. J .  Organomet. Chem.. 15, 383 

349. E. D. Schemer and W. H .  Baddley, J .  Organomet. Chem., 30, 67 (1971). 
350. M. Sat0 and T.  Yoshida, J .  Organomet. Chem.. 94. 403 (1975). 
351. J .  Rott, E. Guggolz, A. Rettenmeier and M. L. Ziegler, 2. Naturforsch., 37b, 13 (1982). 
352. P. Jaitner, J .  Organomet. Chem., 233, 333 (1982). 
353. T. B. Rauchfuss and T. D. Weatherill, Inorg. Chem., 21, 827 (1982). 
354. D. Seyferth and R. S .  Henderson, J .  Organornet. Chem., 204, 333 (1981). 
355. A. P. Arnold and A. J. Carty, Inorg. Chim. Acta, 55, 181 (1981). 
356. A. P. Arnold, A. J. Carty, B. W. Skelton and A. H. White, J .  Chem. Soc.. Dalton Trans., 607 

357. Y. Okamoto and T. Yano, J .  Organomet. Chem., 29, 99 (1971). 
358. P. V. Broadhurst, B. F. G .  Johnson and J. Lewis, J .  Chem. SOC. Dalton Trans., 1881 (1982). 
359. P. Jaitner, J .  Organomet. Chem., 210, 353 (1981). 
360. M. K .  Chaudhuri, A. Haas and A. Wensky, J .  Organomet. Chem., 116, 323 (1976). 
361. I .  B. Benson, S.  D. Killops, S. A. R. Knox and A. Welch, Chem. Commun., 1137 (1980). 
362. L. R. Krauth-Siegel, W.  Schulze and M.  L. Ziegler, Angeu. Chem. (Intern. Ed. Engl.), 19, 397 

363. V. Kiillmer and H. Vahrenkamp, Chem. Ber., 110, 228 (1977). 
364. D. Morelli, A .  Segre, R. Ugo, G .  La Monica, S. Cenini, F. Conti and F. Bonati, Chem. 

365. R.  Ugo, G .  La Monica, S .  Cenini, A. Segre and F. Conti, J .  Chem. SOC. ( A ) ,  522 (1971). 
366. 1. M. Blacklaws, E. A. V. Ebsworth, D. W. H .  Rankin and H .  E. Robertson, J .  Chem. Soc.. 

367. M. Hsieh, R.  A. Zingaro and V. Krishnan, Int. J .  Surfur Chem., lA, 197 (1971). 
368. W. Hofmann and H.  Werner, Angew. Chem. (Intern. Ed. Engl.), 20, 1014 (1981). 
369. P. Shanmugam and T. K. Raja, Synthesis, 117 (1977). 
370. E. Rottinger, V. Kullmer and H .  Vahrenkamp, J .  Organomet. Chem., 150, C6 (1978). 
371. C. Preti, G .  Tosi, D. De Filippo and G .  Verani, J .  Inorg. Nucl. Chem., 36, 2203 (1974). 
372. C. Preti, G .  Tosi, D. De Filippo and G .  Verani, Inorg. Nucl. Chem. Letters, 10, 541 (1974). 
373. E. Bertelli, C. Preti and G .  Tosi, J .  Inorg. Nucl. Chem., 37, 1421 (1975). 
374. C .  Preti and G .  Tosi, Spectrochim. Acta, 31A, 1139 (1975). 
375. C. Preti and G .  Tosi, Z .  Anorg. Allgem. Chem., 432, 259 (1977). 
376. C. Preti and G. Tosi, Transition Met. Chem., 2, 1 (1977). 
377. C. Preti, G .  Razzoli and G .  Tosi, Spectrochim. Acta, 34A, 269 (1978). 
378. C. Preti and G .  Tosi, Inorg. Chem., 16, 2805 (1977). 
379. C. Preti, G .  Tosi and P. Zannini, Transition Met. Chem., 5, 200 (1980). 
380. G .  Graziosi, C .  Preti and G .  Tosi, Transition Met. Chem., 5, 262 (1980). 
381. C. Preti and G .  Tosi, Australian J .  Chem., 33, 1203 (1980). 
382. G .  Graziosi, C. Preti and G .  Tosi, Transition Met. Chem., 7, 267 (1982). 
383. C. Preti, L. Tassi and G .  Tosi, Spectrochim. Acta, 39A, 1 (1983). 
.384. C. Preti, G .  Tosi and P. Zannini, Transition Met. Chem., 2, 232 (1977). 

2947 (1 976). 

(1968). 

(1 982). 

(1980). 

Commun., 524 (1967). 

Dalton Trans., 753 (1978). 



18. Ligand properties of organic Se/Te compounds  849 

385. C. Preti, G. Tosi and P. Zannini, Transition Met. Chem., 4, 123 (1979). 
386. C. Preti, G. Tosi and P. Zannini, J .  Coord. Chem., 10, 143 (1980). 
387. G. Candrini, W. Malavasi, C. Preti, G. Tosi and P. Zannini, Spectrochim. Acta, 39A, 635 (1983). 
388. I. P. Lorenz, Inorg. Nucl. Chem. Letters, 15, 127 (1979). 
389. I. P. Lorenz, Angew. Chem. (Intern. Ed. Engl.), 17, 53 (1978). 
390. (a) W. Dell and M. L. Ziegler, Angew. Chem. (Intern. Ed. Engl.), 20, 471 (1981). 

(b) W. H. Dell and M. L. Ziegler, Z. Naturforsch., 37b, 1 (1982). 
391. K. Tanaka and T. Tanaka, Inorg. Nucl. Chem. Letters, 10, 605 (1974). 
392. K. Tanaka and T. Tanaka, Inorg. Nucl. Chem. Letters, 9, 429 (1973). 
393. K. Tanaka and T. Tanaka, Bull. Chem. Soc. Japan, 47,847 (1974). 
394. K. Tanaka, S. Araki and T. Tanaka, Bull. Chem. SOC. Japan, 46, 2136 (1973). 
395. F. W. Pijpers, A. H. Dix and J. G. M. Van Der Linden, Inorg. Chim. Acta, 11, 41 (1974). 
396. K. Tanaka, Y. Miya-Uchi and T. Tanaka, Inorg. Chem., 14, 1545 (1975). 
397. K. Tanaka, M. Nakamoto and T. Tanaka, Inorg. Chem., 17, 1380 (1978). 
398. M. Nakamoto, K. Tanaka and T. Tanaka, J. Chem. Sac., Dalton Trans., 87 (1979). 
399. G .  Nagao, K. Tanaka and T. Tanaka, Inorg. Chim. Acta, 42,43 (1980). 
400. K. Tanaka, K. U-Eda and T. Tanaka, J. Inorg. Nucl. Chem., 43, 2029 (1981). 
401. (a) N. Sonoda, T. Yasuhara, K. Kondo, T. Ikeda and S. Tsutsumi, J. Amer. Chem. Soc., 93, 

6344 (1971). 
(b) K. Kondo, Y. Sonoda, Y. Yoshida, M.  Koishi and S. Tsutsumi, Chem. Letters, 401 (1972). 

402. G .  M. Sheldrick and W. S. Sheldrick, J. Chem. Soc. ( A ) ,  490 (1970). 
403. E. Roman, D. Catheline and D. Astruc, J .  Organomet. Chem., 236, 229 (1982). 
404. D. H. Farrar, K. R. Grundy, N. C. Payne, W. R. Roper and A. Walker, J. Amer. Chem. Soc., 

405. W.-H. Pan and J. P. Fackler, fnorg. Synth., 21, 6 (1981). 
406. K. A. Jensen and E. Huge-Jensen, Acta Chem. Scand., 27, 3605 (1973). 
407. K. Kawakami, Y. Ozaki and T. Tanaka, J .  Organomet. Chem., 69, 151 (1974). 
408. H. Werner and M. Ebner, J. Organomet. Chem., 258, C52 (1983). 
409. C. Bianchini, C. Mealli, A. Meli, A. Orlandini and L. Sacconi, Inorg. Chem., 19, 2968 (1980). 
410. R. Mason and A. J. M. Rae, J. Chem. Soc. ( A ) ,  1767 (1970). 
411. T. J. Collins, K. R. Grundy, W. R. Roper and S. F. Wong, J .  Organomef. Chem., 107, C37 

412. H.  Werner and 0. Kolb, Angew. Chem. (Intern. Ed. Engl.), 18, 865 (1979). 
413. W. Poppitz and E. Uhlig, Z. Anorg. Allgem. Chem., 489, 67 (1982). 
414. H. Werner, M. Ebner, W. Bertleff and U. Schubert, Organomefallics, 2, 891 (1983). 
415. H. Werner, Coord. Chem. Rev., 43, 165 (1982). 
416. L. Mortillaro, L. Credali, M. Russo and C. DeChecchi, J. Polym. Sci., Polym. Letters Ed., 3 ,  

417. H. Hofmann, P. G. Jones, M. Noltemeyer, E. Peymann, W. Pinkert, H. W. Roesky and G. M. 

418. C. E. L. Headford and W. R. Roper, J. Organomet. Chem., 244, C53 (1983). 
419. A. F. Hil1,W. R. Roper,J. M. Watersand A. H. Wright, J .  Amer. Chem. Soc., 105,5939(1983). 
420. W. Paul and H. Werner, Angew. Chem. (Intern. Ed. Engl.), 22, 316 (1983). 
421. W. A. Herrmann, J. Weichmann, R. Serrano, K. Blechschmitt, H. Pfisterer and M. L. Ziegler, 

422. H. Werner and W. Paul, Angew. Chem. (Intern. Ed. Engl.), 23, 58 (1984). 
423. K. A. Jensen and E. Frederiksen, Z. Anorg. Allgem. Chem., 230, 31 (1936). 
424. A. M. Romanov, A. V. Ablov and N. V. Gerbeleu, Russ. J. Inorg. Chem., 14, 196 (1969). 
425. A. V. Ablov, N. V. Gerbeleu and A. M. Romanov, Russ. J .  Inorg. Chem., 14, 512 (1969). 
426. L. S. Bark and D. Brandon, Talanta, 14, 759 (1967). 
427. M. J. Root and E. Deutsch, Inorg. Chem., 20, 4376 (1981). 
428. L. Roecker, M. H. Dickman, D. L. Nosco, R. J. Doedens and E. Deutsch, Inorg. Chem., 22, 

429. T. Konno, K. Okamoto and J. Hidaka, Chem. Letters, 535 (1982). 
430. K. Nakajima, M. Kojima and J. Fujita, Chem. Letters, 925 (1982). 
431. G .  Dyer and D. W. Meek, J .  Amer. Chem. Soc., 89, 3983 (1967). 
432. M. 0. Workman, G. Dyer and D. W. Meek, Inorg. Chem., 6, 1543 (1967). 
433. D. W. Meek, Inorg. Nucl. Chem. Letters, 5, 235 (1969). 

101, 6577 (1979). 

(1976). 

581 (1965). 

Sheldrick, J. Organomet. Chem., 249, 97 (1983). 

Angew. Chem. (Intern. Ed. Engl.), 22, 314 (1983). 

2022 (1983). 



850 Henry J. Gysling 

434. D. M. Roundhill, S. G. N. Roundhill, W. B. Beaulieu and U. Bagchi. Inorg. Chem., 19, 3365 

435. L. Cavalca, M.  Nardelli and G. Branchi, Acta Cryst., 13, 688 (1960). 
436. R. Gronbaek and S .  E. Rasmussen, Acta Chem. Scand., 16, 2325 (1962). 
437. E. W.  Abel, S. K.  Bhargava, K.  Kite, K .  G .  Orrell, V. Sik and B. L. Williams, J.  Chem. Soc.. 

438. E. W. Abel, S. K. Bhargava, K .  Kite, K .  G .  Orrell, V. Sik and B. L. Williams, J .  Chem. SOC., 

439. E. W. Abel, S. K .  Bhargava, K .  Kite, K.  G. Orrell, V.  Sik and B. L. Williams, Polyhedron, 1, 

( 1  980). 

Dalton Trans., 583 (1982). 

Dalton Trans., 365 (1984). 

289 (1 982). 
440. D. C. Goodall. J .  Inow. Nucl. Chem.. 30. 1269 (1968). 
441. D. C. Goodall; J .  Inor:. Nucl. Chem., 30, 2483 (1968). 
442. E. E. Aynsley, N. N. Greenwood and J. B. Leach, Chem. Ind. (London), 379 (1966). 
443 .  E. W. Abel and G .  V. Hutson, J .  Inorg. Nucl. Chem., 31, 3333 (1969). 
444. E. W. Abel, A. R. Khan, K. Kite, K.  G.  Orrell and V. Sik, J.  Chem. Soc., Dalton Trans., 1175 

(1 980). 
445. E. W. Abel, K. G .  Orrell and A. W. G .  Platt, J.  Chem. Soc., Dalton Trans., 2345 (1983). 
446. E. W. Abel, S. K. Bhargava, M. M.  Bhatti, K.  Kite, M.  A. M a i d ,  K .  G .  Orrell, V. Sik, B. L. 

Williams, M. B. Hursthous and K .  M. A. Malik, J .  Chem. Soc., Dalton Trans., 2065 (1982). 
447. N. N .  Greenwood and G .  Hunter, J .  Chem. SOC. ( A ) ,  1520 (1967). 
448. H. J .  Whitfield. J .  Chem. SOC. ( A ) ,  113 (1970). 
449. G .  Hunter and R.  C. Massey, Chem. Commun., 797 (1973). 
450. G. Hunter and R. C. Massey, J .  Chem. Soc.. Dalton Trans., 2007 (1976). 
451. N. N .  Greenwood and G .  Hunter, J .  Chem. SOC. ( A ) ,  929 (1969). 
452. R. Donaldson, G .  Hunter and R. C. Massey, J .  Chem. Soc., Dalton Trans., 288 (1974). 
453. A. D.  Westland and L. Westland, Can. J .  Chem., 43, 426 (1965). 
454. G .  Hunter and R. C. Massey, J .  Chem. Soc.. Dalton Trans., 209 (1975). 
455. C. G. Pierpont, Ph.D. Thesis, Brown University, 1972. 
456. (a) R. S. Ramakrishna and H. M. N. H.  Irving, Chem. Ind. (London), 325 (1969). 

(b) R. S. Ramakrishna and H .  M.  N .  H. Irving, Anal. Chim. Acta, 48, 251 (1969). 
457. C. A. Stein, P. E. Ellis, R. C. Elder and E. Deutsch, Inorg. Chem., 15, 1618 (1976). 
458. V. H. Houlding, H.  Macke and A. W. Adamson, Inorg. Chem.. 20, 4279 (1981). 
459. T. Konno, K. Okamoto, H .  Einaga and J. Hidaka, Chem. Letters, 969 (1983). 
460. K. Nakabayashi, K.  Doi, M.  Kojima and J. Fujita, Bull. Chem. SOC. Japan, 57, 989 (1984). 
461. G. Wilke and E. Uhlemann, Z .  Chem., 14, 288 (1974). 
462. L. E. Nivorozhkin, V. P. Kurbatov, L. S. Minkina, M.  S. Korobov, L. P. Olekhnovich, 0. A. 

463. V. P. Kurbatov, 0. A. Osipov, V. I .  Minkin, L. E. Nivorozhkin and L. S. Minkina, Russ. J .  

464. R.  Curran, J .  A. Cunningham and R. Eisenberg, Inorg. Chem., 9, 2749 (1970). 
465. A. T. Hutton, H. M.  N. H.  Irving, L. R. Nassimbeni and G .  Gafner, Acta Crysf.,  36B, 2064 

466. (a) A. Mawby and H. M. N. H .  Irving, J .  Inorg. Nucl. Chern., 34, 109 (1972). 

467. M .  Laing and P. A. Alsop, Talanta, 17, 242 (1970). 
468. M. M.  Harding, J .  Chem. Soc., 4136 (1958). 
469. J .  M .  Harrowfield, C. Pakawatchai and A. H.  White, J .  Chem. Soc.. Dalton Trans., 1109 (1983). 
470. K .  Okamoto, T. Konno, M .  Nornoto, H .  Einaga and J. Hidaka, Chem. Lefters, 1941 (1982). 
471. R. H. Holm, G .  W. Everett and A. Chakravorty, Progr. Inorg. Chem., 7, 83 (1961). 
472. 0. A. Osipov, V. 1. Minkin and Zh. A. Tumakova, Zh. Strukt. Khim., 5, 918 (1964). 
473. L. E. Nivorozhkin, L. E. Konstantinovsku, M. A. Voronov, V. I. Minkin, 0. A. Osipov, V. P. 

Kurbatov and L. S. Minkina, Zh. Neorg. Khim., 18, 2456 (1973). 
474. Y.  Sugiura, J .  Kuwahara and T. Suzuki, Chem. Commun., 908 (1982). 
475. W. Kuchen and H .  Hertel, Angew. Chem. (Intern. Ed. Engl.), 8, 89 (1969). 
476. C. Glidewell and E. J. Leslie, J .  Chem. Soc., Dalton Trans., 527 (1977). 
477. C. Glidewell, Inorg. Chim. dcta, 24, 255 (1977). 
478. L. Beyer, R. Kirmse and E. Hoyer, Z .  Chem., 15, 197 (1975). 

Osipov and V. I. Minkin, Zh. Obshch. Khim., 41, 2726 (1971). 

Inorg. Chem.. 19, 1200 (1974). 

(1980). 

(b) J .  McB. Harrowfield, C.  Pakawatchai and A. H .  White, Ausrralian J .  Chem., 36,825 (1983). 



18. Ligand properties of organic S e r e  compounds 851 

479. R. Herzschuh, B. Birner, L. Beyer, F. Dietze and E. Hoyer, Z .  Anorg. Allgem. Chem., 464, 159 

480. J. Stack, R. Kirmse, A. Heinrich and W. Dietzsch, Z .  Chem., 23, 453 (1983). 
481. G. Wilke and E. Uhlemann, Z .  Chem., 15, 66 (1975). 
482. T. Honjo, Chem. Letters, 481 (1974). 
483. A. Stock and E. Willfroth, Chem. Ber., 47, 152 (1914). 
484. W. Dietzsch, J. Sieler and T. Glowiak, Z .  Anorg. Allgem. Chem., 435, 225 (1977). 
485. W. Dietzsch, J. Kaiser, R. Richter, L. Colic, J. Siftar and R. Heber, Z .  Anorg. Allgem. Chem. 

486. W. Dietzsch, H. Treffurth and E. Hoyer, Inorg. Chim. Acfa,  27, L89 (1978). 
487. W. Kuchen and B. Knop, Angew. Chem. (Intern. Ed. Engl.), 3, 507 (1964). 
488. L. A. Il’lina, N. I. Zemlyanskii, S. V. Larionov and N. M. Chernaya, Izv. Akad. Nauk SSSR, 

489. S. V. Larionov, L. A. Il’lina and T. V. Bulycheva, Russ. J .  Inorg. Chem., 17, 1013 (1972). 
490. I. M. Cheremisina, L. A. Il’lina and S. V. Larionov, Russ. J .  Inorg. Chem., 18, 675 (1973). 
491. T. Kamitani and T. Tanaka, Inorg. Nucl. Chem. Letters, 6,  91 (1970). 
492. T. Tanaka and N. Sonoda, Inorg. Chem., 10, 2337 (1971). 
493. R. Heber, R. Kirmse and E. Hoyer, Z .  Anorg. tAllgem. Chem., 393, 159 (1972). 
494. N. Sonoda and T. Tanaka, J .  Inorg. Nucl. Chem., 35, 1145 (1975). 
495. S. Nakajima and T. Tanaka, Bull. Chem. SOC. Japan, 47, 763 (1974). 
496. N. Sonoda and T. Tanaka, Inorg. Chim. Acfa, 12, 26! (1975). 
497. W. Dietzsch, R. Kirmse and E. Hoyer, J.  Prakt. Chem., 322, 1069 (1980). 
498. C. Bianchini and A. Meli, Chem. Commun., 156 (1983). 
499. C. G. Pierpont, B. J. Corden and R. Eisenberg, Chem. Commun., 401 (1969). 
500. L. J. Maheu, G. L. Miessler, J. Berry, M. Burow and L. H. Pignolet, Inorg. Chem., 22, 405 

501. L. Beyer and A. Hantschmann, Z .  Chem., 23, 231 (1983). 
502. E. Uhlemann, E. Ludwig, W. Hiibner and R. Szargan, Z .  Chem., 23, 32 (1983). 
503. J. Kaiser. R. Richter and J. Sieler, Acfa Cryst., 31B, 2600 (1975). 
504. (a) J. Stach, R. Kirmse and E. Hoyer, J.  Mol. Sfruct., 46, 245 (1978). 

505. J. Stach, R. Kirmse, E. Hoyer and S .  Wartewig, J. Inorg. Nucl. Chem., 40, 1529 (1978). 
506. W. Dietzsch, J. Lerchner, J. Reinhold, J. Stach, R. Kirmse, G. Steimecke and E. Hoyer, J .  

507. J .  Stach, R. Herzschuh, R. Kirmse, W. Dietzsch, A. Heinrich, V. K. Belyaeva and I. N. Marov, 

508. L. J. Maheu and L. H. Pignolet, J .  Amer. Chem. SOC., 102, 6348 (1980). 
509. L. Beyer and R. Wildera, Tetrahedron Letters, 23, 1881 (1982). 
510. K. A. Jensen and V. Krishnan, Acfa Chem. Scand., 21, 2904 (1967). 
51 1. K. A. Jensen and V. Krishnan, Acfa Chem. Scand., 24, 1088 (1970). 
512. K. A. Jensen, V. Krishnan and C. K. Jdrgensen, Acta Chem. Scand., 24, 743 (1970). 
513. A. Rosenbaum, H. Kirchberg and E. Leibnitz, J .  Prakt. Chem., 19, 1 (1963). 
514. J. G. M. van der Linden and P. J. M. Geurts, Inorg. Nucl. Chem. Letters, 8, 903 (1972). 
515. D. Barnard and D. T. Woodbridge, J .  Chem. Soc., 2922 (1961). 
516. W. H. Pan, J. P. Fackler and H. W. Chen, Inorg. Chem., 20, 856 (1981). 
517. H. W. Chen, J. P. Fackler, A. F. Masters and W. H. Pan, Inorg. Chim. Acta, 35, L333 (1979). 
518. W. H. Pan and J. P. Fackler, J.  Amer. Chem. SOC., 100, 5783 (1978). 
519. W. H. Pan, Ph.D. Thesis, Case Western Reserve University, 1979. 
520. M. Bonamico and G .  Dessy, J .  Chem. SOC. ( A ) ,  264 (1971). 
521. C. Furlani, E. Cervone and F. D. Camassei, horg.  Chem., 7, 265 (1968). 
522. D. De Filippo, P. Deplano, F. Devillanova and E. F. Trogu, Inorg. Chim. Acfa, 17, 199 (1976). 
523. G. E. Manoussakis, C. A. Tsipis and A. G. Christophides, Inorg. Chem., 12, 3015 (1973). 
524. D. De Filippo, P. Deplano, A. Diaz and E. F. Trogu, Inorg. Chim. Acfa, 17, 139 (1976). 
525. D. Attanasio, C. Bellitto, A. Flamini and G. Pennesi, Inorg. Chem., 21, 1461 (1982). 
526. S. Esperas, S. Husebye and A. Rolandsen, Acfa Chem. Scand., 29A, 608 (1975). 
527. J. P. Fackler and W. H. Pan, J .  Amer. Chem. SOC., 101, 1607 (1979). 
528. P. Eckstein and E. Hoyer, Z .  Anorg. Allgem. Chem., 487, 33 (1982). 

(1980). 

477, 71 (1981). 

Ser. Khim., 198 (1969). 

(1983). 

(b) J. Stach, R. Kirmse, S. Wartewig and R. Bottcher, Z .  Chem., 19. 205 (1979). 

Inorg. Nucl. Chem., 42, 509 (1980). 

Z.  Anorg. Allgem. Chem., 508. 1 15 (1 984). 



852 Henry J. Gysling 

529. P. Deplano, E. F. Trogu, F. Bigoli, E. Leporati, M. A. Pellinghelli. D. L. Perry, R. J. Saxton 

530. P. T. Beurskens and J. A. Cras, J .  Cryst. Mol. Struct., 1, 63 (1971). 
531. C. K. Jqkgensen, Mol. Phys., 5, 485 (1962). 
532. N. Krishnan and R. A. Zingaro, Inorg. Chem., 8, 2337 (1969). 
533. M. V. Kudchadker, R. A. Zingaro and K. J. Irgolic, Can. J .  Chem., 46, 1415 (1968). 
534. P. J. H. A. M. v. d. Leemput, T. W. Hummelink, J. H. Noordik and P. T. Beurskens, Cryst. 

535. W. Kuchen and B. Knop, Angew. Chem. (Intern. Ed. Engl.), 4, 244 (1965). 
536. L. Gastaldi and P. Porta, Cryst. Struct. Commun., 6, 175 (1977). 
537. K. A. Jensen and V. Krishnan, Acta Chem. Scand., 24, 1090 (1970). 
538. W. Dietzsch, R. Kirmse, E. Hoyer, V. K. Belyaeva and I .  N. Marov, Inorg. Chem., 17, 1665 

539. J. Kaiser, W. Dietzsch, R. Richter, L. Colic and J. Siftar, Acta Cryst., 36B, 147 (1980). 
540. (a) A. Davison and E. T. Shaw, Chem. Commun., 670 (1967). 

(b) A. Davison and E. T. Shaw, Inorg. Chem., 9, 1820 (1970). 
541. C. G .  Pierpont and R. Eisenberg, J .  Chem. SOC. ( A ) ,  2285 (1971). 
542. C. M. Bolinger and T. B. Rauchfuss, Inorg. Chem., 21, 3947 (1982). 
543. G. A. Heath, I .  M. Stewart and R. L. Martin, Inorg. Nucl. Chem. Letters, 5, 169 (1969). 
544. C. G .  Barraclough, R. L. Martin and I .  M. Stewart, Australian J .  Chem., 22, 891 (1969). 
545. A. Davison and D. L. Reger, Inorg. Chem., 10, 1967 (1971). 
546. R. Beckett and B. F. Hoskins, Chem. Commun., 909 (1967). 
547. E. Uhlig, B. Borek and H. Glanzer, 2. Anorg. Allgem. Chem., 348, 189 (1966). 
548. A. V. Ablov, N. V. Gerbeleu and N. Ya. Negryatse, Russ. J .  Inorg. Chem., 14, 515 (1969). 
549. W. Levason, C. A. McAuliffe and S. G. Murray, J .  Chem. SOC., Dalton Trans., 269 (1976). 
550. G .  Dyer and D. W. Meek, Inorg. Chem., 6, 149 (1967). 
551. G. Labauze and J .  B. Raynor, J .  Chem. Soc., Dalton Trans., 2388 (1980). 
552. V. Lenher and A. G .  Fruehan, J .  Amer. Chem. Soc., 49, 3076 (1927). 
553. (a) E. Diemann and A. Miiller, Coord. Chem. Rev., 10, 79 (1976). 

and L. J. Wilson, J .  Chem. SOC., Dalton Trans., 25 (1983). 

Struct. Commun., 4, 167 (1975). 

(1978). 

(b) A. Miiller, E. J. Baran and R. 0. Carter, Struct. Bonding (Berlin), 26, 81 (1976). 
(c) D.  A. Rice, Coord. Chem. Rev., 25, 199 (1978). 

554. W. A. Herrmann, in Organomet. Compd: Synth. Struct. Theory, Proc. Symp. Ind.-Univ. Coop. 
Chem. Program, Dept. Chem. (Ed. B. L. Shapiro), Texas A & M University, 1983, pp. 383-405. 

555. H. Brunner, J. Wachter and H. Wintergerst, J .  Organomet. Chem., 235, 77 (1982). 
556. (a) W. A. Herrmann, C. Bauer and J. Weichmann, J.  Organomet. Chem., 243, C21 (1983). 

557. M. Heberhold, D. Reiner, B. Zimmer-Gasser and U. Schubert, 2. Naturforsch., 35b, 1281 

558. W. A. Herrmann, J. Rohrmann and A. Schafer, J .  Organomef. Chem., 265, CI (1984). 
559. J. Schiemann, P. Hiibener and E. Weiss, Angew. Chem. (Intern. Ed. Engl.), 22, 980 (1983). 
560. K. S. Nagaraja and M. R. Udupa, Trans. Met. Chem., 8, 191 (1983). 
561. P. Beardwood and J. F. Gibson, J .  Chem. Soc., Dalton Trans., 1507 (1984). 
562. P. Beardwood and J. F. Gibson, J .  Chem. Soc.. Dalton Trans., 737 (1983). 
563. A. P. Ginsberg and W. E. Lindsell. Chem. Commun., 232 (1971). 
564. A. P. Ginsberg, W. E. Lindsell, C. R. Sprinkle, K. W. West and R. L. Cohen, Inorg. Chem., 21, 

565. (a) C. M. Bolinger, J. E. Hoots and T. B. Rauchfuss, Organometallics, 1, 223 (1982). 

566. A. P. Ginsberg, J. H. Osborne and C. R. Sprinkle, Inorg. Chem., 22, 254 (1983). 
567. M. Herberhold, D. Reiner and V. Thewalt, Angew. Chem. (Intern. Ed. Engl), 22, 1000 (1983). 
568. W. Hieber and J. Gruber, 2. Anorg. Allgem. Chem., 296, 91 (1958). 
569. C. F. Campona, F. Y.-K. Lo and L. F. Dahl, Inorg. Chem., 18, 3060 (1974). 
570. D.  A. Lesch and T. B. Rauchfuss, J .  Organomet. Chem., 199, C6 (1980). 
571. V. W. Day, D. A. Lesch and T. B. Rauchfuss, J .  Amer. Chem. Soc., 104,1290 (1982). 
572. R. Rossetti, G. Gervasio and P. L. Stanghellini, Inorg. Chim. Acra, 35, 73 (1979). 
573. S .  Aime, G. Gervasio, R. Rossetti and P. L. Stanghellini, Inorg. Chim. Acta, 40. 131 (1980). 
574. D. Seyferth, R. S. Henderson and L. C .  Song, Organometallics, 1, 125 (1982). 
575. L. E. Bogan, D. A. Lesch and T. B. Rauchfuss, J .  Organomet. Chem., 250, 429 (1983). 

(b) W. A. Herrmann, C. Bauer and J. Weichmann, Chem. Ber., 117, 1271 (1984). 

(1 980). 

3666 (1 982). 

(b) J. E. Hoots and T. B. Rauchfuss, Inorg. Chem., 22, 2806 (1983). 



18. Ligand properties of organic Se/Te compounds 853 

M. G .  B. Drew, G. W. A. Fowles, E. M. Page and D. A. Rice, J .  Amer. Chem. SOC., 101,5827 
(1980). 
M. G. B. Drew, D. A. Rice and D. M. Williams, J.  Chem. Soc.. Dalton Trans., 1087 (1984). 
A. J. Benton, M. G .  B. Drew and D. A. Rice, Chem. Commun., 1241 (1981). 
H. F. Franzen, W. Honle and H. G .  V. Schnering, Z .  Anorg. Allgem. Chem., 497, 13 (1983). 
J. Rijnsdorp, G. J. DeLange and G .  A. Wiegers, J .  Solid State Chem., 30, 365 (1979). 
H. Kopf, W. Kahl and A. Wirl, Angew. Chem. (Intern. Ed. Engl.), 9, 801 (1970). 
A. P. Ginsberg, J. H. Osborne and C. R. Sprinkle, Inorg. Chem., 22, 1781 (1983). 
H. Kopf, B. Block and M. Schmidt, Chem. Ber., 101, 272 (1968). 
E. F. Epstein, I. Bernal and H. Kopf, J .  Organomet. Chem., 26, 229 (1971). 
(a) R. Steudel and R. Strauss, J.  Chem. SOC., Dalton Trans., 1775 (1984). 
(b) D. M. Giolando and T. B. Rauchfuss, Organometallics, 3, 487 (1984). 
D. A. Roberts and G .  L. Geoffroy, in Comprehensive Organometallic Chemistry (Eds. G .  
Wilkinson, F. G .  A. Stone and E. W. Abel), Pergamon Press, Oxford, 1982, Chapt. 40. 
L. F. Dahl and P. W. Sutton, Inorg. Chem., 2, 1067 (1963). 
L. L. Nelson, F. Y.-K. Lo, A. D. Rae and L. F. Dahl, J .  Organornet. Chem., 225, 309 (1982). 
C. E. Strouse and L. F. Dahl, J .  Amer. Chem. Soc., 93, 6032 (1971). 
B. F. G. Johnson, J. Lewis, P. G .  Lodge, P. R. Raithby, K. Henrick and M. McPartlin, Chem. 
Commun., 719 (1979). 
E. Sappa, 0. Gambino and G .  Cetini, J .  Orgunomet. Chem., 35, 375 (1972). 
E. Roland and H. Vahrenkamp, Organometallics, 2, 1048 (1983). 
P. V. Broadhurst, B. F. G. Johnson and J. Lewis, J .  Chem. SOC., Dalton Trans., 1881 (1982). 
B. F. G .  Johnson, J. Lewis, P. G. Lodge and P. R. Raithby, Acta Cryst., 37B, 1731 (1981). 
G. Gervasio. R. Rossetti, P. L. Stanghellini and G. Bor, Congr. Naz. Chim. Inorg., [atti], 16th, 
390 (1 983) ; Chem. Abstr., 100, 28862q (1 983). 
D. Galli, L. Garlaschelli, G .  Cioni, A. Fumagalli, S. Martinengo and A. Sironi, J .  Chem. Soc., 
Dalton Trans., 55 (1984). 
C. Lensch, P. G .  Jones and G .  M. Sheldrick, 2. Naturforsch, 37b, 944 (1982). 
F. Cecconi, C. A. Ghilardi and S. Midollini, Inorg. Clzem., 22, 3802 (1983). 
F. Cecconi, C. A. Ghilardi and S .  Midollini, Cryst. Struct. Commun., 11, 25 (1982). 
I. G. Dance, A. Choy and M. L. Scudder, J .  Amer. Chem. Soc., 106, 6285 (1984). 
(a) R. A. Zingaro, J .  Organomet. Chem., 1, 200 (1963). 
(b) R. A. Zingaro, B. H. Steeves and K.  Irgolic, J .  Orgunomet. Chem., 4, 320 (1965). 
(c) G. N. Chremos and R. A. Zingaro, J.  Organornet. Chem., 22, 637 (1970). 
(d) G. N. Chremos and R. A. Zingaro, J .  Organomet. Chem., 22, 647 (1970). 
(e) W. W. DuMont and H. J. Kroth, J .  Organomel. Chem., 113, C35 (1976). 
(f) N. P. Grechkin, 1. A. Nuretdinov and N. A. Buina, Izv.  Akad. Nuuk SSSR, Ser. Khim., 168 
(1969). 
(g) A. I .  Razumov, B. G. Liorber, M. B. Gazizov and 2. M. Khammatova, Zh. Obshch. Khim., 
34, 1851 (1964). 
(h) I .  A. Nuretdinov and E. I .  Loginova, Izv. Akud. Nuuk SSSR, Ser. Khim., 2827 (1973). 
( i )  E. I .  Loginova, I .  A. Nuretdinov and Yu. A. Petrov, Teor. Eksp. Khim., 10, 75 (1974). 
6) R. R.Shagidullin, I .  P. Lipatova, I .  A. Nuretdinov and S .  A. Samartseva, Dokl. Akad. Nuuk 
SSSR, 211, 1363 (1973). 
(k)Y. Y. Borovikov, E. V. Ryl’tsev, 1. E. Boldeskul, N. G. Feshchenko, Y. P. Makovetskii and 
Y. P. Egorov, Zh. Obshch. Khim., 40, 1957 (1970). 
(m) P. A. W. Dean, Can. J .  Chem., 57, 754 (1979). 
(n) D. H. Brown, R. J. Cross and D. Millington, J .  Organomet. Chem., 125, 219 (1977). 
(p) B. Wrackmeyer, Z .  Naturforsch., 39b, 533 (1984). 
M. Nardelli, C. Pelizzi and G .  Pelizzi, Inorg. Chim. Actu, 33, 181 (1979). 
(a) D. W. Meek, G. Dyer and M. 0. Workman, Inorg. Synth., 16, 168 (1976). 
(b) T. S. Lobana and S. S .  Sandhu, J .  Chem. Sci., 4, 37 (1978). 
(a) A. W. Down, Chem. Commun., 1290 (1968). 
(b) T. Austad, J .  Songstad and K. Ase, Acta Chem. Scand., 25, 331 (1971). 
(c) A. Martinsen and J .  Songstad, Acta Chem. Scund., 31A, 645 (1977). 
(d) A. S. Foust, Chem. Commun., 414 (1979). 
H. J. Gysling, N. Zumbulyadis and J .  A. Robertson, J .  Organomet. Chem., 209, C41 (1981). 

576. 

577. 
578. 
579. 
580. 
581. 
582. 
583. 
584. 
585. 

586. 

587. 
588. 
589. 
590. 

591. 
592. 
593. 
594. 
595. 

596. 

597. 
598 
599 
600 
60 1 

602 
603 

604. 

605. 
606. H. J. Gysling, H. R. Luss and D. L. Smith, Inorg. Chem., 18, 2696 (1979). 



854 Henry J. Gysling 

607. N. Kuhn and M. Winter, J .  Organomet. Chem., 249, C28 (1983). 
608. P. L. Goggin, R. J. Goodfellow and S .  R. Haddock, Chem. Commun., 176 (1975). 
609. Asahi Chemical Industry Company, Ltd., Japanese Pateni, No. 53 143216 (1978); Chem. 

610. R. K.  Chadha and J .  E. Drake, J .  Organomet. Chem., 286, 121 (1985). 
61 1 .  S. A. Gardner, J .  Organomei. Chem., 190, 289 (1980). 
612. H. H. Glazebrook and T. G. Pearson, J.  Chem. Soc., 589 (1939). 
613. F. W. B. Einstein, C. H. W. Jones, T. Jones and R. D. Sharma, Inorg. Chem., 22,3924 (1983). 
614. L. Y. Chia and W. R. McWhinnie, J .  Organomet. Chem., 148, 165 (1978). 
615. W. R. McWhinnie and V. Rattanaphani, Inorg. Chim. Acia, 9, 153 (1974). 
616. (a) I. Davies and W. R. McWhinnie, Inorg. Nucl. Chem. Letiers, 12, 763 (1976). 

Abstr., 90, 195607s (1979). 

(b) 1. Davies, W. R. McWhinnie, N. S. Dance and C. H. W. Jones, Inorg. Chim. A m ,  29, L217 
(1978). 

617. N. Kuhn and M. Winter, J.  Organomet. Chem., 252, C86 (1983). 
618. W. Hieber and T. Kruck, Chem. Eer., 95, 2027 (1962). 
619. K. Ofele and E. Dotzauer, J.  Organomei. Chern., 42, C87 (1972). 
620. A. D.  Garnovski, G. M. Abakarov, I. D. Sadekov, V. I. Minkin, T. G .  Cherkasova and S .  Yu 

Varshavskii, Koord. Khim., 10, 234 (1984); Chem. Absir., 100, 202373t (1984). 
621. M. F. Lappert, T. R. Martin and G. M. McLaughlin, Chem. Commun., 635 (1980). 
622. M. F. Lappert, J. J. McQuitty and P. L. Pye, J.  Chem. Soc., Dalton Trans., 1583 (1981). 
623. H. Fischer and S .  Zeuner, J .  Organomet. Chem., 252, C63 (1983). 
624. H. Fischer, E. 0. Fischer, R. Cai and D. Himmelreich, Chem. Ber., 116, 1009 (1983). 
625. R. C. Paul, R. K. Chadha, B. S. Bhandal and G .  Singh, Inorg. Chim. Acta, 52, 125 (1981). 
626. H. J. Gysling, Proceedings of the 3rd Iniernational Symposium on Organic Selenium and 

627. S. J. Anderson and R. J. Goodfellow, J .  Chem. Soc., Dalton Trans., 1683 (1977). 
628. N. S. Dance and C. H. W. Jones, J .  Organomet. Chem., 152, 175 (1978). 
629. A. Z. Al-Rubaie and W. R. McWhinnie, J .  Organomet. Chem., 235, 59 (1982). 
630. P. Granger, S. Chapelle, W. R. McWhinnie and A. Al-Rubaie, J.  Organornet. Chem., 220, 149 

631. R. E. Cobbledick, F. W. B. Einstein, W. R. McWhinnie and F. H. Musa, J .  Chem. Res., 
1901(M) (1979); 145 (S) (1979). 

632. R. T. Mehdi and J. D. Miller, J.  Chem. Soc., Dalton Trans., 1065 (1984). 
633. A. G .  M. Barrett, D. H. R. Barton and R. W. Reed, Chem. Commun., 645 (1979). 
634. K. L. Lerstrup and L. Henriksen, Chem. Commun., 1102 (1979). 
635. D. H. R. Barton and S. W. McCombie, J .  Chem. Soc., Perkin Trans. 1 ,  1574 (1975). 
636. R. E. Lyons and E. D. Scudder, Ber. Dtsch. Chem. Res., 64, 530 (1931). 
637. U. Behrens, K. Hoffmann and G .  Klar, Chem. Ber., 110, 3672 (1977). 
638. R. E. Cobbledick, N. S. Dance, F. W. B. Einstein, C. H. W. Jones and T. Jones, Inorg. Chem., 

639. D. Mohr, H. Wienand and M. L. Ziegler, J .  Organomei. Chem., 134, 281 (1977). 
640. W. Hieber and R. Kramolowski, 2. Anorg. Allgem. Chem., 321, 94 (1963). 
641. L. Y. Chia and W. R. McWhinnie, J .  Organomet. Chem., 148, 165 (1978). 
642. R. J. Haines, J. A. DeBeer and R. Greatrex, J .  Organomei. Chem., 85, 89 (1975). 
643. G .  Ferguson, C. Hannaway and K. M. S. Islam, Chem. Commun., 1165 (1968). 
644. C. H .  W. Jones, N. S. Dance and H. J. Gysling, Proceedingsof the4ih InternationalConference 

on the Organic Chemistry of Selenium and Tellurium, Birmingham, England. July 25-29, 1983, 

Tellurium Compounds, Metz, France, July 9-12, 1919, p. 373. 

(1981). 

20, 4356 (1 98 1). 

p. 492. 
645. N. S. Dance and C. H. W. Jones, J .  Organomet. Chem., 152, 175 (1978). 
646. W. A. Herrmann, J. Weichmann, U. Kiisthardt, A. Schafer, R. Horlein, C. Hecht, E. Voss and 

647. W. A. Herrmann, C. Hecht, M. L. Ziegler and B. Balbach, Chem. Commun., 686 (1984). 
648. H. Werner, J. Wolf, R. Zolk andU. Schubert, Angew. Chem. (Intern. Ed. Engl.),22,981 (1983). 
649. F. D. Williams and F. X. Dunbar, Chem. Commun., 459 (1968). 
650. (a) K. L. Brown, G .  R. Clark, C. E. L. Headford, K. Marsden and W. R. Roper, J .  Amer. 

Chem. Soc., 101, 503 (1979). 
(b) G .  R. Clark, C. E. L. Headford, K.  Marsden and W. R. Roper, J .  Organomei. Chem., 231, 
335 (1982). 

R. Serrano, Angew. Chem. (Intern. Ed. Engl.) ,  22, 979 (1983). 



18. Ligand properties of organic Se/Te compounds 855 

651. 
652. 
653. 
654. 
655. 
656. 
657. 
658. 

659. 
660. 
661. 
662. 

663. 
664. 
665. 
666. 

667. 
668. 

669. 
670. 

671. 
612. 
673. 
674. 
675. 

T. J. Collins and W. R. Roper, J .  Orgunornet. Chem., 159, 73 (1978). 
D.  A. Lesch and T. B. Rauchfuss, Inorg. Chem., 20, 3583 (1981). 
M. Heberhold, D. Reiner and D. Neugebauer, Angew. Chem. (Intern. Ed. Engl), 22,59 (1983). 
H. Schumann, M.  Magerstadt and J .  Pickardt, J. Orgunomei. Chem., 240, 407 (1982). 
G. Cetini, P. L. Stanghellini, R. Rossetti and 0. Gambino, J .  Organomet. Chem., 15,373 (1968). 
G .  Cetini, P. L. Stanghellini, R. Rossetti and 0. Gambino, Inorg. Chim. ACIU, 2 ,  433 (1968). 
P. L. Stanghellini, G.  Cetini, 0. Gambino and R. Rossetti, Inorg. Chim. Actu, 3, 651 (1969). 
M.  K. Chaudhuri, A. Haas, M .  Rosenberg, M. Velicescu and N. Welcman, J. Orgunomet. 
Chem., 124, 37 (1977). 
S. Aime, L. Milone, R. Rossetti and P. L. Stanghellini, J. Chem. SOC.. Dalton Trans., 46 (1980). 
D. A. Lesch and T. B. Rauchfuss, Organometullics, 1, 499 (1982). 
L. E. Bogan, D. A. Lesch and T. B. Rauchfuss, J. Organomel. Chem., 250, 429 (1983). 
R. Rossetti, G. Cetini, 0. Gambino and P. L. Stanghellini, Afti .  Accud. Sci. Torino, 104, 127 

R. Rossetti, P. L. Stanghellini, 0. Gambino and G. Cetini, Inorg. Chim. Actu, 6 ,  205 (1972). 
D. A. Lesch and T. B. Rauchfuss, h o g .  Chem., 22, 1854 (1983). 
R. C. Ryan and L. F. Dahl, J. Amer. Chem. SOC., 97,6905 (1975). 
(a) J. Berkowitz, J.  Chem. Phys., 62, 4074 (1975). 
(b) D. G .  Streets and J. Berkowitz, J. Elec. Spectry Relut. Phenom., 9, 269 (1976). 
A. S. Faust and L. F. Dahl, J. Amer. Chem. SOC., 92, 7337 (1970). 
(a) Y. Shvo and E. Hazum, Chem. Commun., 829 (1975). 
(b) J .  Elzinga and H. Hogeveen, Chem. Commun., 705 (1977). 
(c) R. J. Lawson and J .  R. Shapley, J. Amer. Chem. SOC., 98, 7433 (1976). 
N. Zumbulyadis and H. J. Gysling, J. Organomet. Chem., 192, 183 (1980). 
(a) H. D. Beckey and H. R. Schulten, Angew. Chem. (Intern. Ed. Engl.), 14, 403 (1975). 
(b) D. E. Games, J. L. Cower and L. A. P. Kane-Maguire, J.  Chem. Soc.. Dalton Truns., 1994 
(1 981). 
(c) L. H. Staal, G.  Van Koten, R. H. Fokkens and N. M. M. Nibbering, Inorg. Chim. Actu, 50, 
205 (1981). 
(d) D. E. Games, L. A. P. Kane-Maguire and D. A. Sweigart, J .  Organomel. Chem., 234, 323 
(1982). 
J. L. Vidal, W. E. Walker, R. L. Pruett and R. C. Schoening, Inorg. Chem., 18, 129 (1979). 
1. L. Vidal, W. E. Walker and R. C. Schoening, Inorg. Chem., 20, 238 (1981). 
J. L. Vidal and J. M. Troup, J.  Orgunomet. Chem., 213, 351 (1981). 
J. L. Vidal, Inorg. Chem., 20, 243 (1981). 
R. C. Ryan, C. U. Pittman, J. P. O’Connor and L. F. Dahl, J. Orgunornet. Chem., 193, 247 
(1980). 

(1969- 1970). 



Author Index 
This author index is designed to enable the reader to locate an author's name and work with the 
aid of the reference numbers appearing in thc text. The page numbers are printed in normal type 
in ascending numerical order, followed by the reference numbers in parentheses. The numbers in 
italics refer to the pages on which the references are actually listed. 

Aarskog. J .  
Abakarov. G .  487 (1020). 515 
Abakarov, G .  M. 
Abdelharnid. A. 467 (814a.814b). 5 /0  
Abdullaev. G. B.  
Abe. H. 623 (48,459.657 
Abel, E. W. 

115. 116 (247). 153 

814.820 (620). 854 

289.29 1 (24). 304 

114 (245.246). 1 15 (246). 153. 

(79. 112). 709(1X~I86),710(183-188). 
712 (184-188). 713 (188), 721 (2). 727.729 

191-193 (16). 23Y. 680 (2). 681 (19). 690 

(257). 742 (339). 743 (345-347). 744 (339. 
345-347), 748 (339), 750 (339,345). 771 
(437), 773 (257,437-439). 774 (437-439. 
443-446). 775 (437.438). 776 (444-446). 
801 (445). 819 (I84), 83Y, 840.842.844. 
846.848.850 

684-686 (40). 726 (251). 727 
(251.262a.262b. 263). 728(251). 730 
(270). 732 (270. 289.290), 738 (289). 739 
(251.289). 770 (424). 771 (424.425). 778 
(424). 802 (548). 84/ .  846.847.549.852 

Ablov, A. V. 

Abragarn. A. 193 (20), 23Y 
Abriirnenko. P. 

Abroin, L. 582 (177). 615 
Abronin, I .  
Abronin. I .  A. 

(147). 615.616 
Acampora. L. A.  

(18). 341 
Achcson. R. 461 (712),508 
Ackermann. K. 723-725 (249). 846 
Adarns. D. M. 690 (85). 842 
Adams. F. 165, 167-169 (71). 186 
Adams. G. E. 292 (34). 2Y4 (46). 298 (54). 

Adarns, W. J .  89 (140. 141). 151 
Adamson, A. W. 
Addison. A. 483 (983). 514 
Adiwidjaja, G .  456.458 (640). 507 

437 (420). 438 (436), 439 
(443.445). 472 (875). 502.503.5l2 

431 (378.37Y). 434 (396). 502 
578.579 (147). 588 (200). 596 

334 (18). 340 (38). 331 

30 1 (64.65). 305 

779.780 (458). 850 

Adlcy. T. J .  261 (64). 284 
Adloff, J.-P. 374 (24). 3Y4 
Adloff, J.P.  371 (13),3Y4 
Adloff. M. 374 (24).394 
Adriaensscns, E. 
Agenas. L. 493 (1068b). 5 /6  
Agenis. L.-B. 

Agenis. L. B .  
Ager, I .  R .  
Agnew, J .  E. 
Aharon-Shnlom. E. 

Ahcrn. D. 638 (223). 660 

163. 165 (J7), 186 

546 (245). 557.641 (266.273, 

249 (33). 284 
275.276). 661 

575 (124). 614 
392 (l32), 393 (1 58). 3Y7 

448,450 (544), 451 (577. 
578). 505. 506.651 (416). 664 

Ah-KoW, G. 41 I .  412 (148. I49), 413,430 
(14Y), 438 (149. 429.433). 497.503.581 
(181). 586 (194). 615.616 

Ahlers. D. 456 (642). 507 
Ahlcrs. H .  652 (438). 665 
Ahlcrs. K. 
Ahrned, A. K. S. 
Aime. S. 

855 
Ainscough. E. W. 

6Y7(129. 134). 775,778(128, l34).84.3 
Aircs. B. E. 
Aitken. G. B. 684-686 (37.38). 841 
Ajello. E. 491 (IOhla). 5/6.525 ( X I ) ,  554 
Akahori.Y. 321,323.323(59).32Y 
Akasaka. K. 622 (38). 657 
Akhmedov. I.M. 623 (62.63). 624 (80.82). 

65 7,658 
Akishin, P. A. 
Akiyama, H. 383 (72d),3Y5 
Akulin, Y .  

465 (788b). 509.510 
Akulinin. 0. 410 (125). 497 
Akulinin. 0. B. 

Albanov. A. 1. 

455 (627). 489 (1043). 507,5/5 

808 (573). 832,836.837 (659). 852. 

695 (128. 129). 696 (134). 

690 ( 1  12). 842 

690 (72). 842 

76 (80). 14Y 

462 (724726). 363 (727-731). 

89.90. 128 (143). 151. 383 
(73). 3Y5 

624 (99). 658 

857 

The Chemistry of Organic 
Selenium and Tellurium 
Compounds Volume 1 
Edited by S. Patai and Z. Rappoport 
0 1986 John Wilev & Sons Ltd 



858 Author Index 

Albeck. M. 244.252 (4).  28.7.406 (64.65). 
447 (64). 462 (7%). 495.50Y. 530 (145). 
555,651 (415),664 

694 (125). 843 Albridge, R.  G .  
Alcock, N .  W. 

Aldoshina. M. 2. 
Aldrich. J .  E. 301 (64).305 
Alcby. S. 100 (204). 152 
Aleksandrowicz, J .  

304 
Aleksanyan, V.  T.  
Alekseev, N.  

Alexander. J .  165 (48). 186 
Alguacil. F. 726.728 (253). 846 
Ali, M. A. 680.782.815 (12e). 840 
Alicino. J. F. 163. 183 (23). 185 
Aliev. A .  Yu. 624 (80.82). 658 
Aliev, I .  A. 
Al-Janabi, M. V. 
Allaway, W .  H .  387 (83).396 
Allen, D. 462 (723b). 509 
Allen, D. W. 364 (69),367 
Allen. P. Jr .  643 (361), 663 
Allenmark. S .  421 (280). 500 
Al1ison.J. L. 739 (319),847 
Allkins. J .  R .  
Almenningen. A .  

Almquist, S. 
Almquist. S. 0. 
Al'pert. M. L. 563 (36). 612 
Al-Rubaic, A.  221.222.226228.234 (93), 

240 
Al-Rubaie, A. 
Al-Rubaie, A. Z. 
Alsop. P. A. 779 (467), 850 
Alstad. J .  303 (72,73),305 
Altona. C. 139 (314). 154 
Al-Turaihi. M. A. 

522 (36). 553 
Alvey. P. J .  
Ambrose. K .  R .  

Amel. R. T. 
Amcro, R.  B.  

Ames, A.  348 (14). 366 
Amis. D. 439,453 (446), 503 
Amosova. S. 
Amundsen, F. 467 (821), 511 
Amundsen, F. A .  
Anastaseva. A. 402.420 (18). 4Y4 
Anastaseva. P. 420 (271).500 
Andersen, C. 407,412 (94), 4Y6 
Andersen, J .  244,269,283 (3). 283,448 

10 (55). 19.537 (172). 556. 
686 (46c). 841 

95 (171). 151 

289 (22 .23 ) .  291 (22 ) .  

383 (69a. 69b. 70). 3% 
419 (251.252). 431 (372). 435 

(25 I ,  402), 438 (25 I .  426). 4YY. 502.50.3 

563 (37). 612 
732 (2x4). 847 

690 (67.6X). 841 
72 (57.60.67). 87 (124). 

89.90 (142). 149-151 
405. 469 (60h). 495 

220 (80). 240 

7 (26). 18.819 (630). 854 
819 (629). 854 

165 (55). 186,521 (33). 

721 (232). 845 
375 (26), 381 (49) .  392 (26. 

49),394.395.651 (405-407,412),664 
603 (299). 618 

131 (300), 132. 143 (300. 301). 
145 (326), 154.155 

407 (93). 493 (1068~).  496.516 

117, 118 (263). 153 

(545). 449 (566). 505 
Anderscn. J .  R.  
Anderscn, K .  449.450 (561). 505 
Anderscn. K .  K. 

Anders0n.J. A. 221 (88).240 
Anderson, J .  W. 349-352 (16).366 
Anderson. P. C. 690 (63). 841 
Anderson. S.J.  

Ando. A .  
Ando.1. 389(112).396 

94 (166). 151 

194. 20X. 209 (24). 220 (24. 
85). 239.240.675 (33). 677 

164 (36). 185. 690 (91.92). 
773,774 (91) ,  XI6 (627). 842,854 

389 ( 1  12). 396 

Ando. R. 10 (53). 19,550 (273). 558.609 
(335). 618 

Andrae. K .  741.751 (328).847 
Andren. A.W. I83 (136). 187 
Andresscn. J .  R. 390(121).391 (124J.397 
Andrcws, G .  C. 
Andrcws. R. W .  
Andrieu. C. 480 (039), 3-13 
Andrzejewski, S .  458 (667). 507 
Angelelli. J .  M. 
Angclici. R .  J .  716(206). 740(322).845.847 
Anger. V. 167 (85). 186 
Anisimova. G .  F. 

Anokhin. Y. N.  392 (142),397 
Anonimova, I .  V. 
Ansorge. U .  9 (42). 18 
Anteunis. M. 

513 
Anthoni. U .  
Antsyshkina. A.  S .  
Aoai. T. 

604 (321). 618 
I84 (158). 188 

565 (62), 613 

164 (39.45). 165 (56. 57), 
I86 

106 (227). 153 

404 ( 5 2 ) ,  480 (52.943). 4Y5. 

68 (31). 148.468 (X31) .5/1 
730 (272). 846 

403 (33). 495. 632.633 (187. 189). 
636.638 (217), 639 (187), 641 (306-308). 
660.662 

Apostolescu. M. 488 (1040a). 515 
Aragi, M. 520, 521 (32).553 
Araki. S. 

Arase. A. 641 (297.299). 662 
Arhusow, B.  A. 
Arbuzov, B. 
Arbuzov, B. A. 
Archer, S .  456 (643). 507 
Arcoria. A. 

613 
Ardaillou. N.  393 (151).3Y7 
Arens, J .  F. 651 (395), 664 
Arigoni, D. 639 (l24), 658 
Arjunan, P. 469 (844). 511 
Arnau, C. 
Arnold, A.  404 (53b), 4% 
Arnold. A.  P. 

848 
Arpe, H. J .  

(460), 665 

356 (3X). 366,762.763.784 (394). 
84Y 

547 (251). 558 

106 (226.227), 153 
407 (87). 410 (124), 496.497 

412 (153). 4Y7.568.594 (90). 

25 (28.53), 27 (18). 60.61 

624 (81), 658.747 (355,356) ,  

527,528 (1 12), 555,653,654 



Author Index 859 

Arshadi. M. R. 
(82). 285 

Artemenko. M. V. 
Artcmov, V .  458 (670). 508 
Artyukhin. V. 457 (659). 507 
Artz, R .  S. 
Asnhi, Y. 

Ascherl. A .  
Asc. K. 

Asgarouladi, B. 347 (6). 366 

158. I59 (12), 160.275.283 

704,705 (169). 844 

733.739.740 (291), 847 
589 (203). 592,593 (203.236). 

616,617 
452 (590). 506.641 (276). 661 

13 (73). IY ,  360 (56),367,815 
(604b). 8.53 

Asgharian. R.  
(536). 505 

255.27s. 280 (54). 284.448 

Ash.’P. ’ 106. 107. 124 (228), 153 
Ashby, J .  493 (1069). 516 
Asinger, F. 485 (998). 514 
Aslam, M. 522 (49),553 
Asmanova. A.  457 (659). 507 
Assadi. F. 

Astruc, D. 765 (403). 849 
Aswanova. A.  B. 
Atherton, N .  M .  
Atkins, A.  M. 
Atovanyan. L. 448 (539). 505 
Attanasi, 0. 426. 459 (316).501 
Attanasio, D. 794 (525),85/ 
Atwood,J .  L. 348(13).366,710,712(1X9. 

190, 191b),814(190. 191b),819(191b). 
844 

Aue,  W. 183 (135), 187 
Aue. W. A .  

Aumann, D. 523,545 (61), 554 
Austad, T. 

Awwad, H. K. 387,389 (91),396 
Aygen, S. 403 (46b), 4Y5 
Aynsley, E. E. 

255,278 (49.56). 279 (49). 2x0. 
281 (56). 284,48;1(992). 514 

624 (78). 657 
321,323 ( 5 8 ) ,  329 

742.744.748.750 (339). 848 

I67 (89,92). 170 (89). 171 (93), 
177 (89.92). 183 (89), 187 

13 (73), 19.360 (56). 367,815 
(604b). 853 

641 (274). 661,728,731,732 
(264,265), 734,735 (265), 774 (442). 846, 
850 

Ayrey, G. 642.643 (246). 661 
Azerbaev, I .  457 (659), 507 
Azerbaev, I. N.  

Babichev, F. 
Baccaro. H. R. 
Back, T. 467 (812),5/0 
Back, T. G. 

624 (77-79), 657 

458 (682). 460 (706), 508 
308 (4). 328 

12 (63), 14 (77), I Y ,  318 (39,40). 
329,626(138, 139),643(314),647(138, 
139,333,336,345), 648 (344,354), 649 
(334,335). 659,662,663 

Backer, H. 
455 (617),493 (51).495,496,504,507 

Backer, H. J .  
280), 61 7 

404 (51). 408 (102). 444 (490a), 

548 (260,262), 558.600 (279, 

Backes. C. 409 (120). 497 
Backvall, J .  E. 

Biickvall, J .  E .  

Bacq. 2. M. 288,291 (6).304 
Baddeley. G .  563 (42). 612 
Baddley. W. H. 

653.654 (449). 665 

527 ( 1  13. 114). 529.533 
Biickvall, J . -E .  403 (24). JY4 

(314).555 

741 (327,329). 744 (349). 
745 (327,329,349). 748 (349). 749 (327. 
329),824.825 (329),847,848 

(15-20). 290 (29-33). 29 1 (14-16.29. 
31-33,35.37). 292 (31.35-37,40). 293 
(35,36,41-43.45), 294 (41), 296 (42). 297 
(29.42.48.49). 298 (42.56). 299 (29.60. 
61). 300 (61). 301 (61.66). 302 (35-37). 
304,305 

Bagchi. U. 771,772,774.775 (434). X50 
Bagdasarov. K. N .  
Bagnall, K. W. 

845 
Bahmet. W. 709(179).844 
Baider. L. M. 
Bailar, J .  C. 
Bailey. R .  A .  
Bailly. P. 
Bainbridge. D. R .  381.393 (61).395 
Bairov, V. V. 
Baiwir. M .  

Badiello. R.  234 (120), 241.288 (14, 15), 289 

I84 ( IXO. 181). 188 
288 (4),304.721 (232). 

I84 (165). I88 

736 (306). 847 
681 (26), 840 

455 (615.616), 456 (616). 507 

563 (36), 612 
13 (68), 1Y.  75-77 (76.77). 86 

( l l6) .91 (156). 14Y-151. 191. 199 (7).203 
(7.59). 204,205 (7). 207,208 (63). 210 (7. 
59). 21 1 (59), 212.214.215 (69). 216 (70). 
217 (7), 239. 240.454 (604). 506.563 (41). 
579 (150). 580 (150, 155). 6/2.615 

731,732 (280), 846 Bajpai. K. K. 
Bak,B.  12(65), 19,65(18,  19).89.90(146, 

147). 148,151.405 (57)..464 (57.753), 
495.50Y 

Bak, C. 447 (524), 504 
Baker, J .  W. 
Baker ,K.  L. 706.707(174),844 
Bakthavachalm, V. 439 (450), 503 
Balaes, G. 165 (63), 186 
Balahura, R. J. 700.701.730.737.760 

Balashova, J .  413 (177), 4Y8 
Balbach. B. 829,830,832,833 (647), 854 
Baldini, G .  590.591 (222). 616 
Baldo, M. 
Balfe, M. P. 550 (277), 558,655 (488.489). 

665 
Bali, A .  548 (268), 558 
Balli, H. 

614 
Balodis, K .  446 (515), 504 
Balog, I. 418 (238), 481 (238,950), 494 

563,565.608 (39). 612 

(153c),843 

86 (1 17). 150 

562 (33), 569,570 (33, 102), 612, 

(1074), 4Y9,513,516 



860 Author Index 

Balog. I .  M. 
556 

Baltch. A .  L. 
Balucani. D. 

512 
Balykova: T. 439 (445). 503 
Ban. Y .  622 (38), 657 
Band. A .  J .  600 (278). 617 
Bandurski. R. S .  
Banerjee. A .  93 (162). 151 
Banks. C. H. 365 (73). 367 
Banks. C. K .  650 (367). 663 
Banks, R .  449 (567). 505 
Bannistcr, E. 691,692,695.697(114),842 
Bannou. T. 627 (149). 659 
Barac. G. 288.291 (6),304 
Barak,A.  J .  180(118),187.378(39),3Y4 
Baran. E. J .  803 (553b). 852 
Baranov. E. 439 (441). 503 
Baranov, S .  438 (426). 458 (668.670). 503. 

508 
Barany, H. 458 (677), 508 
Barashenkov. G. 488 (1037). 515 
Barashenkov. G. G. 541 (209-211.212h). 

Barber. M .  245 (10),283 
Bard.A.  J .  621,622(3).656 
Bardi, R. 118. 1 I9 (262), 153 
Bares. J .  E. 
Bargon. J .  407 (82b). 496 
Baringer. W. 

507,514 
Bark, L. S. 
Barker.G. K .  349(16. 17).350-352(16). 

366 
Barker, T. 405 (SY), 495 
Barker, T. V. 
Barmette, W. 403 (46a). 495 
Barnard, D. 642,643 (246), 661,793.794 

Barnes, D. S. 
Barnes, J .  C. 

176), 844 
Barnes, R. M. 
Barnette, W. E. 

Barni, E. 
Barnum, C. 621.622 (8) ,  656 
Baroni, A .  650 (381), 663 
Barr, E. W. 
Barraclough, C. G. 
Barrett, A. G. M. 
Barrett, G. F. 
Barsh. M. K .  
Bartell, L .  S. 

89 (140, 141), 149-151 
Barth, H.  575 (128), 614 

530(143).531 (147. 148).555. 

382 (64). 395 
438.439 (435), 471 (874). 503. 

388,389 (103). 396 

542 (212b). 557 

565,604 (61), 613 

5 (15). 18,457 (649). 485 (994), 

771 (426). 849 

525 (85), 554 

(515), 851 
157-159 (6). 160 
113 (239). 153,706,707 (175, 

165, 167 (73), 186 

(220), 638 (220,224), 639 (230), 659,660 
460 (703). 508,573,574 (I IY) ,  614 

16 (88), 19,627 (150), 636 

183 (142), 188 
798.800 (544), 852 

13 (69), 19,821 (633). 854 
563,565,608 (39). 612 

577,601 (139), 614 
72.76,78 (62), 82 (98). 87 (62). 

Barth. M. 464 (762). 509 
Barthelat. J .  C. 
Bartholomaus. R. C. 

Bnrtmess. J .  E. 
Barton. D. 
Barton. D. H. R. 

33 ( X I ) .  62 
238 (145). 241.382. 

392 (66a). 395 
565.604 (61). 613 

462 (717). 467 (812). 508.510 
10 (52), 12 (63). 13 (69). 14 

(75.76.78). I6 (YO). 19.537 (178. 179). 
556.643 (314.315). 644 (313.315-317), 
645 (319, 320). 647 (325.337-339.347). 
648 (321.322.341-343.346-348). 662. 
663.821 (633). 822 (635). 854 

Barton. R .  M .  381 (56).395 
Barton. T. 
Barton. T. J .  

(38a). 394 
Basch. H .  25 (22,36). 55 (93). 60-62 
Basmadjian. G. P. 370 (4). 371 (1  I ) ,  372 (4). 

375.392(27).393 (4).393.394.651 (409. 
410). 664 

409 ( I  14. 116). 496 
265 (70). 285.378.386.387 

Bastani, M .  442 (475). 503 
Bastiansen, 0. 

Battelle. L.  
Battioni. J .  P.  
Battistoni. P.  
Baudler, M. 
Baudy, M. 458 (673). 508 
Bauer. C. 804,805.832.833 (556a. 556b). 

852 
Bauer, H. 458 (680). 486 (1009). 508.514 
Bauer. S .  H. 

152 
Baughman. R. H. 332.334 (3).341 
Baurnanc. L. K .  
Baus0r.H. W. 527(117).555 
Bautina, I .  V. 642 (291). 662 
Bayet, P. 8 (37). 18.603 (302). 618 
Bayly, R. J .  

Beagley, B.  
Beardwood, P. 

Beath, 0. A .  288 (2),304 
Beatty, H. A .  
Beaulieu, P. 403 (22b), 494 
Beaulieu. P. L. 

637 (213). 660 
Beaulieu, W .  B. 771.772,774,775 (434), 

850 
Bechgaard, K .  17 (102, l03), 20,94 (166, 

167), 151,244 (3), 247 (28), 269.283 (3), 
283,284,448 (542,543,545.549), 449 
(560,561,566568). 450 (542,543,549, 
561,569,570).505,506,576(134),614 

603 (301), 618,638 (227), 651 
(397), 660,664 

72 (67). 87 (124). 139 (312). 
149.150. I54 

128. 138. 139 (29 I ) .  154 
715.719 (218). 720 (228), 845 

426. 459 (316). 501 
16 (96). 20.362 (63). 367 

83 (103). 100. 1 0 1  (194). 150, 

184 (165). 188 

371 (9). 373 (20). 380 ( Y ) ,  393 

72 (58). 83,84 (104). 149.150 
742.748 (340), 806 (561, 

(9,20), 394 

562). 832 (562). 848,852 

6 (25), 18 

635 (201,203.204.206). 636. 

Beck, A. K .  



Author Index 861 

Beck. W. 103 (223). 152.703 (167). 704 (167. 
168). 741 (323). 743 (323,342). 748 (323). 
844,847.848 

Becker. E. D. 191 (9),239 
Becker. W. 464.465 (765). 509 
Beckett. R. 800 (546). 852 
Beckey. H. D. 838 (670a). 855 
Beecher. J .  F. 70 (38). I48 
Beelitz. K. 

513 
Beer. R. 
Beer, K. J .  S .  
Behagel. 0. 
Behaghel. 0. 

Bchan.J. 402(17).4Y4 
Behnam. E. 255.268.278.279 (51). 284.429 

Behrendt. S. 457 (663).507 
Behrens. U.  

Behringer, H. I19 (271). 154 
Bcijer. B. 455.461 (631). 507 
Beinert. H. 

395 
Belchetz. L. 488 (1032). 515 
Belen'kii, G .  405 (62a). 495 
Belen'kii, L. I. 
Bell. H. C .  528(128).555 
Bell. M. C .  387 (85.86).396 
Bcllingcr, N. 

Bellitto. C. 794 (525). 851 
Belyaeva. V. K. 

797 (538). 843,851,852 
Bern, E. W. 
Bender, S. 

Bendix. D. 519 (l7a). 553 
Benedetti, A. 
Benes, J .  

Benfaremo, N .  334,335 (16). 341 
Bengels. D. 528.532,533 (127). 555 
Bennett, F. 455,457 (626).507 
Benson, I .  B. 
Benson, J .  V. Jr. 
Benson, S. W. 
Bentley, M. D. 
Bentley, T. W. 
Benton, A. J .  
Berding. H. 485 (998), 514 
Berg, C. 

(%I) ,  464 (57). 495,505 
Berg, U.  13 (71), 19 
Bergen, H. A.  
Bergenthal, A. 407,409,414 (97b), 496 

435 (403-405). 478 (921). 502. 

467 (820a. 824), 511 
118 (265). 153 

626 (144). 629 (164). 639 
428 (334). 486 (1001). 501,514 

( 144), 659 

(359). 501 

102. 106 (222). 152.825.827 
(637). 854 

238 (145). 241.382.392 (66a). 

582 (177). 615 

428 (348.349), 471 (865.866). 
472 (877,878). 490 (105 I ) .  501.512.51.5 

700 (155). 789 (507). 796, 

163 (28). 185 
406 (63), 447 (528.529), 451 

(528), 495.505 

262 (66.67). 263 (67). 284 
165 (76). 167 (76.86), 168 (86). 169 

(76.86). 170 (76). 186,393 (145).397 

750 (361). 848 
179. 180 ( 1  13). 187 

157 ( 3 ) ,  159 (3, 13), 160 
571 (109). 614 
248 (30), 284 
808,813 (578), 853 

12 (65). 19.405 (57), 449.450 

696,697.775,778 (l34), 843 

Bergesen. K. 361 (62). 367 
Bergman. A. 15 (86). I 9  
Bergman. J. 135. 143 (304). 154.403 (23). 

406 (65). 419 (244). 427 (328). 442 (328. 
461.462). 460 (701). 462 (723a). 483 
(972).487(1021).492(701).494.4Y5. 
490,501. 503.508.509.514.515.519 (18). 
520 (21.22). 522 (18). 525 (95.218). 527 
( I  14. 115). 528 (136). 529 ( 1  14. 137. 141). 
530(136).531 (149. 151).532(157. 158). 
533(114),534(157.158).543(151),544 
( 1  15. 219). 553-557.585.590.596 (187). 
616.651 (41.5). 653 (448.450). 654 (462. 
463). 655 (462.463.478.479). 664.665 

184 (153). 188,337 ( 3 0 ) .  338 
(34). 341.444 (488.489,491,493.494). 
480 (941). 484 (987). 493 (1067, 1068a). 
504.513.514.516 

Bergson. G. 

Bergstrom. F. W. 
Berkowitz. D.  S. 
Berkowitz. J .  
Berlin. K.  469 (844.846).511 
Berlin. K. D. 
Bernal, I .  

520 (67). 554 
25 (40). 61 

832 (666a. 666b). 855 

253 (44). 284 
71O.712 (189. 190. 191b). 811 

(584),814(190, 191b).819(191bj.844. 
853 

Bernier, F. 101 (199), 152 
Berress, L. 575 (128). 614 
Berry, F. 489 (1049). 515 
Berry. F. J .  

233 (103). 241.526 ( 102). 555 
Berry. J .  788.791.792 (500). 851 
Bersin. T. 537 (180). 556 
Bertelli, E.  759-761 (373). 848 
Berthier.G. 321.323(61).329 
Berti, M .  163 (34). 185 
Berth.  D. 
Bertini. D. 164 (43). 186 
Bertini, I .  732 (282). 847 
Bertini. V. 

98 (190). 152.225.226.228.229. 

410 (128, 129). 419 (241). 497,499 

454 (607). 466 (797-800). 467 
(815).506.510,583(179).584(182.206). 
595 (243). 597 (252-254). 615617 

Bertleff. W. 767,768 (414). 849 
Bertz. S. 448,450 (544). 505 
Besnard. M .  297 (52), 305 
Beurskens. P. T. 

Beyer, H. 
Beyer, L. 

Beyer, W. 
Bezoari. M. 415 (?lo), 498 
Bezzi. S. 445 (503), 504 
Bhandal. B. S. 
Bhargava. S. K. 

102 (218). 152.794,795 
(530). 796 (534). 852 

455 (632,633). 456 (632-635), 507 
784,786 (478.479). 788 (501). 792 

(501,509), 795 (479). 850.851 
162. 165 (13), 185 

814,824 (625). 854 
114, 115 (246), 153,710,712 

(187, 188), 713 (l88), 771 (437), 773 
(437439), 774 (437439,446), 775 (437, 



862 Author Index 

438). 776 (446). 844,850 
Bhasim. K .  K. 522 (45),553 
Bhattacharya, R. N. 
Bhatti. M. M .  

(187). 774.776 (446), 844.850 
Bianchini. C. 

849.851 
Biellmann. J. F. 
Bielska. M .  T. 
Bierschenk. T. R. 
Biezais. A. 

Biezais-Zirnis. A. 476.492 (907). 512 
Bighi, C .  
Bigoli. F. 794.795 (529). 852 
Bilderback. J. A. 
Bildstein. B.  545 (229). 557 
Bilinski. S. 
Billmers. J .  M .  
Binkley. J .  S. 

681 (21.22). 840 
114. llS(246). 153.710.712 

765,766 (409). 788.791 (498). 

604 (320). 618 

355 (31). 366 
338 (34).34/. 444 (493). 493 

648 (341). 663 

(1067. 1068a).504.516 

600 (282). 618.621.622 ( 5 ) .  656 

522 (37), 553 

456 (636638). 489 (637). 507 
9 (48). 1Y. 624 (IJX), 659 
25 (44.48.49.62,64). 30 (48. 

62.64). 33 (49). 34 (48.49.62). 54 (48. 
62). 56.57 (48). 61 

Birchall. T. 
240 

Bird. C. 
Bird. C. W. 586 (212). 616 
Bird. M .  L. 546 (248). 558.639.650 (141). 

659 
Bird. P. H. 522 (47). 553 
Bird. R. B. 201 (44).239 
Birknes. B. 117 (252), 153 
Birner. B. 784,786.79.5 (479). 851 
Bisby. R H. 301 (64.65).305 
Bjerre. C .  
Black. D. 403 (47). 495 
Blacklaws. I .  M .  
Blackman, G. L. 
Blackman. L. C .  F. 
Bladon. P. 465 (779). 510 
Blaettner. K .  487.492 (1029). 515 
Blaha. K .  673 (26). 677 
Blair, L. K. 
Blair, W .  R. 
Blake, A. J .  
Blanpain. P. 320 (52). 329 
Blanquet. G. 64 (10). 148 
Blarzino. C. I81 (121). 187 
Blau. M. 374 (22). 380 (47). 387 ( X I ) .  3SX. 

389 ( 1  01). 3Y43Y6 
Blecher. A. 357 (41.44). 358 (44.47.48). 

366 
Blechschrnitt. K .  768.770.829.830 (421). 

849 
Blinokhvatov, A. 478 (923). 513 

196. 199.205 (33). 217 (74). 239. 

401 (8a) .  465 (792). 494.510 

12 (65). 19.405.464 (57). 495 

754-756 (366). 848 
90 (150). 151 

641 (260.265). 661 

201 (43). 239 
165. 167. 169 (70). 186 
697.778 (140~). 843 

Bloch. A. 17 (104). 20.448 (542. 543.546. 
548). 449 (567.568). 450 (542.543.546. 
548). 451 (579). 505.506.65 I (417). 664 

Bloch, A. N.  
284 

Block. B. 741 (324.325).810(583),847,853 
Block. E. 
Block. H. D. 344(2).347(11).365,366.621, 

622 ( 14), 656 
Blom, R. 72.90 (65), 149 
Bloodworth. A. J. 
Bloom. S. M .  690 (9b). 83Y 
Blottner, A.  393 (146). 397 
Blount, J .  F. 
Blukis, U.  72.90 (66). 149 
Blurock, E. S. 
Bobadilla. M. 732,738 (286). 847 
Bobylev. V. 444 (496). 504 
Bobylev. V. A. 
Bochacheva, L. 430 (367). 501 
Bochkarev. M .  N.  

Bochmann. G .  

Bock, H. 

94 (167. 168), 151,247 (28). 

11 (57). 19. 88 (133). 150 

646 (331). 662 

636638 (210). 660 

25.29.30.33 (71). 61 

624 (85,91). 658 

183 (143). 188,353 (19). 
356 (32.33). 366. 716 (202). 845 

(247). 558.721.722 (239). 845 

238 ( 142). 241,245 (14. 15). 283.403 
(46b). 495 

546 (247). 548 (247,264). 549 

I 1  (57). 19, 78 (90). 86 ( I  18). 150, 

Bodart, F. 163 (35). 185 
Bogan. L. E.  

Bogdanov, V. 430 (366). 501 
Bogert. M .  

(678), 460 (702). 496.508 
Bogert, M. T. 586 (210). 616 
Boggs. J .  E.  

Bohm. J .  427 (327). 501 
Bohnke. F. 
Boiko. V. N.  
Boiko, Yu. A.  
Boldeskul.1. E.  815 (601k).853 
Bolinger, C .  M .  

Bologa . M . 
Bologa, 0. A. 
Boloshchuk. V. G .  
Bonamico. M. 

Bonati, F. 754 (364). 848 
Bondi. A .  78 (89). 150 
Bonfanti, L. 584 ( I S ) ,  615 
Bongartz. A.  357.358 (45). 366 
Bonora. S. 
Boord, C. E. 
Boorrnan, P. M .  
Booth, G. 680 (9d). 840 
Bor. G. 81 I (595), 853 
Borch. G. 68 (31). 148 
Bordeli. R. S. 245 (10),283 
Bordwell. F. G. 

808 (575). 832.835.837.838 
(661). 852.855 

407.412 (94). 458 (678.679). 459 

25 (43.60). 61. 126 (287), I39 
(312). 154 

483 (982). 514.521 (34). 553 
622 (34). 657 

651 (394). 664 

798.799 (542). 806 (56%). 
81 1 (542), 852 

277 (88). 285 
732 (290). 847 

102-105 (205). 152.794 (520). 
565 (53). 612 

85 1 

293 (43). 298 (56) .  305 
527 ( 1  I X ) ,  555 

695,697 (130). 843 

565.604 (61), 613 



Author Index 863 

Borek, B. 801 (547), 852 
Bornmann, P. 650 (363). 663 
Bornstein, J .  
Borovikov.Y. Y. 815(601k).853 
Borsdorf. R. 457 (663), 507 
Bortnikov, G. N. 
Bory. S. 419 (242), 4YY 
Bos, H. 455 (617). 507 
Bossche, G. v. d .  
Bossert, F. 473 (891), 512 
Bottcher. R. 786,789 (504b). 851 
Bouchier. I .  A. D. 
Bouman. T. D. 
Bourguignon. J .  430 (362).50/ 
Bowater, I .  C. 
Bowden, K. 571 (108). 614 
B0wie .E .J .  W. 381,393(52),395 
Bowles. A. 381.393 (58).3Y5 
Boyd, G. S. 651 (408), 664 
Bradford Camp. R. Jr. 
Bradt, W. E: 520 (68),554 
Brady, K. R. 
Brahler, G. 238 (142). 241 
Bramwell, F. 488 (1042). 515 
Branch, G. E. K. 
Branchi, G. 770 (435). 850 
Brandon, D. 771 (426). 849 
Brandsma. L. 355 (27).366,409.414(118b). 

491 (958). 497.500.505.513.622 (41). 
651 (395.396), 657.664 

Brandt.C. A. 621.622(16),656 
Braumann. J .  I .  201 (43). 239 
Braverman. S. 433 (391). 502 
Bravermann. S. 408 (104). 496 
Braye. E .  407.409.414 (97a), 496 
Braye. E. H. 
Breccia. A. 

427 (321), 501.592 (230). 616 

183 (143). 188 

670 (15). 676 

392 (132), 393 (158),3Y7 
675 (35). 677 

106 (224). 152 

601,602 (289). 618 

179 ( 1  12). 187 

575 (129), 614 

423 (290b). 447 (527). 481 (953-956.958). 

709 (181). 844 
234 (120). 241.288 (15). 289 (15. 

17).290(29).291 (15.29).292(34.40). 
297 (29.48). 299 (29). 304.305 

Bredas. J .  L. 332.334 (3).341 
Bregadze. V. I .  347 (7). 366 
Bregovec. I .  177 (125). 187 
Bremer. B.  
Bremer, J .  380.3X8 (44). 3Y5 
Brcn, V. A .  522 (44),553 
Bren'. V . A .  

Brcwster. A. G. 

Bridger, H .  487,488 (1027), 515 
Bridger. H. J .  332 (5).341 
Briggs. W. S. 
Brinckman. F. E. 

Brintzinger. H. 527.528.533 (119). 555 
Briscoc. H .  

332 (9). 333 (9. 13). 334 (13),341 

574 (120. 121). 577. 601.603 

643 (314). 644 (313.316. 
(138). 614 

317). 662 

671 (20b). 677 
162 (15). 165. 167. 169 

(70). 185,186 

407 (7H. 79). 496 

Britnell. D. 695,697 (l3l) ,  843 
Britten-Kelly. M. 467 (812), 510 
Britten-Kelly, M. R. 12 (63). 19 
Broadhurst. P.  V .  

848,853 
Brodersen, K. 
Brodie, A. M. 

747.753 (358), 81 I (593), 

109 (236.237), 110 (237), 153 
693 (122). 695 (122, 128, 129), 

696 (122. 134). 697 (122. 129. 134), 775, 
778 (128, 134). 843 

Brody. K. R. 
Bromer. B. 336 (25), 341 
Brook, J .  W.  
Brooker, L. 

Brooker. L. G. S. 
Brothers. P. J .  
Brown, A.  J .  335 (22).341 
Brown, D. 721 (232). 845 
Brown, D. G. 
Brown, D. H. 

Brown, D. S. 
Brown, H. C.  

593 (239), 612.617 
Brown, J .  R. 337 (31),34/ 
Brown, K. A. 
Brown. K. L. 
Brown. N.  465 (779),510 
Brown, P. 392 (l30), 3Y7 
Brown. R. 410 (126). 497 
Brown. R. D. 

379 (4l), 3Y4 

643 (361), 663 

481 (952a). 500,506.513 
421 (277), 455 (61 1). 480 (940). 

315 (24),.128 
715,717.767 (215). 845 

387,388 (84). 3Y6 
236 (133). 241.697 (136). 815 

85 (107). 150. 164 (36), 185 
561 (17). 563 (34), 565 (54). 

(601n). 843.853 

696.697.775, 778 (134). 843 
829 (650a). 854 

51.57.58 (94). 62.89 (144. 
145). 90 (145. 150), 106 (224). 151,152. 
569.581 (95). 613 

Brown. T. L. 
Brownlee. R. T. 
Brownlee. R. T. C. 

Bruce, M .  I .  
Brucker. W. 
Brun, P. 565 (64). 613 
Brunner, H. 804.805 (555). 852 
Bruton. G. 622 (39). 657 
Bryant. H. 465 (771). 510 
Bryant. M. W .  R. 
Bryce. M. 

Bryce,M. R. 91 (155). 15/,700(147).84.? 
Buchanan, A.  S. 
Buchardt, 0. 308 (4).328 
Buchikhin. E.  P. 
Buchta. E. 418 (237). 49Y 
Buck. H. 494 (1071). 516 
Buck. H. M. 
Buckler. K. U.  
Buckley. D. J .  
Bucy. W. E. 

658 

736 (304). 847 
565 (62). 613 

202 (54b), 204 (56). 240. 
562,571 (24). 612 

680 (9c). 840 
290.29 1 (27.28). 304 

86 (109), 150 
453 (592-594). 459 (684). 465 

(592-594). 506.508 

569.581 (95). 613 

577.609 (142). 615 

624 (101 ) .  658 
221. 222 (90). 240 
632 (175). 65Y 

70.73 (42). 14Y. 624 (YO), 



864 Author Index 

Budzikiewicz. H. 
284,418 (234), 4YY 

Bugge, A.  430 (363). 501 
Buhl, H. 464 (762),50Y 
Buhlmayer, P. 608 (330), 618 
Buina, N.  A.  815 (601f), 85.7 
Bukharin, B. N. 
Bulka. E. 290,291 (27),304,452 (585,586). 

455 (585,608,627,628.632.633). 456 

(807.809), 467 (809), 489 ( 1043). 506. 
507.510.515,583,586 (204), 616 

Bull, J .  R. 623 (58). 657 
Bulycheva, T .  V. 786,787 (489), 851 
Bunnenberg, E. 670,671 ( I % ) ,  677 
Buno. N .  Jr. 
Bunting, T. G. 699.700 (14%). 843 
Burden, F. R. 51.57.58 (94). 62,89 (l44), 

90(150), 106(224). 151.152 
Ruren, M. S .  165, 177 (74). 186 
Biirer. Th. 671 (20a), 677 
Burger. K. 

Burgess, H. 468 (830).511,550 (279).558. 

Burgett, C. A. 
Burgiel. M. 487 (1019). 515 
Burk. R. F. 

3Y7 
Burke. S. 629 (171). 659 
Burkett. K .  
Burkhardt. E.  W .  739 (318).847 
Burlant. W .  

Burlont. W.  521 (35).553 
Burmeister. J .  L. 

248.249 (32). 252 (42). 

I84 (180, I X I ) ,  188 

(585,586,632-635,642). 458 (585), 466 

521 (3l) ,  553 

90 (153), 151.463 (732-735. 
736a), 484 (733,736a). 50Y 

654 (477), 665 
183 (144). 188 

387.388(84), 391 (125).396. 

102, 103 (214). 152 

428 (336). 462 (720), 501.50Y. 
642 (282), 661,705,706 (170). 844 

697 (138). 700.701.730 
(153a. 153b). 732 (283-285.288). 733 
(291.292a. 292b. 293), 734 (138). 735 

153b. 283.310:). 310b). 738 (283.293. 
3 15). 739 (291.3 16-3 19). 740 (29 1,3 10a. 
310b. 320). 815 (302). 825 (305). 843.847 

(283). 736 (283.288.302-305), 737 (153k1, 

Burns. G. 25 (13). 60 
Burns. R. C. 221,234 (87). 240 
Burns. R .  F. 680.782.815 ( I ~ c ) ,  840 
Burow. M. 788,791.792 (500). 851 
Burstall, F. 404 (SO), 418 (230.233), 444 

( S O ) ,  468 (828,832). 480 (230). 489 (X32). 
491.492(828).4Y5.4YY.511 

Burstall. F. H. 
341,522 (39). 553,654 (475), 665 

Burton. A.  319(47).32Y.624(106).658 
Burton, C. E. 387 (78).3Y6 
Busctti, V. 

Bushkov. A. Y.  
Bushkov, A. Ya. 

333.335 (14). 337 (28.29). 

96 (176. 177, 181). 118. I19 

522.523 (42). 553 
(262). 151-153 

518,520 (4), 553.560 ( 5 ) .  

565(49,51),566(51.69),567(5l,69,84). 
574 (49.69). 611-613 

Bushkov, A. Yu. 
Buso. G. 163 (34), I85 
Buss. B. 567 (79), 613 
Busse, P. J .  

664 
Butler. A.  R. 
Butler, G .  W. 
Butler, I .  S.  

523 (66). 554 

249,251 (40). 284,651 (399). 

572,597 ( I  12). 614 
178-180 (104). 187 

715 (212,213.219-222). 716 
(203.207,212.213). 717 (212.213.219. 

845 
220). 720 (212,213,220-222). 767 (213), 

Buu-Hoi, N.  P. 255 (47), 284 
Buu-HoY, N.-P. 413 (167). 420 (264). 421 

(278). 426 (264,313), 428 (345,346), 438. 
439 (435). 465 (770). 479 (931). 486.487 
(1007), 4Y7.4YY-501,503,5/0.513.514 

Buys, H. R. 
Buzilova, S. R. 
Bycroft. B. M. 
Byron, D. J .  
Bystrov. V. F. 
Bzesovsky, V. M. 
Bzhezovskii. V. M. 

Caccamese. S. 
Cagniant, D. 

139 (314), 154 
651 (403.404). 664 
183 (129), 187 

565 (53). 566 (70). 612.613 
202,203 (53). 240 

563 (36-38). 612 

573 ( 1  l4), 614 

416 (21 I ) .  4Y8 
407 (98). 409 ( I  19. 120). 421 

(276). 428 (348.349), 429 (351). 436 
(409). 439 (438.439). 440 ( I  19). 471 
(866). 472 (877.878), 480 (939), 490 
(1051). 4Y6,4Y7.500-503.512.513.515. 
586 (191). 616 

407 (98-100). 409 ( 1  19, 120). 
419 (258, 259.262). 421 (276). 42.5 (310). 
428 (348,349). 429 (354,355). 432 (384, 

Cagniant, P. 

385). 434 (354). 435 (406.407). 436 (355, 
408-410). 439 (438,439). 440 ( 1  19). 471 
( 100.865.866.868.870). 472 (868.877. 

512.515.585 (1x9). 586 (191). 616 
878). 490 (870. 1051). 496,JY7,4YY-503. 

Cahours. A. 5 , 7  (12). 18 
Cai. R. 

Caillct. P. 65 (l4),  148 
Calabro. D. C. 
Calderazzo, F. 

723-725 (248.249). 814.823 (624). 
846.854 

738 (315). 847 
710.712 (189. 190. 191b), 714 

(195). 814 (190. 191b). 819 (191b). 844. 
845 

(9). 304 
Caldwell. K. A.  

Calhoun. H. P. 
Calingaert. G .  6(25). 18 
Callahan, A. P. 

Callear. A .  
Callomon,J. H. 51.57.58(94),62 

171. 179. 181 (115). 187.288 

546 (242). 557 

375 (26). 381 (49). 392 (26. 
49). 304.3Y5.651 (405-407.412). 664 

402 (12a. 12b). 4Y4 



Author Index 865 

Calo, V. 402 (21). 494 
Calusaru, A.  
Calvo, C. 
Camassei,F. D. 794(521),851 
Camasseto. J .  V. 
Cambie, R. C. 
Cambon, A. 249.251 (39). 284 
Cameron. T. S. 

184 (159, 160), 188 
67-69 (33). 148,685,686 (45). 841 

6 ( I Y ) ,  18 
641 (295), 662 

I I 4  (245). 131 (300) ,  132, 
143 (300,301), 145 (326). 153-155.709. 
710,712,819 (184). 844 

Campana. C. F. 
Campbell. C. 

514 
Campbell. I .  482 (968), 514 
Campbell. T. 
Campbell, T. W. 

Campiglio. A.  164 (41), 186 
Campona, C. F. 
Campos. H. V. de 641 (267), 661 
Campsteyn. H .  77(85).91 (154).92.93 

(164), 149. 151,454(606),506 
Canada, L. G .  
Candrini, G. 759.760 (387), 84Y 
Caneghem. P. van 184 (161), 188 
Cantoni, G. L. 
Canty, A. 404 (53b). 4Y5 
Capeller, C. 452 (590). 506 
Capeller, L. 641 (276). 661 
Caplier, I .  407.409.414 (97a). 496.709 

Caplin, G. A. 
Capozzi, G. 
Capron, B. 

Carazzolo, G .  96 (176-178). 1.51 
Carbarino, G. 675 (31). 677 
Cardinalc, E. 183 (134). 187 
Cardock. S .  348 (15).366 
Cardoso, J .  M. 
Carlowitz, M. von 
Carlsen. L. 456.458 (640). 507 
Carlsson, R. 
Carmack. M. 

17f). 677 
Carneiro. K. 450 (570). 506 
Caroli. J .  393(147).397 
Carpenter. J .  H. 
Carr. A.  465 (781),510 
Carr, E. A. J r .  
Carr, S. W. 194 (25).23Y 
Carrillo. L. 374 (23), 3Y4 
Carroll. P. 

Carruthcrs. T. 448.450 (546), 505 
Cartaxo. E. 0. 
Carter, R. 0. 

714 (l9X), 845 
453.465 (592). 483 (981). 506, 

401 (2). 428 (335). 4Y4.501 
166. 167, 171. 177 (78). 

186,565 (56). 612,629 (159), 65Y 

808 (569), 852 

710,712,814.819 (IYIb), 844 

380 (46). 388 (102a). 395.396 

(181),844 
579 (152). 615 

403 (27.42.43). 494. 4Y5 
430 (368,369.371). 434 (369). 

501,502 

648 (341). 663 
70.80 (48). 14Y 

520 (22), 553,655 (478). 665 
465 (784). 510,670.671 (l7a. 

67 (27). 148 

387 (92),396 

406 (65). 451 (578). 462 (723n). 
495.506.50Y, 651 (415). 664 

690 (75). 842 
803 (553b). 852 

Carty. A. J .  
848 

Caruso. A.  J .  
Casey, J .  P. 
Castellanos. L. T. 
Cataliotti. F. 392 (128), 3Y7 
Cataliotti. R. 378.383 (37a. 37b).3Y4 
Catheline, D. 765 (403), 84Y 
Catlin, W. E. 572 ( 1  13). 614 
Causley,G. C. 245,247(12),283 
Cauty. A.  J .  
Cava. M .  

102 (207), 152.747 (355,356). 

623 (67). 657 
670,671 (17b). 677 

542 (215). 557 

624 (81), 658 
334,335 (16).34/. 402 (20). 406 

(64.65). 426 (318), 432 (382). 442 (474), 

450(551,553,556).451 (578),458(671). 
462 (553.723a). 463 (556). 484 (671). 4Y4. 

447 (64). 448 (535) .  449 (551-553.5.56). 

4Y5.501-503,505.506..508,50Y 
Cava. M. P. 6 (20.22). 10 (50.54). 18. 1Y.  

537(174, 175). 550.551 (175.282),556. 
558.591 (229). 616,624 (95). 651 (415. 
418.419). 652 (433,440-443). 656 (492). 
658,664,665 

Cavalca, L. 770 (435). 850 
Cavallini, D. 

507.622 (36), 657 
Cecchetti, E. 289 (19,20). 304 
Cecconi. F. 
Ceder. 0. 455,461 (631), 507 
Cederbaum, L. S. 
Cederlund. B. 246 (20.22). 283.284.415 

Celander, D. R. 381 (50.51). 393 (50,51. 
160). 3Y5,3Y7 

Celander, E. 381 (50.51). 303 (50. 51, 160), 
3Y5.3Y7 

Celolti. M. 221-223.225.229 (91). 240 
Cenini, S. 
Cense. J .  M.  580(156).604(318).6/5.618 
Cernik, M. 
Cernik. M .  650 (366). 663 
Cervone. E. 794 (521). 851 
Cetini, G .  

181 (120, 122). 187.457 (655). 

81 1 (598). 813 (598.599). 853 

22 ( 3 ) ,  25 (57), 60,61 

(200,203), 498,599 (268,269), 617 

754 (364.365). 755,756 (365). 848 

547 (257). 558.650 (371). 663 

81 1 (591). 832 (591.655-657.662. 
663). 835 (655) .  837 (662), 838 (663). 839 
(591). 853.855 

Chabrie, C. 462 (715).508 
Chacko, E. 
Chadha. R. K .  

427 (321), 501.592 (230). 616 

522 (45). 541.542 (214). 553,557,814 
(610.625), 818 (610). 824 (625), 854 

225,228,229,233 (104). 241. 

Chakraborti. C. L. 
Chakraborti. D. 
Chakravorty. A.  781 (471), 850 
Challenger. F. 546 (248). 558.639.650 

(141),659.731 (279).846 
Chambers, J .  449.450 (554). 505 
Chambers. J .  C. 
Chambers, V. E. M. 

164 (46). 165 (61). 186 
162 (13. 14). 165 (13). 185 

165 (52). 186 
371 (9). 373 (19.20). 



866 Author Index 

380 (9). 393 (9. 19.20).394 
Chan, C. I45 (326). 155 
Chan.L. 519(14).553 
Chan. S. I .  87 (127). 150 
Chan, T. 402 (15), 494 
Chan. W.Y.  676(36b).677 
Chan, Y. K. 
Chance. R. R. 
Chandler. C. 465 (793), 510 
Chandler. G. S. 25 (58). 61 
Chang, M.-M. Y. 
Chang, M. Y. 261 (62), 284 
Chapelle, S. 

165. 167-169 (65.66). 186 
332,334 (3), 341 

107-109, 124 (234). 153 

7 (26). 18,206.210.21 1 (61), 
221 (61,92.93), 222 (92.93). 226-228. 
234 (93). 240.819 (630). 854 

Chaplin, C. A. 
Chapman, D. 697 (135a). 843 
Chapman. N.  B.  

Charov, A .  I .  353(19).366 
Charton, M. 

58). 568.569 (30), 612,613 
Chastain, B. 465 (771), 510 
Chatrousse. A.  411 (142-145). 497 
Chatrousse. A.  P. 

225). 616 
Chatt, J .  690 (64-66.81-86). 841.842 
Chaudhry, S .  C. 
Chaudhuri, M. K. 281 (90-92).285.748 

(360). 832.836 (658). 848.855 
Chauvin. P. 413 (188, 189).438('189).455 

(188,612,613). 460 (613). 498.506.584 
(180), 615 

(1015). 494.510.514 

550 (277). 558.655 (488), 665 

561.563.565 (10. I I ) ,  568 
( I I ) ,  571,579(10, 11). 597 ( 1 1 ) .  611 

202 (55).240.562 (30). 565 (57. 

590 (223,224). 591 (224. 

695 (132). 843 

Cheeseman, G. 

Cheeseman. G. W. H. 
Chellappa. K. L. 
Chen, C.-C. 392 (131),397 
Chen. C.-S. 391 (127). 397 
Chen. G. C. 365 (73), 367 
Chen, H.-W. 102 (220), 152 
Chen, H. W. 794.795 (516.517). 851 
Chen. Y. 458,459 (678), 508 
Chen, Y.-Y. 638 (226).660 
Chen-Fu Hsu 588 (202). 589 (203). 592.593 

(203.235,236). 616,617 
Cheng, C. P. 736 (304). 847 
Cheng. F. H. F. 
Cheng, K. L. 163 (31), 185 
Cheng, P.-T. 127 (288), 154 
Cheremisina, I .  M .  
Cherkasova. T. G. 
Cherkinskaya. M. L. 

(122). 614 
Chernaya, N.  M. 
Chernish.-Yu. E. 574.575 (122), 614 
Cheshko. R. S. 

401 (8a). 465 (792), 487 

586 (212). 616 
316 (31), 329 

393 (1481.397 

787 (490). 851 
814,820 (620). 854 

574 (12(k122), 575 

787 (488), 851 

575 (125), 614 

Cheung, T. T. P. 
Chi. P. B. 
Chia. L. Y. 

854 
Chianelli, D. 621-623 (6), 656 
Chiang. J .  F. 87 (131). 150 
Chiang. L. 449 (558b), 505 
Chiang, L.-Y. 

505 
Chiari. B. 689 (60). 84I 
Chierici, L. 

701.705 ( m b ) ,  844 

814 (614). 824,826.834 (641). 
364 (70), 367 

446 (523). 448.450 (548). 504, 

411 (139. l41), 414 (141). 428 
(341). 497,501.589.591 (216), 606 (326), 
616.618.642 (278). 661 

295 (47). 305,683 (33). 841 
84.85 (105). I50 

Chiesi, A.  
Chiesi Villa. A. 
Chikamatsu, K. 652 (439). 665 
Chin, M. F. 321,323.324 (56).329 
Chirazi. A. 461 (71 l),508 
Chittattu. G. 636 (207.215.221,222), 637 

Chittattu. G. J.  
Chiu, M. F. 

Chiuguk, V. 467 (813), 510 
Chmeclewski, J .  

Chmutova. G. 

Chmutova, G .  A.  

(207,215), 638 (221). 642 (288), 660,662 
651 (425). 664 

237 (141).24/, 321,323,324 
(60), 329 

456 (636.637). 489 (637). 

402 (18). 420 (18.269,271). 
507 

471 (269), 472 (879). 494,500,512 
70.74-76 (46), 78 (46,90), 

86(118).149,150.245(15),283.563(38). 
565 (65). 574,576 (133). 612614,642 
(291). 662 

Cholpankulova, S.  457 (659). 507 
Chottard, J .  C. 
Chovnikova. N.  G. 

(293), 618 
Chow, F. 603,604,609,611 (304), 618,624, 

625,627 ( 1  17). 645 (330), 658,662 
Choy, A.  81 I ,  813 (600), 853 
Chremos, G. N .  
Christe, K. 0. 
Christen, D. 66,67 (26), 148 
Christensen, D. 
Christensen, G. C. 
Christensen, J .  J .  680(11a),840 
Christensen, M. J .  
Christiaens, L. 17 (101),20,86(116), 150, 

191, 199 (7), 203 (7,59), 204,205 (7). 207, 
208 (63). 210 (7,59), 21 I (59). 212,214, 
215 (69),216(70),217(7),239,240:244 
(2). 265 (71), 266 (2), 267 (72), 268 (74. 
75),283,285,315 (27),328,402(11),419 
(261), 420 (261,263,265,270), 421 (279). 

715.719 (218), 845 
602 (292.293). 603 

815 (601c, 601d), 853 
129 (298), 154.545 (290). 558 

89,90 (146, 147), 151 
303 (72,73), 305 

387,388 (98), 396 

422 (285-285). 423 (285,292,298-300). 
424 (292,299,300,302-307), 425 (285, 
299.307,308,309a, 31@312), 426 (298, 
3l2,314),427(11,325),429(350,351), 



Author Index 867 

431 (374), 432 (383.386). 433 (325.387). 
434 (374,383), 439 (444). 442 (473). 449. 
451 (559). 454 (601). 458,461 (683), 471 
(868,869), 472 (868.869.882.886.887). 
475 (283.897). 476 (473.905.908,910). 

508.512.563 (40.41). 579 (150). 580 (1.50. 
155). 584 (183,205). 585 (183. 188-190). 
592 (233,234). 596.597 (251). 612, 
615-617.621.622 (27). 623 (70). 656,657 

184 (177). 188 

477,478 (914). 494.499-503.505.506. 

Christian. G. D. 
Christie, R. 271 (78),285.467 (826a),511 
Christofferson. G. D. 
Christokletov. V. N.  
Christophides. A .  G. 
Christyakova. E. A .  
Chu, J .  Y. C. 

567 (74,75), 613 
609 (332). 618 
794 (523), 851 

704,705 (169). 844 
236 (l32), 241,520 (19). 524 

(SO), 553,554 
Chu, S.-H. 427 (326). 457 (650), 501.507 
Chu. S. H. 
Chul’skaya, S. M. 
Cifka, J .  371 (10a).394 
Cini. C. 181 (121). 187 
Cioni, G. 811 (596). 853 
Ciurdaru, Gh. 277 (87.88). 285 
Claeson. G. 444 (488). 504 
Clardy. J .  
Clarernon, D. A. 

Clark, A.  H. 
Clark, E. R. 

(36), 553 
Clark, G. R. 

(214,216), 718 (225). 765,766 (214). 814. 
821 (216). 829 (650a, 650b). 845.854 

288 (13). 304 
684-686 (40), 841 

446 (522). 504.650 (386), 663 
16 (88.89), 19.639 (230). 

640 (283), 660,661 
96 (182). 152 
165 (55 ) .  186,521 (33), 522 

715 (214.216). 716 (214), 717 

Clark, L. 
Clark. M. C. 
Clark, P. S. 629 (162), 659 
Claxton, T. A.  25 ( 5 5 ) ,  61 
Clayton. J .  466 (7959,510 
Clayton, P. 408 (103), 496 
Clegg. D. E. 183 (129), 187 
Clernenti,E. 25(12.41.51),26(12).27(17. 

Clernenti, L. 25 (59). 61 
Clernenti, S .  

458 (674a, 681). 459 (674a). 508 
604 (319), 618,622 (42). 657 

19), 60,61 

177 (l28), 187.410 (l32), 416 
(213), 438 (432). 497,498,503,560 (7-9), 
571 (7,9,105), 572 (105), 573,577,578 
(117),581 (165, 166),582(165),586 
(19S), 589,591 (l65), 593,594 ( 1  l7), 611, 
614-616 

Clifton, E. C. 601,602 (289), 618 
Clive, D. 402 (l4), 403 (22a, 22b), 494 
Clive, D. L. J .  6 (24), 8 (36), 10 (24), 16 (99), 

18,20.347 (%lo), 366.536 (l65), 556, 
560,599(6).611,624(112),630(166), 
632,633(185),636(207,209,215,218, 

219.221.222). 637 (207.209.215). 638 
(218,219,221),639(166. 185),640(166). 
642 (288). 651 (425). 658-660.662.664. 
690 (63), 841 

Close. R. 
Clouston. A.  545 (231), 557 
Coates. G. E. 
Cobbledick. R. 467 (816). 510 
Cobbledick. R.  E.  

831 (63l), 854 
Coccia. R. 

507 
Cody. R. 465,468 (772). 510 
Cohen. G. N.  387.388 (99),396 
Cohen. M. L. 600 (277), 604 (322). 617.618. 

Cohen. R. L. 806.807. 810 (564), 852 
Cohen, S. 484 (985). 514 
Cohen, S .  C. 269 (77). 285.654 (467), 665 
Cohen. V. 455 (614), 460 (709,464 (766). 

Cohen, V. I .  255.278 (49.53), 279 (49), 280 

Cohen. Y .  297 (52),305 
Colantti. P. 163 (34), 185 
Collienne. R. 427 (323). 501 
Collin, J .  E.  
Collins, S. 

Col1ins.T. J .  766(411),829(651).849,855 
Collrnan, J .  P. 102 (219). 152,718,719,721 

(227), 742 (334,335), 750 (334), 758,759 
(335). 845,848 

238 (143), 241,299 (57,58). 
305 

409.440 ( 1  19). 480 (939). 47 .513  

348 (12). 366.690 (93). 842 

819 (631), 825,826 (638). 

181 (121. 122). 187.457 (655). 

621-623 (2), 629 (162). 656,65Y 

466 (806), 484 (992). 506,508-510,514 

(53). 284 

22 (7). 60 
14 (77), 19, 626 (138, 139). 647 

(138. 139,333), 659,663 

Colornbetti. G. 

Colonna, F. 483 (974), 514 
Colonna, F. P. 

284 
Colquhoun, I .  J .  699,779 (143). 843 
Colter. M. A. 606 (328). 618 
Colton, R. 
Cornasseto, J .  V. 

Cornbrink, W. 464 (745,746), 509 
Cornrie, A.  
Conde. A.  
Condell, R. A. 390(115b),396 
Condit, P. C. 
Cone,J. E. 390(119),397 
Connor; J .  403 (25), 494 
Consiglio, G. 591 (226,227). 616 
Conti. F. 754 (364,365). 755.756 (365), 848 
Cook, D. B. 26 (l5),  60 
Cook, W. S. 639,640 (237), 661 
Cooke, M. 453,465 (592), 506 
Cooper, F. W. 94 (l70), 151 
Cooper, I .  449 (568), 505 

246 (18), 247 (24,25), 283. 

194 (25), 239.694-696 (l26), 843 
542 (216), 557,621,622 

(16). 624 (79,656,657 

457 (662), 458 (664), 507 
70 (36). 101 (198. 199). 148,152 

680 (16a). 840 



868 Author Index 

Cooper. W. 401 (4). 4Y4 
Cooper. W. C. 

C0pe.F. F. 527(118).555 
Coppenolle. J .  van 269 (76),285 
Coppcns. P. 94 (l70), 151 
Coppinger. G. 401 (2). 4Y4 
Coppola. J .  462 (723b), 509 
Coppola. J .  C. 364 (69), 367 
Cordella. G. 487(1012),5/4 
Corden. B. J .  
Cordes,A. W. 64(Ib).148 
Cordes, R. 

Cordes. R. E. 

Corey, E. J .  638 (225). 660 
Corey. E. R. I 1  (57), 19 
Cornelius. W. 486,487 (1005). 514 
Cort, L. 493 (l069), 516 
Cosgrove , D . 0. 
Cossu, P. 

Costello, S .  461 (707), 508 
Cotton, F. A. 

2 (2). 17. I63 (22.30). 165 
(30),  183 (22). 185.546 (246).558 

788.791 (499), 851 

1 I4 (245). 153,709,710. 712. 819 

131 (300). 132. 143 (300.301). 
(184), 844 

145 (326). 154,145 

392 ( 135), 397 
166 (84), 171 ( 1  l7), I78 ( log) ,  180 

( 1  17). 181 (120). 186.187 

680,681 ( I ) ,  691,692,695,697 
( 1  14). 716 (1,205). 719 ( I ) ,  721 ( I ,  231). 
730(273).736(307).737(273).811 ( I ) .  
839,842,845-847 

Cottrall. M. F. 392 (134),397 
Cotul, S. 393 (156), 397 
Coucouvanis, D. 680,782,815 (12b), 840 
Coulson, C. A. 
Courtot, C. 428 (333). 442 (475). 501,503 
Courtoy, C. P.  
Couture, A. 473 (889), 512 
Coville, N.  J .  
Cowan, D. 

604 (314), 618 

64 (6, lo), 148 

716 (207), 845 
17 (104), 20.448 (542,543,546. 

548), 449 (557,558b. 565,567,568), 450 
(542,543,546,548,572a), 451 (579). 505, 
506,651 (417). 664 

247 (28), 284,576 (l34), 614 
387,388 (99), 396 

Cowan, D. 0. 

Cowie, D. B. 
Cowley, A. H. 

Cox, S. 451 (578). 506 
Cozak, D. 

93 (165). 94 (167. 168). 151, 

247 (26), 284 
COX, J .  D. 157-159 (2), 160 

715 (212,219-221). 716 (207, 
212), 717 (212,219,220), 720 (212,220. 
221). 845 

Cradock, S. 66 (22), 72 (58), 148,149.245 . .  . 
(l3), 283 

Craig, P. 487 (IOIO),  514 
Craik, D. J .  204 (56). 240 
Cras, J .  A. 102 ( m j ,  152.794,795 (530). 

852 
Cravador, A. 319 (47). 329,623 (55), 624, 

(106). 649 (353), 657,658,663 

Craven. R. 449 (566). 505 
Crecely, R. W.  

(305). 847 
Credali, I .  487 (lO24), 515 
Credali. L. 

736 (305). 739 (316.317). 825 

332 (6. 7). 333 (6, 1 I ) ,  334 (12), 
340 ( 1  1).341.487 (1022, 1028), 488 
(1022).492 (1028).5/5.768(416),849 

600 (283). 618 
Criddle, R. S. 

Crofts, J .  410 (126). 497 
Crofts, J .  G. 
Croise, A. 584 (205). 616 
Croisy, A. 

184 (l57), 188.370 (2a).393. 

89.90 (145). 151 

244 (2). 265 (71). 266 (2). 267 
(72), 268 (74), 276 (86). 283,285,422 
(282,283), 423,426 (298), 471 (874), 475 
(283). 479 (931), 500.512.513 

Crompton, T. R. 
Cr0ss.R. J .  236(133, 134),241,690(76a, 

76b. 77a, 77b. 78), 697 (136). 786 (77a, 
77b). 815 (601n), 842,843.853 

681 (l9), 742 (339), 743 (345, 
346), 744 (339,345,346), 748 (339). 750 
(339.345). 840,848 

I62 (12). 163 (26). 185 

Crosse, B. C. 

Crossley, S .  L. 
Cruickshank, F. R. 157, 159 (3). 160 
Csizmadia, I .  G. 

63). 30 (63,73-75), 31 (lo), 60,61 
Cullen, E. R. 

85), 239.240 
Cullinane, N.  

501,514 
Cummings, J .  M. 710,712.814 (190).844 
Cummins, L. M. 
Cundall, R. B.  
Cunningham, J .  A. 

782 (464), 850 
Curl, R. F. 
Curran, R. 

Current, S. 636,637 (214). 660 
Curtis, N.  J .  

Curtis, R. 407 (89). 496 
Curtiss, C. F. 201 (44), 239 
Cusachs, L. C. 565,604 (46). 612 
Cushley, R. J .  276 (85), 285 
Cussans, N.  J .  648 (321,322,341-343). 662, 

663 
Cuthbertson, E. 

503,516 
Cutter, G .  A. 
Cymerman Craig, J .  
Cyvin, B.  N.  
Cyvin,S. J .  66(23),71,72(54),87(128), 140 

Czarny, M.  R. 
Czauderna, M. 

217 (74), 240 

24 (lo),  25 (14,37-39,50, 

194,208,209 (24), 220 (24, 

428.442.483 (337), 484 (986), 

179. 180 ( 1  lo), 187 
301 (64.65). 305 

102 (216). 152,778,779, 

64 ( 1  1). 148 
102 (216), 152. 778,779,782 

(464). 850 

636 (222). 642 (288), 651 (425), 
660,662,664 

442 (470), 494 (1072. 1073). 

165, 167-149 (67). 186 
671 (21). 673 (25), 677 

87 (128), 150 

(316), 148-150.154 
647 (326,327), 662 
298 (59,305,539 (188), 556 



Author Index 869 

Czyzewski. J. 467 (827b). 511 

Dahl, L. F. 714 (198). 808 (569). 81 1 

(667), 838 (589). 839 (589.665.675). 845. 
852,853,855 

154,670 (13). 676 

(587-589). 812 (587). 832 (589.665). 835 

D a h l h ,  B. 

Dakternieks. D. 694696 (126), 843 
Dale,J.  W.  629(161).641.643(269).659, 

Dallacker, F. 420 (266). 49Y 
Dal Monte, D. 

Dalton, J .  743,744 (347). 848 
Dan.C. 371.392(12a).394 
Dance, I .  G. 
Dance. N. 492 (1063), 516 
Dance, N .  S .  

127 (289), 128, I29 (292.293). 

661 

590 (219). 597 (261,262). 598 
(262). 616,617 

81 1. 813 (600), 853 

254 (46), 284,358 (46). 366. 
520 (26.29). 553,814 (616b), 818 (628). 
819 (616b). 825 (616b. 638). 826 (638. 
644,645), 854 

Danchura. W. 624 (86). 658 
Daniel, J .  R. 365 (72),367 
Danielson, R. 184 (147). 188 
Danishefsky. S. 

66 I 
D’Antonio. P. 

6 76 
Danze, J.-M. 471,472 (864). 512 
Dao, T. V. 
Darrnadi, A. 

Darwent, B. de B. 
Dasgupta, H. S. 281 (92).285 
Daskalova, K. 
Daub, G. 490 (1056), 515 
Daudel, R. 
Daugherty, C. M. 603 (307), 618 
Dauplaise, D. 

447 (521), 504,650 (386,387), 663 
Davalian, D. 377,386 (35), 394,447,464 

(532), 505 
Davaliani, D. 581,595 (162), 615 
Davidoff, E .  F. 198.21 1 (39), 239 
Davidon, W. C. 32 (79). 62 
Davies, I .  
Davies, J .  A. 721 (230), 845 
Davies, W. 455 (630), 507 
Davis, F. A.  
Davis, M. 

634 (195). 642 (259). 660. 

82.83 (IOla), 150.670 (14). 

465 (786), 510 
11 (61), 16 (87). 19,66,67 (26), 

148. 199 (52). 240 
159 (15), 160 

165 (53), 171 (102), 186,187 

25 (50.63). 30 (63,73-75), 61 

238 (142). 241,446 (521,522). 

814,819,825 (616a, 616b). 854 

9 (48). 19,624 (148), 659 
407 (91,92), 413 (182b), 414 

(192b), 425 (309b), 433 (182b), 455 (620). 
461 (707), 464 (750,752a), 496,498,500, 

378,392 (36). 394 

75 (79), 149 

507-509,592 (231), 616 
Davis, M. A. 
Davis, P.  466 (796). 510 
Davis, R. W. 

Davison, A. 405 (56). 4Y5.736 (307). 798 
(540a. 540b. 545), 800 (545). 81 1 (540a. 
540b). 847,852 

Davydov. V. V. 
Dawson. J. C. 
Dawson. W. H. 

Day. V. W .  
Dayal. S. K .  - 575 (123). 614 
Deady. L. 459 (699). 508 
Deady. L. W. 
Dean.1. 5(11).18 
Dean, P. A. W. 

(141b).815(601m).843.853 
De Battisti, A. 

656 
DeBeer. J .  A. 
De Checchi. C. 

700 (1%).  701 (156). 843 

191 (10. 11) .  192. 193, 195, 
701-703 (162). 844 

197, 199.205,209 ( I  I ) .  239 
808.832.834.837 (571). 852 

592 (231.232). 616.617 

194, 199 (27). 239.697.755 

600 (282). 618.621.622 (5). 

825 (642), 854 

341,487 (1022. 1024. 1028). 488 (1022). 
492 (1028). 515 

332 (6.7). 333 (6). 334 (12). 

DeChecchi. C. 768 (416). 849 
Dechter.J. J .  191. 192(34).23Y 
De Cicco. P. 
Deckart. H. 393 (146). 397 
Deconninck. G. 163 (35). 185 
Decroix. B. 

621.622 (15). 656 

413 (176. 190. 191. 192a). 414 
(l93), 415 (176,209). 438 (434). 461 
( 192a), 498.503 

Dedeyne. R. 480 (943). 513 
Dedov. V. I .  
Deelstra, H. 
Deeva, V. S. 387 (89).3Y6 
De Filippo. D. 

392 (136141, 143). 397 
164, 165 (47), 186 

166 (82). 186.580 (159. 160). 
599,600 (159). 615.759-761 (371.372). 
794 (522.524), 848,851 

DeFilippo. D. 
844 

Defrees, D. J.  
(64.71). 33 (49,71). 34 (49). 61 

Degani, I. 
(838,839,856). 471 (867), 472 (867,881, 
885), 473 (881,888). 476.477 (867), 478 

592 (238), 598 (264.266,267), 599 (267). 
617 

522 (37), 553 

409,414 (1 IXb), 497 
565 (67), 613 

643 (359), 663,707,708 (177). 

25 (49.64.71). 29 (71). 30 

423 (290a). 469 (838.839). 470 

(885,888,930). 479 (885). 500,511-513. 

Degering, E. F. 
Deguchi, Y. 444 (492), 504 
De Jong, R. 
De Ketelaere, R. F. 
Del’Acqua, A.  163 (17), 185 
DeLange, G. J.  
Delgado, M. S. 
Dell, W. 

390b), 849 
Della Fiorentina, H. 488.489,492 (1039b). 

515 
Dell’Erba, C. 

810 (580), 853 
726,728 (252,253), 846 

9 (43), 18,759-762,825 (390a, 

411 (136, 13%141), 412(159), 



870 Author Index 

414 (141), 416 (l59), 497.567-569 (87). 
572 (87. 1 1  I ) .  578 (145. 146). 582 (87). 
589 (146.216218). 591 (145,216.217). 
613416 

Del Pra. A. 
De Lucchi. 0. 
Delwicke. J. 22 (7). 60 
DeMarco.C. 

96 (178-180). 151,152 
403 (27.42). 494.495 

171 (116. 117). 178(108). 179 
(116). 180(117). 181 (12&122).187.622 
(32.36). 657 

DeMarco. C. 166 (84). 186 
De Mayo. P. 621.622 (29). 657 
Demerseman. P. 413 (167), 4’97 
De Munno. A. 466 (799). 510 
Demuynck. J. 25.28.30.33.33 (67). 61.604 

Denbigh. D.  13 (68). 19 
Denis. J.-N. 403 (32). 495 
Denis.J. N .  624(107).632.633(191).658, 

Denison. G. H. 
Denney. D. B. 

(313). 618,624 (87). 658 

660 
680 (16a). 840 
191. 192.221.222.232 (15). 

239.537 (181).538(181, 184).539(181). 
556 

191. 192,221,222,232 (15). 
239.537 (181).538(181. 184). 539(181). 
556 

Denney. D.  Z. 

Dennis. R. 465.468 (772).510 
Denniston. M .  L. 249 (35). 284 
Denoel. J .  

De Nunno. A .  

Denyer. C. 402 (14). 4Y4 
Dcplano. P. 

851.852 
Dereu. N .  

223-225 (57). 226.227 (105). 240,241. 
438 (424). 443 (483.484). 452 (424). 471 
(871). 472 (880). 473 (484). 474 (896). 475 
(896898). 484 (989.990). 502.504.512. 
514.563 (40). 612.651 (398). 664 

191. 199.203-205. 210.217 (7). 

584 (182.206). 597 (252). 
2.39. 563 (41). 612 

615617 

794 (522.524.529). 795 (529). 

203.221 (57). 222 (57. 105). 

Dcreu. N .  L. M .  

Dcrkach, N.  488 (1037). 515 
Derkach. N.  Y .  16(93).20 
Derkach. N.  Ya. 

77 (84). 101 (200). 149. 152. 
227(106),231 (112). 232-234(106).241 

541 (203.209-21 I .  212a. 
212b. 213). 542 (212a.212b. 213). 548 
(270.271). 557,558 

l66(84). 171 (116. 117). 179 
(116). lSU(ll7). 181 (120).186.187.622 
(32.36). 657 

Dernini.S. 

Dc Roos. K .  
De Saint-Laurent. J .  393 (147).397 
Desauvagc. S .  320 (50. 52)..72Y 
De Sham. hl.  

465 (780). 510 

601.602 (288). 618 

537 (65) .  545 (64.65,240). 554,557 
Desjardins, S. R. 
Desmond. T. 715,717,720,822 (223). 845 
Dessy. G .  102-105 (205). 152.794 (520). 851 
Dessy. M. R. 171, 179 ( 1  16). 187.622 (32). 

65 7 
DeStefano, N. J .  
Destro. R. 403 (44). 495 
Detty. M. 

716 (207). 845 

697.734 (138), 843 

410 (123). 445 (501.506b). 447 
(528.529). 451 (528). 469 (848). 470 (857. 
861). 473 (894). 475 (899.900). 497.504, 
505.511.512 

(25). 366.539 (185). 544 (220). 556.557, 
621.622(22),624(76. 109).651 (423. 
424). 656-658.664.680 (l6b). 690.716 
(62). 840.841 

101 (197). 147 (330). 152. 
155.540 (l93-196).556.557 

102. 103 (213,214). 152.771. 
772 (427,428), 778.779 (457). 780 c427. 
428.457). 784.786 (457). 849. 850 

Detty. M. R. 10 (49). 19.354 (20.24), 355 

Deuten, K.  von 

Deutsch. E. 

Devaud. M. 469.470 (849). 511 
Develotte. J .  

514 
Dcvilanova. F. 794 (522). 851 
Devillanova. F. 457 (657). 507 
Devlin. J .  731.736 (276). 846 
Dewan. J. 
Dewan. J. C .  

(183-185). 132 (183). 152.525 (89-93). 
554 

458.459 (676). 486,(1002). 508. 

469 (854a. 854b). 511 
97 (183-185. 187. 188). 98 

Dcwar. D. 405.469 (6Oa). 495 
Dewar. D. H .  525 (X6).554 
Dewar. M. J .  S .  

Dexter. D. D. 
Dhawan. S. 464 (752b). 509 
Dhillon. D. S .  
Diaz. A.  794 (524). 851 
Dickman. M. H. 771.772.780(428),849 
Dickson. R. C. 
Dideberg. 0. 

562 (27). 571 (107, 109). 
612.614.641 (260.265). 661 

78 (92), 150 

548 (269). 558 

288 (10). 304 
75.76 (76.77). 77 (76.77.83). 

86(113. 114),91 (156),95(175).149-151. 
454 (604). 506,670 (15). 676 

Diemann. E. 

Dienstbicr. Z .  

Dierckscn. G .  H .  F. 
Dietrich. C. 0. 
Dietz. R.  321.323 (58). 329 
Dictz. W .  456 (635). 507 
Dietzc. F. 784.786.795 (479). 851 
Dictzsch. W. 

680. 782 (32g). 803 (5%). 815 

289 (25 ) .  290 (26). 291 (25). 
( 12g), 840.852 

304.392 (I44), 3Y7 
25 (57). 61 

16 (94). 20.541 (208). 557 

102 (217). 152.624 (02). 658. 
784 (480). 786 (485.486). 787 (484-486). 

Dcsjnrdins. C. D. 253 (45).284.523 (64.65). 788 (485: 497). 789 (480: 497.506.507): 



Author Index 87 1 

790 (485). 791 (480,489,794 (497). 796. 
797 (538.539). 851.852 

Dilger, W. 
Dilli, S .  I83 (141). 188 
Dilthey. W. 547 (252). 558 
DiLuzio, S. 621.622 (15). 656 
Dilworth. G. L. 

393,397 
Di Maggio. D. 
Di Marco. C. 
Dimitrova. P. P. 
Di Modica, G. 
Dingwall. D. 
Dingwall. J .  
Dinilenko. V. A.  
Dippy, F. J .  
Di Sornma. A. A .  
Distcfano. G .  

Distetano. G. 44.54 (86). 62 
Ditchfield. R. 25 (29.32,35). 60.61 
Dittmer, D. C. 
Dittrich, G. 465 (768). 509 
Di Vaira, M. 

Divnich. T. F. 
Dix, A. H. 
Dixon, D. A. 
Dixon. K .  493 (1066). 516 
Dixon. W. B. 
Djerassi. C. 

Djoglev. D. H. 
Djumanazarova. A.  431 (378.379). 435 

(400), 502 
Djumanazarova. A.  2. 578,579.596 (147). 

615 
Dobrowolski. J .  289 (23). 304 
Dobryakova. G. V. 389 ( 1  l o ) ,  396 
Dobson,G. R. 690.691 (110),842 
Doddi. G. 
Doedens. R. J .  
Doi. K. 779.780 (460). 850 
Dolenko. G. N .  
Dombek. B. D. 
Domcke. W. 25 (57). 61 
Domenicano. A. 121 (281), 154 
Domingos. A. M. 
Donaldson, R. 774.776 (452). 850 
Donia, R .  A.  
Do Phuoc Hien 426.465 (315),501 
Dorofeenko. G. 480 (937). 513 
Dorofceva. 0. V. 
Dosseto. M. 381,393 (59). 395 
Dostsl. K. 

Dotz. K .  H. 

I84 (166). 188,427 (330). 501 

370.379,388 (5). 391 (122). 

290.291 (33). 305 
457 (655). 507 

681.686 (23a). 840 

457 (662), 458 (664). 507 
573.574 ( 1  IY), 614 

445 (507a). 467 (826b). 504.511 
602 (296). 618 

575 (130. 132). 614 
17X (lO5), 187 

246 (1618). 247 (24.25). 283. 
284.416(212),483(974),498,514 

403 (26b). 494 

727 (258-261), 729 (258-261. 
267a. 267b. 268). 730 (261). 846 

624 (89). 658 
762,763 (395). 849 

26,27 (16). 60 

89.90 (146). 151 
252 (42). 284.418 (234). 499, 

670(18a. IHb).671 (IXb,20b).677 
681.686 (23a). 840 

590 (22c222). 591 (222). 616 
771.772.780 (428). 849 

197 (38). 239 
716 (206). 845 

734 (301). 847 

639.640 (237). 661 

87 (126. 128). 150 

547 (256.257), 558.650 (365.366. 
371). (372). 663 

722 (245e). 846 

Dotzauer, E. 814,819,820 (619). 854 
Down, A. W. 
Drager, M. 244,263 (6), 283,357 (41), 366 
Drlgcr, M. 357 (44), 358 (44.47),366 
Dragieva, I. D. 681.686 (231).  840 
Draguct. C. 457 (652-654.656). 475 (902), 

815 (604a), 853 

484 (993), 488,489.492 (1039b), 507.512. 
514.515 

Drake. J .  E. 
(18).366.621.622(20).656.716(201), 
814,818 (610), 845.854 

579,580 (ISO), 615 

349 (16. 17), 35G352 (16). 353 

Drakcnbcrg. T. 230,232 (109. 110). 241, 

Dransfield, T. 453,465 (594). 506 
Dransfield. T. A. 
Drccskamp, H. 
Dreizler. H. 

Drevko. B. 469 (840a),511 
Drew, H. 405 (59),469(851).482(960,961, 

969.970). 483 (961). 495,511.513.514 
Drew. H. D.  K. 519 (12). 525 (84.85). 526 

700 (l47), 84-? 
233 ( 1  16). 241 

51.57.58 (94). 62.70. 72 (37). 
73 (70.71). 90 (37). 148.149 

( loo), 543 ( 12). 550 (280), 553-555,558, 
653 (452.457). 654 (452,476), 665 

808 (576578). 813 (578). 846.85.? 
Drew. M. G. B. 731 (275.277). 736 (277). 

Driscoll. J .  47X (927). 513 
Drory, A. 427 (322), 501 
Drucker. G. E. 565.604 (61). 613 
Druyan. M. E. 86 (120). 150 
Duar. I .  408 (104). 496 
Dubnack. J .  699 (152a). 843 
DuBois Murphy. F. 
Dubus. P. 

( 192a),498 
Ducep. J .  B. 604 (320). 618 
Dufficld. A.  418 (234), 499 
Duffield. A. M. 
Dufour. M. 426(313),500 
Dufour. R. 424 (303). 500,584.585 (183). 

615 
Duggcr. D. L. 334,341 (F4.341 
Dulcnko. V. 419(251,252),435 (251.402). 

Dumont. W. 

701.705 (158b). 844 
413 (190. 192a). 415 (209). 461 

252 (42). 284 

438 (25 1.426), 4YY. 502,503 
8 (37). 18.319 (47). 329.526 

(99). 555.603 (302). 618.623 (60). 624 
(104. 106. 110. 11 I ) .  657,658 

DuMont. W. W. 815 (601c).853 

duMont. W. W. 8. 16 (41). 18 
Dunbar. F. 488,491 (1034), 515 
Dunbar. F. X. 829 (649). 854 
Duncan. J .  L. 71 (53). 149. 684-686 (38). 841 
Duncanson. L. A. 690 (66.83). 841.842 
Dunkin, I .  466 (801). 510 
Dunlap. J .  S. 
Dunlap. R.  B. 

duMont. W.-W. 222.223 (97). 240 

387 (95). SY6 
194. 195 (23.29). 196 (29). 



872 Author Index 

206 (60.62). 207 (62,64), 208 (64). 210. 
211.228(60),239,240 

Dunn, A.  467 (826b), 511 
Dunning, T. H. J r .  25 (30.33,54,65). 30 

(65). 60.61 
Dupont, L. 75,76 (76.77). 77 (76.77.83. 

85).86(113. 114),91 (154, 156),92.93 

( l5), 676 
(164), 149-151. 454 (604,606). 506.670 

Durand, P. 33 @ I ) ,  62 
Durant. F. 99 ( l 9 l ) ,  152 
Durell. J .  380 (46),395 
Durig, J .  R. 
Durst.H. D. 680(11b).840 
Duus.F. 11. 12(56).1Y 
Du Vigneaud. V. 
Dvoinin. V. I .  
Dyer, G.  771.772 (431,432). 801,803 (550). 

815 (603a). 849,852.853 
Dzafarov. A.  I .  289.291 (24),304 

70, 73 (42). 149,624 (90). 658 

182 (l24), 187 
681,686 (23b), 840 

Dzhumaev, I .  438 (437). 449 (55%). 464 
(755). 503.505.509 

Dzhumanazarova. A. 

Dzurilla. M. 485 (996). 5 f 4  

434 (396). 435 (400). 
502 

Ebner, M. 
768 (414). 849 

Ebsworth. E. A. V. 
(366). 848 

Echter. T. 462 (722). 509 
Eckerson. B. A. 

Eckstcin, P. 794,795 (528), 851 
Edmonds. J .  W .  94 (170). 151 
Edwardly. J .  S. 387 (96). 396 
Edwards.T. H .  72 (56. 59.64). 149 
Efremenko. V. 458 (665), 507 
Efremov. E .  A.  167 (90). 169 (90.91). 171. 

Efros. L. 

765. 766 (408). 767 (408.414). 

348 (15). 366,751.1-756 

577 (140. 141). 601 (140). 
614 

172 (91). 187 
429.430 (356). 437 (415). 462 

(724-726). 463 (727-731), 465 (787.78821. 
788b),501.502.509.510 

Efros, L. S.  
Eggert. H. 221 (89). 240 
Egorochkin. A. N .  
Egorov. Y .  P. 
Egsganrd. H. 244.269.283 (3). 283 
Ehlers. D. 
Ehlig. C. F. 
Ehrenson. S. 

Einaga. H. 
Einstein. F. 
Einstein. F. B. W. 
Einstein. F. W. B. 

586 (21 I ) .  587 (197). 6 f 6  

716 (202). 845 
16 (93). 20.815 (601k). 853 

466 (807. 809). 467 (809). 510 
387 (83). 3Y6 

202 (54a. 54b), 240.561 (1X.  
22). 562 (22.24). 571 (24). 612 

779 (459). 781 (470). 850 

15 (85). 1Y 
716(200). 814.818 (613). 

519 (13. 14). 543 (13). 553 

819 (631), 825,826 (638). 831 (631),845, 
854 

Eisenberg, R. 102 (212,216), 152,778.779, 
782 (464). 788,791 (499), 798,799 (541), 
850-852 

Eisner, A. 653.654 (445), 665 
Eisner, U .  493 (lO69), 516 
Eklund, N.  520 (21),553 
Elder. R. C. 

Elgad, U .  545 (224), 557 
Ellermann. J .  363 (68),367 
Ellis, P. D. 

Ellis. P. E .  

Elmaleh. D. 

Elokhina. N.  413 (186), 498 
Elsenbaumer, R. L. 332,334 (3),34/ 
El Sheraki. A. S. 
El Shetaiwi. S .  
El’tsov, A.  

El’tsov, A. V. 
Elvidge. J .  493 (1069). 516 
Elvidge. J .  A.  
Elvins. 0. C. 

(456). 665 
Elzinga. J .  835 (668b). 855 
Emeleus. H. J .  
EmelCus. H. J .  

Emel’yanova, N .  N.  
Emge,T. J .  93(165),94(168), 1.51 
Emma. T. 334,341 (18), 341 
Emrick. D. 490 (1055). 515 
Engier. E .  

102, 103 (213,214), 152, 
778-780,784,786 (457). 850 

191-193, 195, 197. 199,205.209 

102. 103 (213). 152.778-780, 
(11),218(76),23Y,240 

784,786 (457), 850 

527 (107. 108). 555 
267 (73), 285,434 (399), 502, 

387,389 (91).396 

429 (357), 439 (441). 472 (876). 
387,389 (91). 396 

501, 503,512 
587 (196). 616.641 (292), 662 

586 (192). 616 
523,524 (70). 554.653.654 

520 (69). 554 
362 (65),367.629 (161). 640 

602.603 (293). 618 
(248). 641,643 (269). 65Y, 661 

244.269.283 (3). 283.448 (538). 
449 (554,555.562,563b. 566). 450 (538. 
554.571.572b. 574.576). 451 (574). 464 
(563b). 505.506 

68 I (28a), 841 
Engler,E.M. 310(16).311 (16, 17).328. 

Engler. R .  381.393 (57). 3Y5 
English. A. M. 

Engman. L. 

715 (213.222). 716.717 
(213), 720 (213,222). 767 (213). 845 

6 (20-22). 10 (54). 15 (86). 18. 
I Y .  135, 143 (304). 154.403 (23.24). 406 
(64.65). 419 (244). 427 (328). 442 (328, 
461.462.474). 447 (64). 462 (723a). 487 
(1021). 494.4Y5.4YY.501. 503.50Y, 515, 

(114. 137. 141),530(136).532(157. 158). 
533(114).534(157. 158).537(174),544 
( 1  15). 550.551 (282). 554-556.558.585. 
590. 596(187).616.651 (415,418-420). 
652 (443.444). 653 (448-450), 654 (449. 

525(95).527(11.%115).528(136).529 



Author Index 873 

462,463). 655 (462,463), 664,665 
Enstein, F. 467 (816),510 
Entenmann, G. 484 (991b),514,642 (293), 

Entwistle, I .  D. 639 (142), 659 
Enzmann, P. J .  382 (63),395 
Epifanov, V. S. 171 (103), 187 
Epstein, A. 470 (859.860). 511 
Epstein, E. F. 811 (584), 853 
Erba, C. dell’ 675 (31), 677 
Ererneeva, G. 465 (787,788a, 788b), 510 
Eriksen, R. 77 (81,82), 149 
Ermakov, A. N.  163-165, 183 (19), 185 
Ernst, R. 191 (8), 239 
Ernstbrunner, E .  E .  602 (294). 618 
Ershova, 1. I .  533 (ISY), 556 
Es. T. van 
Esaki, N .  621,622 (18), 656 
Esho, F. S .  
Esperas, S. 794 (526). 851 
Esperis, S .  

(329), 147 (329,332). 152,155 
Es-Seddiki, S. 469.470 (849), 511 
Estes. S. A.  
Ettcr, M. C. 
Evans. C. S. 
Evans, D. A. 
Evans. T. C. 
Evatt, B. 393 (150),397 
Evdornikov. A. 462 (726), 509 
Everett. G. W. 781 (471). 850 
Evers. M .  268 (74). 285.422 (283). 458.461 

(683), 475 (283). 500.508,623 (70). 657 
Evertsdotter. C. 643.650 (358). 663 
Evrard, G. 320 (52), 329 
Ewert, H. 455 (627),507 
Ewing. V. 72 (67), 149 
Exner. 0. 319(46),329,562(23),565 (48). 

612 
Extine. M .  
Extine. M. W. 
Ezhkova, Z. I.  

Fabre, C. 470 (858). 511 
Fackler, J .  P. 

662 

641 (268). 661 

731 (275.277). 736 (277), 846 

12 (67), 19, 102, 103 (209). 145 

165. 167 (73). 186 
709 (l79), 844 
166-170 (80), 186 
604 (321), 618 

393 (l48), 397 

107 (232), 153,668 (8),  676 
114 (244), 153 
701 (156). 843 

102(220), 152, 191-193 (12). 
239,732,736 (288), 765 (405), 794 (405, 
516-518,527), 795 (516-518.527).847. 
849, 85 I 

Fadkina. S. 429 (357). 501 
Faehl, L. G. 
Fagioli, F. 
Fahel, L. G. 
Fahrbach. G. 

648.650 (351). 663 

599 (275). 617 
600 (282). 618.621.622 (5). 656 

428 (338). 443 (477.478.480). 
501.504.535,536.544 (163a-c). 556.655 
(481), 665 

Falcone, S. J .  652 (433,442). 664.665 
Falconi, G. 299 (57).305 

Faller, P.  420 (267), 423 (299.300), 424 (299. 
300,304). 425 (299), 429 (350-353). 435 
(267). 499-501,585 (188).616 

Fanghaenel. E. 448 (540), 505 
Fanghiingel. E .  450 (573). 506 
Faraone, F. 690 (71,87,88.97-99, 106). 691 

(97,98, 106), 695 (98), 735.738 (299). 774 
(98). 842.847 

636,638 (219). 651 (425). 660.664 Farina, V. 
Farnier, M. 436(411.412).460(412).502 
Farrar, D. H. 765,807 (404). 849 
Farrar, T. C. 191 (9). 239 
Farrar, W.  

Farrar. W. V. 
Farrow, G. W. 
Fauconnier. A.  438,452,453 (425). 502 
Faust, A.  S. 
Fava, G .  426.459(316).501 
Favez. R .  690 (107). 842 
Favo, G. 383 (72c). 395 
Fayos. J .  697 (135b). 843 
Fazakerley, G .  V. 221-223.225.229 (91). 

Fazio, R. 638 (223). 660 
Featherman, S. 468 (836), 511 
Federici, G. 621.622 (15), 656 
Federsel, H. 460,492 (701). 508 
Fedorov, V. A.  

Fedorova. N.  A. 
Fedotov. M. A .  
Fee. J .  A. 

676 (37). 677 
Fefe, I .  585 (l90), 616 
Fehlhammer, W .  P. 
Feigl, F. I63 (16). 185 
Feiring, A. E.  
Fellous. R. 562 (29). 612 
Felthouse, T. R.  
Felton, D. 467 (817). 510 
Fenster, A. E.  
Ferguson. G. 

822 (223). 825 (643), 845.854 
Fergusson, J .  405,469 (60a). 495 
Fergusson, J .  E. 

102, 103, 105).756(105),842 
Fernandez, F. J .  
Fernandez. J .  87 (127), I50 
Fernandez. V. 726.728 (252,253), 735.738. 

Fernholt, L. 
Ferraris. J .  
Ferraris, J .  P. 
Ferreira, J .  T. B. 

Ferreu, L. A. 

418 (232), 440 (455). 468.4Xl 
(232), 499, 503 

654 (466). 665 
690 (79. 112), 842 

835 (667). 855 

240 

167 (90). 169 (90.91). 171. 
172 (91). 187 

632 (176), 659 
197.204.205 (37). 239 

238 (147). 241,382,392 (67). 395. 

103 (223), 152 

632,635 (183. 184). 660 

721 (231). 845 

716 (207), 84s 
715,717,720 (223). 721 (233), 

525 (86), 554.690 (72,74. 

165 (69). 186 

739 (300), 740 (321). 846.847 
72 (60). 137 (308). 149.154 

449 (565), 483 (975), 505,514 
247 (28), 284 

6 (19). 18,621,622 (16), 
624 (7.5). 656.657 

651 (412), 664 



874 Author Index 

Ferrier. W .  G .  99(I92a). 152 
Feshchcnko. N .  G .  
Fialkov, Y u .  A. 565 (43). 612 
Fichtner. M. 447 (529). 505 
Fielden. E. M. 

Fijal, D. 387 (87). 396 
Filer. C. N. 
Filipovich, G. 709 (179). 844 
Filippov. E. P. 

Filippova, T. M. 
Findlay. R .  H. 
Finkenbine, J. 402 (15). 494 
Firl. J .  
Fischer. E. 0. 

815 (601k). 853 

290 (30). 293.294 ( 4 l ) ,  
299-301 (61). 304.305 

638 (223). 660 

167 (90), I69 (90.91). 171, 
172 (91). 187 

651 (404). 664 
55 (92), 62.308 (13). 328 

463 (734.736a). 484 (736a). 50Y 
722 (244,245a-e). 723 ( 2 4 6  

250). 724 (247-249). 725 (248-250). 732 
(246). 742,753 (250). 814.823 (624). 846. 
854 

Fischer. G .  167 (85). 186 
Fischer. H .  723-725 (248.249). 726.727.729 

Fisher, A.  
Fisher. C. H .  
Fissi. A.  
Fitjer. L. 
Flachowsky. J .  699 (152a), 843 
Flamini, A .  794 (525), 851 
Flato, J .  423(291),500.528(127),532(127, 

152). 533 (127). 534 (152), 555.556 
Fletcher, R. 32 (78). 61 
Flinn. C. G .  

Flohe, L. 
Floor, J .  623 (SX), 657 
Florey. J .  B. 
Flumignan, E. 622 (31). 657 
Fochi. R. 

(256). 814.823 (623.624). 846,854 
470 (859). 511.575 (131). 614 

653.654 (445). 665 
466 (799). 510.597 (252). 617 
275 (84). 285,418 (236), 499 

167 (89,92), 170(89), 171 (93), 
177 (89.92). 183 (89), 187 

389 ( 1  14). 396 

565,604 (46), 612 

423 (290a), 469 (838), 470 (838. 
856). 471 (867). 472 (867.881.885). 473 
(881.888), 476.477 (867), 478 (885.888, 

598 (264.266,267). 599 (267). 617 
930). 479 (885). 500,511-513.592 (238). 

Fogarasi. G.  25 (43,60). 61 
Fohr. M. 547 (255), 558 
Fokkens. R.  H .  
Forchioni, A. 
Ford. J .  A .  315 (24),328 
Ford, S. 421 (277),500 
Forstrom, J. W. 
Foss, 0. 

838 (670c), 855 
86 ( 1  17). I50 

390 (1 15a. 1 I % ) ,  396 
14 (80). 16 (98). 19,20, 84,85 

(106),86(111, 112), 119(275,276). 150, 
154, I66 (79), 186,639 (234), 640.642 
(245). 651 (426-429). 661.664,671 (19). 
677,686 (46b), 841 

Foster. S. J .  
Fourrey, J.-L. 622 (30). 657 
Foust. A .  S .  815 (604d).853 

244 (7). 283 

Fowles. G. W. A. 

Foxman. B. 446(516).504 
Foxton. M. 461 (712). 508 
Fradkina, S. P. 
Fraga, S. 
Francis. M. 404 (54). 495 
Francl. M. M. 
Franpis, F. 478 (922). 513 
Frank. A.  90(153). 151.463(735),504 
Frank. Ll. 359(49).366.714,716(197).845 
Frnnklin. W. J. 
Frmzen. H. F. 
Franzi,R. 236(135).237(135. 137, 139).241 
Frapart. P. 297 (52). 305 
Frnser. A. 66 (24a). 148 
Fraser. G .  W. 545 (223.231-237),557 
Frnser, R.  R. 
Frederikscn. E. 771 (423). 849 
Fredga. A.  

695.697 (131). 706.707 
(174). 808 (576). 843.844.853 

587 (196). 616 
22.25.28 (8). 60,202 (51). 239 

25,30 (64), 61 

641 (26l), 661 
809.832 (579), 853 

571 ( 1  10). 614 

191, 196. 19%200.205,210 (5). 
217 (71). 2 18 (72). 238,240,338 (33). 341. 
418 (235). 468 (833), 476 (907). 480 (942). 

(266). 643,650 (358), 657,661.663.670 
(18a),671 (21).673(25).677 

492 (907), 499,511-513,622 (35), 641 

Freeman. R .  H .  
Freeman. H. C. 
Frejd. F. 595 (244,248,250,256). 596 

Frejd,T. 407(82a),413(182b),414(196), 

602 (295), 618 
308 ( 1  I ) ,  328 

(24%250), 617 

416 (217,218.220,222), 417 (223-227. 
229). 418 (222), 419 (248), 433 (182b. 
248). 496,498.49Y,621,622 (28), 647 
(332). 657,662 

Fremdling, H. 547 (255), 558 
Fresco, J .  308 (7).328 
Freund. M. 433 (391), 502 
Friant. P. 720 (228). 845 
Frii-. I .  673 (26). 677 
Frick, C. E. 
Friedheim. E. A.  H. 539(187).556 
Friedlander, A. 434 (397), 502 
Friend, N .  A.  C. 
Fringuclli. F. 44.54 (86.87). 62,221,222 

528 (121), 555 

528 (122), 555 

( I  14). 230.232 (109). 233 ( 1  14. 117).241, 
246 ( 17, 18). 264 (69). 283,284,378,383 
(37b). 385 (75), 394,395.406 (75), 409 

(134, 135. 137), 414 (75. 112. 113). 416 
(112, 113),410(127-129. 131, 132).411 

( 1  13.21 1-213.215. 216), 419 (241). 442 
(465.466). 496499, 503,560 (4,7-9). 563 
(4), 567.568 (85.88.89). 569 (91.92). 571 
(7.9, 105), 572 (4,91. 105). 573 ( I  17). 577 
(117. 143).578(117).579,580(l53, 154), 
581 (143, 165. 174). 582.589.591 (165, 
176). 593,594 ( 11 7). 597 (9 I .  260), 611, 
613-615,617 



Author Index 875 

Fritsch, K. 459 (692). 508 
Fritz, H. 
Fritzmann, E. 

Frolov, A. N .  
Frolow, F. 
Fruehan. A.  G. 
Fruhling. J .  392 (129). 397 
Fueno, T. 320 (51). 329 
Fugier,C. 413(191).498 
Fugnitto, R. 470 (8%). 511 
Fuhrling. H .  695.697 (127). 843 
Fujimori, K .  

65 7 
Fujita. E.  317(37).329,642(242).661 
Fujita. J .  

Fujiwara, I .  303 (70. 71),305 
Fukae. S .  393 (155).397 
Fukumoto, K .  642 (303). 662 
Fukumura, M .  

Fukuzawa. S. 

534 (162). 556.655 (482). 665 
680 (5-H), 690 (5-7). 774.776. 

641 (292). 662 
(5.6). X I 5  (8). 839 

409 (1  17. 1 IXa). 496, 497 
803 (552). 852 

370 (3a. 3b). 393,623 (52.53). 

771.772 (430). 779.780 (430.460). 
849,850 

165 (54). 186,404,446 (51 I ) .  
504,541 (206). 557 

10 (51). 19.537 (176). 551 
(283,284).556,558,650,651 (421.422). 
653 (461). 655 (480). 664,665 

Fukuzawa. S.-I. 530.533 (142). 555 
Fiillgrabe. H.-J. 356 (34). 366 
Fultz, W. C. 736(303. 304),847 
Fumagalli, A.  
Funk, H. 

81 1 (596). 853 
489 (1050). 515,522 (38), 528 (38. 

123. 124), 530.532 (123, 124), 533 (l23), 
553,555 

Furin. G. G .  197 (37.38). 204,205 (37). 239 
Furlani, C. 

Furmanova. N.  G. 
Furness, A. R. 695.697 (129), 843 
Furstenberg, G. 
Furukawa, N .  541 (206), 557 
Fusco. R. 466.467 (810). 510 
Futekov, L. 

684.685 (39). 686 (39,47-49). 
688 (49). 794 (521). 841, 851 

16 (92). 19, 541 (200). 557 

16 (96). 20.362 (63). 367 

261 (60). 284,525 (83). 554,699 
( IS I ) ,  843 

Gacnarz. R. A.  626(130), 659 
Gadzhiev, G. G. 624 (82), 658 
Gadzhiev. S .  N .  158 (Y),  160 
Garner, G. 779 (465). 850 
Gagnc. P. 340 (38), 341 
Gaidis, J .  428 (339). 501 
Gais, H.-J. 622 (43,44). 657 
Galambos, G. 316 (32), 329 
Galambos, J .  T. 387 (80),396 
Galasso, V, 221,222(114),233(114, 117). 

241,247 (24,25), 284,483 (974), 514 
Galateanu, J .  297-299 (SI) ,  305 
Gal’bershtam, M. 407 (86), 412 (86, 164, 

165), 413 (86, 170. 179. 181). 496498 

Gal’bershtam, M .  A. 573(118).578(144). 
581 (144. 170). 593 (1  18). 614. 615 

Galina, V. M. 
Gall, J .  494 (1073). 5 / 6  
Galla. S. 423 (297), 500 
Galla. S. V. 
Galla-Bobic. S .  

513 
Calla-Bobik. S .  V. 

(153). 533 (159). 534 (153). 555,556 
Gallaher, K .  L. 
Galli. D. X I 1  (596).853 
Gallorini. M. I65 (75). 186 
Gambino, 0. 

494 (1074). 516 

527 (105). 555 
423 (203). 482 (959). 500, 

528 (125, 126. 133), 532 

100. 101 (l94), 152 

X I  I (591). X32 (591,655-657. 
662,663), 835 (655). 837 (662). 838 (663). 
839 (59 I ,  853.855 

Games. D. E. 
Gamlen. G. A.  
Gancanz. R. A. 
Gandel’sman. L. Z. 565 (43). 612 
Gnnsow.0 .A.  191, 192(14).239 
Ganther. H. E. 

389 ( 1  13). 396 
Gaprindashvili, V. N .  

188, 701 (159.. 160), 844 
Garaj. J .  730 (274), 846 
Garazzolo. G. 332 (8). 341 
Garbarino. G. 

838 (670h. 670d), 855 
690 (84). 842 
648 (352). 663 

162 ( I  I ) .  185.244 (7). 283. 

184 (167, 169. 175). 

41 I (138). 412.416 (159). 
497.567-569.572.582 (87). 589.591 
(217). 61.3.616 

Garbe, J .  E.  
Garbuglio, C. 445 (503,504). 504 
Gardner, S. 524 (79). 554 
Gardner, S. A. 

Garito, A. 

Garkin.V. P. 540(197).541 (199),557 
Garlaschelli. L. 81 I (596). 853 
Garnovski. A. D. 
Garnovskii. A.  487 (1020),515 
Garratt, D. 403 (29-31,45), 495,528.533 

(130). 555 
Garratt. D. G .  

140). 533 (138. 139, 160), 555.556,632 
(177, 180, 181), 633 (180, 181). 634 (177). 
635 (201.203.204.206). 636 (213.229). 
637 (213), 659.660 

690 (61a). 841 

145. 146 (328), 155,356 (36), 
366,814,818(611),854 

505 
449 (552,556). 450.463 (556), 

814.820 (620). 854 

127 (288), 154.529 (13% 

Gasanov, B. R. 184(145), 188 
Gasanov, F. G. 

Gasanov, G. G. 289,291 (24),304 
Gasco,A. 573,574(119).614 
Gash, D. M. 675 (33), 677 
Gasic, G. P. 638 (224), 660 
Gastaldi, L. 796 (536), 852 
Gasteiger, J. 456 (639), 507 

623 (62,63). 624 (go), 657. 
658 



876 Author Index 

Gastmans. D. F. 
Gatien. L. 393 (160), 397 
Gattavecchia. E. 289.291 (16). 304 
Gattermayer. R. 357,358 (40.43). 366 
Gattow. G. 
Gautheron. B.  

Gavar, R. A. 184(165). 188 
Gaydon. A. G .  
Gazieva, G. B. 
Gazizov, I.  G .  245 (15),283 
Gazizov. M. B. 
Geary, W. J .  
Gebhardt. 0. 71.72 (54). 149 
Geens, A.  404.480 (52), 495 
Geiger, C. 419 (250). 499 
Geise. H. J .  89(140, 141). 151 
Gelius. U.  117 (268,269). 153 
Gel'mont. M. 463 (728.729.731).509 
Genard. J.-C. 440 (456). 503 
Genard, J .  C. 584 (184). 615 
Geoffroy, M.  236(135). 237 (135-139).241. 

Geofroy. G .  L. 811 (586).853 
George. C. 
Georges. B. 320 (52). 329 
Georgiou. K.  
Georgoulis, C. 604 (317), 618 
Gerbe1eu.N. V .  726(251).727(251.262a. 

262b). 728,739 (251), 770 (424). 771 (424. 
425). 778 (424), 802 (548), 846.84.852 

163 (17), 185 

158 (8). 160.244.263 (6).283 
741 (331). 742.749 (331. 

338). 847,848 

159 (14). 160 
632 (176). 659 

815 (6Olg). 853 
687 (50). 841 

301 (62,63).305 

X2.83 (101a). 150.670 (14). 676 

1 I (59). 19.65 (21). 148 

Gerdil. R. 321,323 (55). 329 
Gerding, H. 383 (72b), 395 
Gerenser, L. J .  

( 1 5 7 ~ ) ~  844 
Gerhold, J .  565,604 (61), 613 
Gerlach, M. L. 

German, L. 405 (62a). 495 
Gerratt, J .  690 (85). 842 
Gerry. M. C. L. 
Gerstein, B. C. 
Gervasio. G. 

853 
Geserich, H. 465 (786), 510 
Geserich. H.-P. 90 (152). 151 
Geurts, P. J .  M. 
Gewald, K. 448 (537a), 505 
Gfeller, J.-C. 638 (227), 660 
Ghadendehari, M. H. 
Ghanbarpour, A. 469 (842),511 
Ghandehari, M. 447,464 (532),505 
Ghandehari, M: H. 377,386 (35) ,394 
Ghapgaran, F. 469 (842), 511 
Ghilardi, C. A. 

Gianolio, L. 25 (41,59), 61 

701.705 (157a-c). 736 

178-181 (106). 187.387 (90). 
396 

65 (16), 75 (79). 148.149 
701,705 (158b). 844 

808 (572.573). 81 1 (595), 852. 

794,795 (514). 851 

581,595 (162). 615 

811 (598), 813 (598,599), 
853 

Gibson, C. 480 (944.946). 513 
Gibson, C. S. 527 ( 1  17). 528 (128). 555 
Gibson, J .  F. 742.748 (340). 806 (561.562). 

832 (562). 848,852 
Gibson. J .  S. 86.87 (122). 150 
Gidali. M. 393 (156),397 
Giddings. P. J .  624 (97). 658 
Gieren. A. 90(152). /51.465(786),5/0 
Giesbrecht, E. 420 (273), 500.548 (266. 

267). 558,567 (80). 613.626 (132-134). 
629 (134. 156. 158). 641 (134.270). 643 
(357). 652,653.655 (158). 659.661.663 

Giese, B. 
Gicse, R. 461 (707). 508 
Giese. R. W. 
Gil. R. 425 (309b). 500 
Gilbert, B. C. 

Gilbert. F. L. 
Gilchrist. T. 
Gilchrist. T. L. 703 (163),844 
Giles. J .  R. H. 325 (65).329 
Giles. J .  R. M. 642 (243). 661 
Gillespie. J .  R. 196. 199,205 (33),  239 
Gillespie. R. 518 (8).553 
Gillespie. R. J .  67.71, 125. 129 (28). 148. 

217 (74), 240 
Gillissen, H. 494 (1071).5/6 
Gillissen. H. M. J. 624 (101). 658 
Gillman. G. P. 337 (31), 341 
Gillson. J. 450 (575). 506 
Gilman, S. 
Gilow, H. M. 
Gilraldi, G. 383 (72c),395 
Ginak, A.  458 (669), 508 
Ginet, L. 237 (137),241 
Ginsberg, A.  P. 

Ginsburg. S. R. 
Gioaba, A. 

514 
Giolando. D. M. 
Giorgini, M. G. 378,383 (37b),394 
Girardin, F. 429 (350.351), 501 
Giudicelli, J.-F. 457 (660,661). 507 
Gladyshev. E. N. 356 (35), 366 
G1adysz.J. A. 690(61a,61b).841 
Glanzer, H .  801 (547), 852 
Glasebrook, A. 488 (1031), 515 
Glasser. L. S. D. 692,694,695 (1 17). 842 
Glavincevski, B.  M. 
Glazebrook, H. H. 814 (612). 854 
Gleiter, R. 
Glemser, 0. 699,700 (1454,843 
Gliborskii, D. 407 (83), 496 
Click, R. E. 
Glidewell, C. 

326 (70). 327 (72), 329 

272 (80). 285 

234 (124). 235 (127). 237 

7 (32). 18.550 (278).558 
(14 I ) .  241.32 I ,  323,324 (56.60), 329 

403 (39), 488 (1040b). 495.515 

642 (312), 645 (328.329), 662 
601.602 (287-289). 618 

806 (563.564). 807 (564). 
808 (566), 810 (564,566,582). 852,853 

519 (16). 553 
482 (96>967), 483 (966,973), 

81 1 (585b). 853 

716 (201). 845 

119 (271.272). 154,247 (28), 284 

561 (18), 612 
66 (25), 72 (58,61,63), 76 



Author Index 877 

(86), 78 (86.87). 148-150,784.786 (476. 
477). 850 

Glover. J .  S. 
Glover, S. A. 
Glowiak, T. 787 (484). 851 
Glustrakov. V. 467 (813). 510 
Godfrey. P. D. 

Godovikov. N.  N .  
Goerdeler. J .  465 (767), 509 
Goethals. E. 426 (317).501 
Goggin. P. L. 

Gokel. G. W. 
Gold, L. 466 (805), 510 
Gold, L. P. 
Gold, P. M. 
Goldberg. I .  433 (391). 502 
Golden, D. M. 
Gol’dfarb. Ya. 

Goldfarb, Ya. L. 
Goldsmith, D. 636.637 (212). 660 
Golgolab. H. 464 (744.747). 509 
Colic, L. 786-788,790,791 (485), 796.797 

GoliE, L. 
Golmohammadi. R. 622 (35) ,  657 
Golubinskii, A. V. 

Gombler. W. 

373.393 (19). 394 
536 (164). 556 

51.57.58 (94), 62.89 (144). 
151 

347 (7). 366 

690 (90.91). 773.774 (91). 

680 ( 1  Ib). 840 
814,818 (608), 842.854 

90 (l49), 151 
603 (308). 618,639 (119). 658 

157. 159 (3), 160 
430 (364-367), 431 (373. 

377). 434 (394,396). 501,502 
597 (257), 617 

(539), 851.852 
102 (217), 152,624 (92). 658 

70, 74.75 (46). 76 (46. 
78b), 78 (46), 149 

71,72 (55). 149, 197, 199,201. 
205,207 (41), 208.209 (65). 210,211.218 
(I l ) ,  219 (41.77.78), 220 (65) ,  224,226. 
229(41),239,240 

Gomper, R. 451 (583). 506 
Gonda, J .  486 (IOOOb), 514 
Gonzalez, C. L. 
Goodall, B. L. 
Goodall, D. C. 

(44l), 850 
Goodfellow. R. J .  

(91), 814 (608), 816 (627). 818 (608). 842, 
854 

166 (83), 186 
680 (9c). 840 
774,775 (440,441), 776 

690 (9s92).  773,774 

Goodgame, D. M. L. 
Goodgame, M. 730,737 (273), 846 
Goodman, M. M. 

81 4), 664 
Gordienko, V. G. 
Gordon, G. 393 (l60), 397 
Gordon, K. M. 
Gordon, M. S. 
Gorgon, 0. 459 (689), 508 
Goridis, C. 381,393 (59), 395 
Gorissen-Hervens, F. 326 (71), 329 
Gorokhovskaya, V. I. 
Gorton, J. E. 
Gosselck, J .  420 (274), 469 (841), 471 (862, 

730,737 (273). 846 

522 (52), 554,651 (413, 

573 (1 15), 614 

317 (36), 329 
25,30 (62,64), 34,54 (62), 61 

184 (162, 163), 188 
576 (135), 614 

872),500.511.512,574(127),575 (127. 
128), 614.629 (165), 641 (271), 659,661 

Goth. H. 463,484 (736a), 509 
Could. E. 

Could. E. S. 

428 (335,336.344,347). 462 (720. 
721). 480,481 (947). 501.509.513 

521 (35). 553.580 (157. 158). 
600 (157). 615,642 (279,281,282). 643 
(279), 649 (28 1 ) ,661.705.706 ( 170). 72 1 
(236). 844.845 

Could, R. 0. 
Goulden, P. D. 
Goulon. J .  720 (228). 845 
Goulon-Ginet, C. 720 (228). 845 
Cower, J .  L. 
Grabley. F. F. 
Grachev, S. A. 

Gracheva. L. N.  
Graf, G. 673 (28). 677 
Graham, W. A.  G. 
Grandjean, D. 
Grandolini. G. 421 (278).500.582.589.591 

(l76), 615 
Granger. P. 

221 (61.87,92,93), 222 (92.93). 226-228 
(93), 234 (87,93). 240,819 (630). 854 

191 (l7), 239 

102 (208), 152 
165. 167-169 (65). 186 

838 (670b). 85.5 
12 (66). I9  
172 (97). 173. 174 (97.98). 

173. 175. 176 (99). 187 
175 (98), 176 (97.98). 187 

546 (242).557 
65 (13. 14). 148 

7 (26). 18.206.210.21 I (61). 

Grant, D. M. 
Grant. H. 489 (1046), 515 
Grant.J. L. 310-312(18),328 
Grant, P. 404 (54). 495 
Grant, Z. A. 
Granzhan. V. A. 
Gray.G. W. 573(114).614 
Gray, M. R. I84 (l79), 188 
Graziosi. G. 759.760 (380.382). 848 
Grazuliene. S. 699 (152b). 843 
Greatrex, R. 825 (642), 854 
Grechkin, N.  P. 
Green, D. 449.450(554).451 (580),505.506 
Green. J. F. 
Green, M. 680 (9b). 839 
Green,T. E. 163-165, I83 (18). 185 
Green, T. H. 690 (76a, 76b, 77a, 77b. 78). 

786 (77a, 77b). 842 
Green, W. H. 88 (138), 151,371.382 (6). 

393 
Greenberg. B. 428 (336). 501.521 (35). 553, 

642 (282), 661 
Greenhouse, J .  A. 
Greenwood, N.  N. 641 (274),661.728.731, 

172-174, 176 (97). 187 
567 (82). 613 

815 (601f). 853 

520 (68), 554 

88 (138). 151 

732 (264,265), 734,735 (265), 774 (442. 
447,451), 776 (447), 778 (451). 846,850 

Gregory, D. C. 106, 128 (229, I52 
Gregory. P. E. 391 (125), 397 
Greiciute, D. 403 (26a), 494 
Greiner, J. 249,251 (39), 284 
Greiner, K.  418 (237), 499 



878 Author Index 

Grekova. E. 412-416 (157). 497 
Grekova. E. A. 
Grenan. M. M. 
Grewe. F. 462 (718). 508 
Grey. G. 403 (25). 494 
Grid. A.  V. 
Grieco. P. A.  

595 (247). 617 
291 (39). 305 

601.602 (290). 618 
16 (89). 19. 604 (312). 618.629 

(171). 640 (283). 642 (289.290.312). 645 
(328.329). 659.661.662 

Crier, R. A .  184 (158). 188 
Gries.T. 710.712.713.814.819 (191a). 844 
Griffin. D. A. 
Grigor'cva, I-.  P. 
Grigsby. R. A. 

184 (178). 188 

222,226.227 (105). 241.249, 
251 (40).284.375.392(26).394.651 (399. 
412). 664 

(124). 843 

Grisdale. P. J .  
Gr0be.J. 362.363(64).367.711.713 

701 (156). 843 

Grim. S. 0. 198.21 1 (39). 239.693-696 

562 (27). 612 

(192-194). 714 (192). 743.751 (343). 814 
(194). 844.845.848 

Groencveld. L. R. 
Gronbaek. R. 771 (436). 850 
Gronowitz. S. 

736 (308). 847 

17 (100). 20.44. 54 (87). 62. 

210(5). 213 (4). 217 (71).218 (72). 230. 

407 (821.95). 41 1 (151 b). 412 ( 15 1 b. 166). 
413(182a. 182b).414(196).415 (197.206. 
207.210).416(215.217-220.222),417 

430 (370). 431 (375.376). 433 (182:). IX2b. 
248.389.390.392). 434 (393). 435 (403. 
404). 436 (413). 437 (414.417). 438 (430. 

579 (148-151. 153. 154). 580 ( 150. 15 1. 
153. 154).586(195).587(198. 199). 5x8 
(198-201). 591 (228). 595 (244246.248.  
250,256). 596 (248-250). 597 (199). 
615417.621.622 (28). 657.675 (32). 677 

191. 196 (3-6). 19%200 (5). 204 (6). 205. 

232 (109, 110). 238-241.385 (74). 3YS. 

(223-225.227.229). 418 (222). 419 (248). 

432). 478 (921). 4YbJYY. 501-503.513. 

Gropen. 0. 25.30 (72). 61 
Groshcv, V. 
Gross. D. 465 (767). 509 
Gross. M. L. 252.261 (43).284 
Gross. R. 459 (697). 508 
Grossman.S. J .  519(16).553 
Grossoni, G. 
Groves. J .  487 (1018). 515 
Groves. L. G. 51 (91).62 
Gruber. J .  808,811.834,835(56X).852 
Grummon.G. D. 371.392(12b).394 
Griindel. D. 457 (663). 507 
Grundy. K. R .  

Griitjen. W. 519 (17a).553 

458 (665.666). 490 (666). 507 

295 (47). 305.683 (33). 841 

715-717 (214). 765 (214. 
404). 766 (214.41 I ) .  807 (404). 845.849 

Guanti.G. 411 (136, 138).497.572(111). 
589,591 (217), 614.616 

Guareschi. A. 
589 (216). 591 (145.216). 615.616 

Guest. A.  408 (103). 496 
Guggolz, E. 746,751,752,825 (351). 848 
Guha. P. 455 (618). 507 
Guilard. R .  720 (228). 845 
Guillaume. M. 

Guimon. C. 458 (673). 508 
Gulland. J .  418.468.481 (232). 49Y 
Gulland. J .  M. 
Gunning. H. 402 (13). 494 
Gunsalus. I .  C. 

Gunter. W. H .  H. 
Giinther. H. 442 (467). 503 
Giinther, W. 401 (3). 427 (324). 442 (471). 

Giinther. W .  H. H. 2 ( I ) .  5 (6). 17, 18. 162 

41 1 (139. 140). 497.578 (l4S), 

268 (75). 285. 442 (473). 476 
(473.908), 503,512 

654 (466). 665 

238 (144. 145).24/. 382.392 
(66a. 66b). 395 

560.563 (2). 611 

492.493 (1061 b). 494.501.503.516 

(2). 166. 168. 177 (77). 179 ( 1  12). 182 
(77). 185-187.236 (132). 241.288 (3. 12). 
291 (3). 304.307 (2). 3-18. 33.1 ( I ) ,  339. 
340 (35). 341 379 (41). 3Y4.518 (2), 5 19 
(15). 520 ( 19). 552.553.620 ( I ) .  62 1.622 
( I ,  13). 624 (92). 629 ( I ) .  641 (263). 650 
(1).656.658.661.680.68l.69~(l4~1).840 

389 (1  14).396 Giinzler. W. A. 
Gupta. T. R .  693-695.698 (120),842 
Guseinov. M .  M. 

Gustavson. P. 675 (32). 677 
Gutman. G .  A.  
Gutmann. R. 466 (803). 510 
Gutmann. V. 733 (296). 847 
Guziec, F. 467 (812). 510 
Guziec, F. S .  
Guziec, F. S. J r .  

Gvozdeva. H. A. 
Gwinn. W .  D. 
Gysling. A. J .  
Gysling. H.  J. 

623 (62.63). 624 (82). 657. 
658 

381.393 (58). 395 

194. 196.209.220 (26). 239 
12 (63). I Y .  194.208,209 

604 (316). 618 
(24). 220 (24.85). 23Y. 240.675 (33). 677 

87 (l27), 126 (283). 150.154 
7 (27). 18 
64 (2b). 145. 146 (328). 148. 

155,222,223 (98.99). 231 (98). 240.344 
(1). 356 (36). 365.366.524 (78.70). 554. 

(31).6XX(57).696(133).70l.705(l57c. 
158a). 732 (285) ,  736 (157c, 158a). 737 
(310a). 740 (310a. 320). XI4 (605. 606). 

817 (605). 818 (IS), 826(644). 829.831 
(57). 836 (669). 840.841. 843.844. 847. 
853455 

680(15g).681 (15g. 18.25a.25b.31f.6X5 

815 ( i sg ,  18.6ns. 606. 626). 816(18.606). 

Haaland, A .  72.90 (65). 14Y 
H . .  .ids. . A.  I I  (61). I6 (87). I Y .  66.67 (26). 87 



Author Index 879 

(l29), 148.150, 199 (52). 240,281 (90. 
91), 285,405 (61), 495.748 (360), 832.836 
(658). 848,855 Hansen. P. 321.323.324 (60), 329 

Haas,O. 709(182),844 Hansen, P. E. 79 (94), 150 
Haas, T. E. ,730,737 (273), 846 Hansen, R. E. 238 (145), 241.382,392 
Haase. W. 455 (627).507 (66a), 395 
Haba. A. (372). 663 Hansen, R. S. 217.218 (75). 240 
Hacker. N. 466 (802). 510 Hansen-Nygaard, L. 89,90 (146. 147). 151 
Hadchouel. P. 393 (147). 397 Hanson, P. 91 (155). 151, 237(141).241. 453 
Haddad. P. R. (592.593), 459 (684), 465 (592,593). 506, 

842,854 Hanson. R. 414 (l92b). 455 (620). 461 (707). 

270). 118 (263), 119 (251,270). 153,154 
606 (328), 618 Hansen, M. R. 

I83 (141). 188 
Haddock, S. R. 690 (89.90), 814.818 (608). 508 

Haddon. R .  488 (1042). 515 464 (750.752a), 498,507-509 
Hafeman.D. G. 389(113).396 Hanson. R. H. 700 (148. l49), 843 
Hagelberg. L. 337 (27). 341.444.492 (487). Hanson, R. N .  272 (80). 285.378.392 (36). 

Hagen, G. 139, I40 (315). 154 Hantschmann. A.  463 (736b). 469 (840b), 
Haginiwa. J .  

504 394 

455 (610.625). 456 (625,641). 484 (736b). 509.5/1, 788.792 (501). 851 
458 (674b. 675). 459 (674b, 686), 506-508. 
586 (209). 590 (209,215). 616 

Haines. R. J .  
Haissinsky, M. 302 (67-69). 305 
Hajdu, R. 
Hajdu. R. A.  

Harding, M. M. 
Hardy, W. A.  
Hargittai. I .  

779 (468). 850 
64 (5). 148 

825 (642). 854 64 (3,4), 66 (4). 75 (78a). 76 (3. 
78a), 81.82 (3. IOO), 83,84 (3). 86 (4). 87 
(3, 126, 132). 106 (225). 113 (240). I16 
(4). 125 (282), 126 (285). 128 (225). 129 

403 (40), 464 (764). 495.509 
624 (93). 658 

Halazy, S. 321 (54).329,624(102).635 (282). 139, 140 (315). 148-150, 152-154 
(203,658.660 Haris. M. 492 (1062), 516 

Halevy, J.  731 (279). 846 Harkema. S .  320 (52), 329 
Haley, N .  406 (63), 447 (528,529). 451 Harper. P. V. 387 (79), 396 

(528). 495.505 Harris, A. W. 381.393 ( 5 8 ) ,  395 
Hallberg, A. 412 (158). 417 (227.229). 497. Harris, D. 0. 86.87 (122). 150 

499.595 (256). 617 Harris. J .  C .  600 (276). 617 
Haller. R. 
Haller. W. S. 244,253,253 (5). 283.651 (101). 233 (313).238.240.24/ 

Hamada. K. 71 (52). 149.650 (384). 663 Harris. W. C. 88 (133), 150 
Hambrecht. J .  427 (331.332).501 Harrison. B. A.  738 (315). 847 
Hamburger, G. 518 (7).553 Harrison, W. D. 10(55)./9.537(172),556 
Hamer. F. 459 (695). 508 Harrit. H. 466 (801). 510 
Hamilton. C. S. 650 (367). 663 Harrowfield. J .  M. 779 (469). 850 
Hamm. D. J .  387 (83),396 Harrowfield. J .  McB. 779 (466b). 850 
Hammar, G. 455.457 (626). 507 Hartl, H. 545 (239).557 
Hammer, M. 382 (64).395 Hart1ey.F. R. 680.681.691 (13).840 
Hammett. L. P. 561.570 (13). 6/1 Hartmann. H. 408 ( I O I ) ,  453 (596). 455 
Hammond, Ph. J .  537-539 (181).556 (629). 463 (7363). 469.470 (850). 484 
Hammond. P. J .  (736b). 485 (997). 496.506.507,509,5//. 

Hanafusa, T. 642 (309). 662 Hartough. H. 406 (71). 495 
Hancock. J .  R. 167. 177 (92). 187 Harts. G. 465 (780). 510 
Hannaway. C.  825 (643). 854 Harvey, A. B. 88 (138). 1 5 / .  371 (6. 14. 15). 
Hanocq. M. 

Hansch. C. 419 (250). 499. 563,565 (35). 570 Hase. T. A.  632 (174). 65Y 

Hansel. W .  469 (845a. 845b). 511 Hassancen. H. 466(8ll).467(8ll.8l4a. 
Hnnsen, A. E. 675 (35), 677 814b). 510 
Hansen. L. 467 (821),5// Hassel. 0. 139 (313). 154 
Hi1nsen.L. K. 116(251). 117(251.253.263. Hastings.C. R. 183(135)./87 

469 (843. 845a. 845b), 511 Harris. R. K. 190. 191 ( I ) .  220 (79). 223 

(388), 663 Harris, R. 0. 715-717,765,766 (214). 845 

191. 192.221. 222.232 (15). 
239 514 

164 (38). 186.581 (163). 598 382 (6. 15). 393.3Y4.650 (382,383). 663 
(163.263). 6/5.6/7 Hasan. G. 459.460 (685). 508 

(35. 103). 612.614 Hasnain. S.  407 (89). 496 



880 Author Index 

Haszeldine, R. N .  629(161).641.643(269), 

Hatkevitz, Z. 742 (333), 848 
Hatton, J .  467 (820a), 511 
Hatton, J .  R. 118 (265), 153 
Hauge. S. 

65Y, 661 

70 (35), 77 (81). 85 (log), 86 
(121), 102 (210.21 l) ,  115 (35.247), 116 
(35,247-250). 119 (210,280), 120 (280). 
124 (210.280), 148-150,152-154,651 
(426), 664,684 (41,42), 685,686 (41-43). 
728 (266). 730 (271), 841.846 

157, 159 (3), 160 Haugen, G. R. 
Hauser, J .  446,447 (521). 504 
Hauser, J .  J.  650 (387), 663 
Hausmann. H.  690,691,754,757,814.825 

Hautschmann, A.  457 (663). 507 
Havezov, I .  165 (64). 186 
Havinga, E. 139 (314), 154 
Hayama, T. 632,633 (190), 660 
Hayashi. M. 

69), 81 (41), 14Y 
Hayashi. Y. 631 (172).65Y 
Hayes, F. 490 (IOS6), 515 
Hayes. N .  V. 
Hayon, E. 297 (53). 305 
Hayward. G. C. 
Haywood. B. 487(1018).515 
Hazell. A.  C. 
Hazum, E. 835 (668a), 855 
Hcadford. C. E. L. 

(108). 842 

70 (41, S O ) ,  71.72 (SO), 73 (41. 

575 (129), 614 

654 (468). 665 

I44 (324), 155 

715,717,767 (215). 768. 
825 (418). 829 (418.650a. 650b). 830 
(418). 845.849,854 

680 (%I). 83Y 

308 (5.6). 328.798.800 (543). 

624 (92). 658.786 (485). 787 (485. 

Healy, M. D. 
Heath. G. 444 (498,499). 504 
Heath. G. A. 

852 
Heber. R. 

493). 788 (485), 789 (493). 790 (485.493). 
791 (485).851 

Heberhold, M. 
852.855 

Hebtchek, P. R. 
Hecht, C. 

Hedberg, K. 

Hedberg. L. 126 (286). I54 
Hefferman. M. L. 383 (72e).395 
Hegedus. L. S. 
Hegsted. D. M. 387 (77a).3Y5 
Hehre, W. J .  25 (27,29,32.35,48.56.62. 

804.805 (557). 832 (653). 

525 (86). 554 
829 (646.647). 830 (647). 832 

72 (57.67). I17 (266). 126 
(646.647). 833 (647). 854 

(286), 14Y. 153, I54 

718.719.721 (227), 845 

64,68,71). 29 (27.68.71). 30 (48.62.64. 
68.71). 33 (27.68.71). 34.54 (48.62). 56 
(48.68). 57 (48). 60.61 

Heibl. C. 12 (64). IY 

Heinrich, A. 

Heinrich, P. 357,358 (45). 366 
Heintz. G .  462 (714). 508 
Hellrung. B. 

612,614 
Hellwinkel. D. 

(477.478,480), 501,504,535,536.544 
(163a-d), 556,655 (481). 665 

784 (480), 789 (480,507), 791 
(480), 851 

562 (33), 569.570 (33, 102), 

8 (35), 18,428 (338), 443 

Helmi, S. 387.389 (91).3Y6 
Hemmerich, P. 
Hcmmings, R. T. 

Hende, J .  H. van den 
Henderson. H. E. 
Henderson. R. S. 

Hendra, P. J .  

Hengge, E. 355 (29),366 
Henglein. A.  293 (44),305 
Henrick. K. 
Henriksen, L. 

308 ( 1  I ) .  328 
349 (17). 353 (IS), 366, 

621,622(20).656,716(201),845 
117 (258), 153 

716 (201). 845 
747,753,757 (354), 808 

(354,574). 848,852 

690(67.68).705,706(171).841.844 
654 (468), 665,684-686 (36), 

81 1,812,832,839 (590), 853 
9 (46), 12 (67), 13 (70,71), 18, 

I Y .  405 (58). 406 (70), 447 (524). 448 (533, 
534.543). 450 (543), 468 (827c), 480 (533. 
534). 4Y5.504.505,511,821 (634). 854 

308 (3). 328,444 (497), 504 
415 (202,208), 435 (208.401). 

Henriksen. U.  
Henrio. G. 

Henry, G. 622 (30). 657 
Hentschel, P. 405.469 (60a), 495 
Herberg. S. 523.545 (61-63). 554 
Herberhold. M. 808 (567). 852 
Herbert. M. 641,650 (262), 661 
Herd. M. 469 (844). 511 
Hermann. L. I13 (240). 153 
Herrmann. D. 363 (67).367 
Herrmann. W. A. 

4Y8,502 

768,770 (421). 804 (554, 
556a. 556b). 805 (556a, 556b. 558), 806 
(554.558). 829 (421,554.646,647), ,330 
(421,467). 832 (556a. 556b, 646,647). 833 
(554, 556a, 556b. 647), 849.852,854 

Hertel. H. 784.785.787 (475), 850 
Herzberg, G. 

Herzig. C. 456 (639). 507 
Herzschuh, R. 

Hetey. A.  T. 
Hetzel, K. R. 
Heuvcl. C. van den 
Hevesi. L. 

22 (2), 51 (94). 54 (2). 57.58 
(94). 60.62 

(479), 851 
784,786 (479). 789 (507). 795 

693.696 (123). 843 
370,372,393 (4), 3Y3 

248 (31),284 
319 (42.43.47.48), 320 (50. 52). 

321 (53.54). 32Y. 526 (99). 555.605 (324). 
618.623 (55.57). 624 (106). 626 (137). 
635 (205). 657-660 

Hewitt. T. G. 96 (182). 152 



Author Index 88 1 

Hidaka, J .  

Hieber, W. 

771.772 (429). 779 (459), 780 
(429), 781 (470), 84Y, 850 

690,691 (96. 101, 11 I ) ,  695 
(127),696(101).697(101. 127). 741 
(323), 743 (323,342), 748 (323). 808.81 1 
(568), 814,818,819 (618). 824(640), 832 

847,848.852,854 
(618), 834,835 (568). 838 (618). 842,843. 

Higgins. P.  J .  381 (56),3Y5 
Aiguchi. H. 
Hill, A .  F. 
Hill, R. A. 
Hillers. S. I84 (164). 188 
Hillman, D. C. 
Hilti. B. 446 (520), 504 
Himmelreich, D. 723-725 (248,249). 814. 

Hinrichs, W. 
Hinsberg, 0. 
Hinsel. W. 469 (843).511 
Hinsken, H. 562,569,570 (33), 612 
Hirabayashi, T. I 1  (57). l Y  
Hiraoka, K. 202 (50), 23Y 
Hiraoka, T. 642 (253), 661 
Hirooka, T. 387 (80). 3Y6 
Hirose,C. 64(11), 148 
Hirota. E. 51.57,58 (94). 62 
Hirschfelder, J .  D. 201 (44),23Y 
Hisada. K.  
Hladik, V. 371,382 (lob). 3Y4 
Hlavacek, R. 455 (622). 507 
Ho, C. 0. M. 716 (209). 845 
Ho. Tse-Lok 370 (2b). 3Y3 
Hoan, N.  G. 
Hocking, W. H. 
Hodgeman. D. K.  C. 
Hodgson, K.  0. 

(334), 848 
Hodkinson, B. A.  393 (150),397 
Hoeger, C. 444 (490b). 504 
Hoeger, C. A .  
Hoffman, J .  L. 
Hoffmann, K. 

(637), 854 
Hoffmann, R. 119 (272). 154 
Hofler, M. 690,691,754.757.814.825 

Hofmann, G. 5 (16), 18,455 (609). 506 
Hofmann. H. 768 (417), 849 
Hofmann. K. 428 (334). 501 
Hofmann, P. 722 (245e), 846 
Hofmann. W. 
Hogeveen. H. 835 (668b), 855 
Hoggard. R. 

Hogue. D. E. 387 (83),3Y6 

492 (1064b). 516.642 (310). 662 
768,829,830 (419). 84Y 
72 (59). 14Y 

162 (14), 185 

823 (624), 846,854 
101 (197). 152,483 (984), 514 
5 (17). 18,465 (769), 510 

389 ( 1  12), 396 

428 (345.346), 501 
65 (16), 148 

235 (l27), 241 
102 (219). 152,742,750 

625 (1 18). 658 
391 (126a. 126b),3Y7 
102. 106 (222). 152.825.827 

(108). 842 

9 (45). 18.754.757 (368), 848 

701 (161. 162). 702(162). 703 
(161, 162).844 

Hohlneicher. G. 22 (3). 60 
Hojo, Y.  600 (284), 618 
Holker, J .  S. E. 
Holliman. F. G. 
Holliman, R. 476 (906), 512 
Hollo, Z. M. 
Holm, A .  

644 (318). 662 
550 (281). 558,668 (10). 676 

289,291 (21). 304 
12 (65) ,  19.65 (18, 19). 148,405 

(57). 464 (57.753), 468 (827c). 4Y5.509. 
51 I 

617 
Holm, B. 415 (206,207). 498,595 (245.246), 

Holm, R. H. 781 (471).850 
Holmes, E. 469 (852). 511 
Holmes. T. 470 (859,860), 511 
Holt, D. 449 (558b), 505 
Holtz, D. 202 (48,49), 23Y 
Holzle, G. 629 (157). 639 (238), 642 (247. 

Homfeld, E. 592 (231), 616 
Hommes. H. 

49 7,500 
Homsany, R. 316 (30,31).329,332-336. 

Honjo, T. 784,786 (482). 851 
Honle, W. 809,832 (579). 853 
Hoots, J .  E. 
Hooz, J .  63.5 (202), 660 
Hope, H. 92,93 (160), 138, 139, I43 (310. 

Hopf. G. 548 (265), 558 
Hopkins. H. 460 (702). 508 
Hopkins. H. P. J r .  600 (281). 617,621,622 

(4), 656 
Hordvik, A.  116(251), 117(251-257.263, 

270). 118(259,261.263), 119(251,270, 
273.274), 153,154,308 (8- 10. 12), 328, 
467(821),511 

Hori, M. 
589 (203), 592.593 (203.235.236). 616. 
617 

Hori. T. 
627 (131), 640,641 (257), 659,661 

Horlein, R. 829.832 (646). 854 
Hornback, C. J .  
Hornby, J .  L. 
Hornfeldt. A. B. 385 (74).395 
Hornfeldt. A.-B. 191. 196(>6), 198-200 

(5), 204 (6), 205,210 (5). 213 (4). 217 
(71), 218 (72). 230,232 (109, 1 lo), 
238-241.246(2&22).283,284.411.412 
(151b).415(197, 199.200.203.210).416 
(215), 419 (248). 433 (248,389). 434 
(393). 436 (413), 437 (414.417). 438 (430, 
432), 497499,502,503 

Hornfeldt. A. 8 .  560.563 (3). 579 (148, 149, 
151, 153, 154),580(151, 153, 154),586 

277), 65Y. 661 

409,414 (1  18b). 423 (290b), 

339,340 ( IS) ,  341 

806 (565a, 565b). 852 

311), 151,154 

478 (924.928,929), 513.588 (202). 

16 (94), 20.541 (208). 557,624.625. 

25 (26), 60 
690 (61a), 841 



882 Author Index 

(195). 588 (201). 595 (3). 599 (268-271), 
61 I .  6/5-61 7 

Hoskins, B.  F. 800 (546). 852 
Houchin. M. R. 697 (135a).843 
Houk, L. W. 690,691 ( 1  10). 842 
Houlding. V. H. 
Hout. R. F. Jr. 
Howard. A.  G. 
Howarth. D. T. 
Howell. H. E. 
Hoyc. T. R. 
Hoyer, E. 

779.780 (458). 850 
25.29.30.33 (71). 61 
I84 (179). 188 
690 (72). 842 

165. 177 (74). 186 
623 (67). 657 

784 (478,479). 786 (478.479.486, 
504a). 787 (486,493). 788 (497). 789 (493. 
497.504a. 505.506). 790 (493), 794 (497. 
528), 795 (479,528). 796,797 (538). 
850-852 

Hsieh. M. 754.755 (367). 848 
Hsu. C .  F. 
Hsu. Y. F. 

Huang, C.-K. 203.221-225 (57). 240 
Huang. F. 458 (672). 508 
Huang. J .  J .  

395 
Huang, W .  S. 334,335 (16).341 
Hubel, W. 407.409,414 (97a). 496 
Hubel. W .  709 (181). 844 
Hiibcner. P. 806.832.833 (559). 852 
Huber. R. E. 

Hiibner. W. 788.792 (502). 851 
Hubrecht. G .  426 (317), 501 
Huestis. L. 465 (793). 510 
Huge-Jensen, E. 765 (406). 849 
Hughes, G. 428.443.484 (340). 3-01 
Huheey, J .  E.  
Hui. R. A. H. F. 

647 (338). 662,663 
Hulfnagcl. J .  449 (564),505 
Humffray. A. 383 (72e),395 
Humffray. A. A .  569.581 (95). 613 
Hummel. G .  J .  van 320 (52),329 
Hummelink, T. W. 796 (534). 852 
Hundt. R. 357.358 (40.43),366 
Hunger. B. 406,447 (67). 495 
Hunig. S. 459 (692). 508 
Hunter. G. 

478 (924). 513 
19 1. 192.221.222.232 (15). 239. 

537 (181),538(181, 184),539(181).556 

238 (146). 241.382.392 (68). 

184 (157). 188,370 (2a). 393, 
600 (283). 618 

129 (297). 154 
643 (314), 645 (319.320), 

113 (239). 153. 705 (172). 706. 
707 (175. 176), 728,731,732.734.735 
(265). 774 (447.449-452). 775 (454). 776 
(447.449.450,452.454), 778 (451), 844. 
846,850 

Hunter. R. 459.460 (685). 508 
Huppmann, P. 545 (239), 557 
Hursthousc. M. B. 

(186),710.712(186. 187),774.776(446). 
844.850 

114. 115 (246). 153.709 

Huseby, S. 540(19&192).556 

Husebye. K. 651 (429), 664 
Husebyc. S. 12 (67). I Y .  102. 103 (209). 119 

(275). 145 (329). 147 (329,331-333), 152. 
154,155,651 (427). 664.686.689 (46a). 
794 (526). 841.851 

183 (141). 188 
11 (60), 19. 67.69 (29). I48 

742 (339). 743 (345,346). 744 

Hutchins. S. R. 
Hutchinson, M. 
Hutson. G. V. 

(339.345,346). 748 (339). 750 (339,3459, 
774 (443), 848.850 

Hutton. A.  T. 
Huygens, A. V. 
Huzinaga. S. 25 (20.24.28,45,47.53.61. 

66.69.70). 27 (18), 28 (66), 30 (47,61, 

60.61 

779 (465). 850 
522 (53,SS). 554 

66). 34 (47.61.69). 54 (61,69). 60 (69). 

Hyde, W .  I83 (137), 187 

Iaconianni. F. J .  
Ibahim, N .  648 (344). 663 
Iball. J .  99 (192a). 152 
Ibanez. A. 735.738,739 (298). 847 
Ibragimov, A. A.  76 (32), 394 
Ibragimova. A.  413 (180). 498 
Ibragimova. A.  B. 
Ibrahim, N .  318(39,40).329.648(354),663 
Ice. R. D. 370 (4), 371 (11). 372 (4), 375,392 

(27). 393 (4).393,394,651 (409.410),664 
Ichihara, R. 446 (512b), 504 
Idelson. M. 680 (Yb), 839 
Ignatenko, E. G. 
lijima. T. 

Ikeda, T. 762 (401a). 849 
Ikeda, Y. 203,204,218,220 (58), 240.446 

Iksanova. S .  V. 537 (183),556 
Ilberg. K. 653 (453), 665 
Il’chenko, A.  Ya.  
Il’lina, L. A.  
Illuminati. G .  
Ilsley, W .  H. 
Il’yasov. A. V. 
Imhoff, D. 391 (124). 397 
Inamoto, N .  675 (34), 677 
Inamura, H. 446(512~.512d),504 
1ngold.K. U. 234(121),235(121, 130, 131), 

236 (121), 241.325 (66,67), 326 (68). 329 
Tngram. L. 692.694.695 ( 1  17). 842 
Innorta. G. 44.54 (86), 62.246 (17), 283, 

Inoue. M. 453,486,487 (595), 506 
Ionin, B. I .  624 (911,658 
Iordanov. N .  I65 (53). 186 
Irgolic. K. 

Irgolic. K. J .  

721 (243). 846 

581 (171), 615 

184 (180, 181), 188 
70.72 (SI) ,  89 (148). 90 (51), 149. 

151 

(512c,512d).504,519(17b),553 

566 (71). 613 
786 (489). 787 (488-490). 851 

736 (307). 847 
590 (220-222), 591 (222). 616 

565,566 (50).  612 

416 (212). 498 

16 (95). 20,401 ( 5 , 6 ) ,  406 (6). 
483 (974), 494,514,815 (601b), 853 

2(3),17.86(117), 150. 162(1, 



Author Index 883 

4-6, 13. 14). 163 ( I .  4.6.29). 165 (13). 

(57). 226.227 (105). 240.241.244 (5), 247 
(24). 240,251 (40), 253.254 (5), 283.284, 
362 (66). 365 (73). 367.375,392 (26).394. 
518.520.540(3).550(275),553.558.65l 
(388,399.412), 656 (373-380), 663,664, 

(533),815 (15a-f).840.852 

(456a, 456b. 465,466a). 850 

185,203.221 (57), 222 (57. 105). 223-225 

680.681 (14b. 15a-f). 690 (l4b). 796,797 

Irving. H. M. N .  H. 

Irving. J .  G .  
Isacva. L. S .  
Isbcll. A. F. 
Ishida. T. 453.486.487 (595). 506 
Ishii, A. 675 (34). 677 
Ishii. H. 

Ishii. Y .  
Ishioka, R. 

665 
Islam, K .  M. S .  
Isracl, M. 624 (108). 658 
Issaq. H. J .  I83 (l42), 188 
Itagaki, K .  634 (199). 660 
Iteke, E. 267 (72), 285.432 (383). 433 (387), 

Iteke. F. 431 (374). 432 (386), 434 (374), 502 
Iteke, F. B.  596.597 (251). 617 
Itoh, K .  634 (198. 199). 660 
Ivanova, E. I .  730 (269c). 846 
Iversen, A .  J .  360 (58). 367 
Ives. D. J .  G. 335 (21).341 
Iwama, Y. 
Iwamura. H. 203,204,218,220 (58),240, 

Izatt, R. M. 680 ( 1  l a ) ,  840 

Jackson, W. P.  
Jacob, R. 462 (715).508 
Jacobs, A. L. 
Jacobs. P. 407 (91,92), 4’96 
Jacobsen. C. 

505,506 
Jacobsen. C. S .  94 (166). 151 
Jacobsen, H.-J. 357.358 (34),366 
Jacobscn. M. 458 (827c). 511 
Jacobus. D. P.  291 (39),305 
Jacoby, B. 381,393 (60),395 
Jacquignon, P. 

778 (456a. 456b). 779 

571 (108). 614 
601.602 (290), 618 
360 (52). 366 

354 (21.22). 355 (26).366,621.622. 

520 (20. 32). 521 (32). 553 
624 (19). 656 

527.528 ( 1  I I ) .  555.653 (459). 

825 (643). 854 

434 (383), 502 

520 (20.32), 521 (32). 553 

519(17b).553 

642 (256). 661 

178 (IOS), 187 

449 (560. MI), 450 (561,570). 

244 (2), 255 (47), 265 (71). 
266 (2), 267 (72), 268 (74), 276 (86), 
283-285.422 (282,283), 423 (298), 426 
(298,313-315). 465 (315). 475 (283), 479 
(931),500,501,513 

Jacquo, M. Jr. 393(160),397 
Jafari-Namin. R. 469 (842), 511 
Jaffari, G. 464 (757), 50Y 

JaffC, H. H. 
Jaitner. P.  

Jakobsen, H. 416 (221). 499 
Jakobscn, H. J .  

Jakubke, H.-D. 673 (26). 677 
James, B. R. 721 (235). 845 
James. F. G. 624 (100). 658 
James, S. M. 715-717,765,766 (2 lq .845  
Janghorbani. M. 387.388 (98).396 
Janickis. V. 
Janne. D. 473 (892). 512 
JanuSek, Z. 326 (69.71). 32Y 
Jaouen, G. 

845 
Jaquignon. P. 584 (205). 616 
Jaw, J.  Y .  
Jayle,M. F. 381,393(57),3Y5 
Jefson, M. 642 (251). 661 
Jen. K.-Y. 624 (95). 658 
Jen. K. Y. 334.335(16),341 
Jenkins. K.  J .  387 (97),396 
Jennings, K .  R. 245 (9). 283 
Jennings. M. A. 697.734 (137). 737.738 

Jennings. W. 469 (854a). 511 
Jenny, W. 626(145, 151).629(151, 157),639 

561.565 (l5), 569 (99), 611,614 
746 (352). 747 (359). 750 (352. 

359), 848 

196,208 (36). 217 (75). 218 
(75.76). 222.232 (36). 230.240 

86 ( I  11. 112). 1.50 

715 (222), 716 (208), 720 (222), 

I6 (89). 1Y.  640 (283). 661 

(31 I ) ,  739 (l37,31 I ) ,  740 (137). 843,847 

(151.238-240). 642 (244,247.277), 65Y. 
661 

Jensen. H. P.  639 (123, 124). 658 
Jenscn. K .  

Jensen. K .  A. 

405 ( 5 8 ) ,  406 (70), 444 (497), 448, 

5 (7), 7 (27), 9 (46), 18,68 
480 (534), 495,504,505 

(32), 148.308 (3,4), 328,335 (23), 341, 
681 (17b).690(80. 109).721,722(238), 
765 (406), 771 (423), 793 (17b,510-512), 
794 (51&512), 795 (510), 796 (510.537), 
840,842,845.84Y, 851. 852 

Jensen, L. S .  
Jerome, D. 
Jerome, D. 17 (102), 20 
Jessep. H. F. 
Jesson, J .  P. 
Jewett, K .  J .  
Jham, G. N.  
Jiang, S .  
Jilek, J .  490 (l053), 515 
JimCnez-Garay, R. 101 (198), 152 
Joanny, M. 488 (l036), 515 
Johannesen, 0. 685,686 (43), 841 
Johannesen, 8. 102, 119, 124 (210), 152 
Johannsen, I .  

Johansen. R. 82 (99), 150 
Johansson, B. L. 
Johansson. E. 184 (15l), 188 

387 (95), 3Y6 
449 (568), 450 (569), 505,506 

348 (15). 366 
546 (243), 557 
162 (15), 185 
272 (SO), 285 

165. 167-169 (7l), 186 

221 (89), 240,448 (549), 449 
(560), 450 (549). 505 

184 (147), 188 



884 Author I n d e x  

John,  D. I .  624 (97). 658 
John,  P. 690.691.696.697 (101) .  842 
Johnsen, J .  84.85 (106). 150 
Johnsen, K. 671 (l9), 677 
Johnson, A. W. 603 (299). 618 
Johnson, B. F. G. 747.753 (358). 81 1 (590, 

593,594). 812 (590.594). 832.839 (590). 
848,853 

Johnson. C. D. 561 (14. l6), 611 
Johnson, C.  M. 166-170 (80), 186 
Johnson. D. 468 (834,835).5/1 
Johnson, D. H. 376 (29.30). 384 (30), 385 

(29), 394,546 (249), 558 
Johnson, D. R. 64 (7). 148 
Johnson, H. R. 51 (90), 62 
Johnson, I .  191, 196 (3,4), 213 (4). 230.232 

(109),238,241, 385 (74),395,416 (215). 
498.579 (148. 149, 153. 154). 580 (153. 
154), 615 

Johnson, J .  480 (944,946), 513 
Johnson. K. A.  737,740 (310b), 847 
Johnson, R. A. 163 (31). 185 
Johnson, R. E. 387 (81).396 
Johnston. J .  622,624 (21). 656 
Johnstone, R. 402 (17). 494 
Johnstone, R. A. W. 
J0nes.C. 489(1049),515,526(102).555 
Jones, C. H. W. 

248 (30). 284 

358 (46), 366.716 (200). 814 
(613,616b), 818 (613.628). 819 (616b). 
825 (616h. 638). 826 (638,644.645). 845, 
854 

Jones, C.  L. 102 (208), 152 
Jones, D. N. 668,669 (1 1). 676 
Jones, G. 414 (192b). 498 
Jones, H. L. 569 (99). 614 
Jones , J .  B.  391 (122),397 
Jones. J .  R. 586 (192). 616 
Jones, M. E. 709 (179). 844 
Jones, P. G. 710.712,713 (l91a), 768 (417), 

Jones, R. N.  523 (73), 554 
Jones, T. 

Jong, R .  de  
Jonghe, W. de  
Jonsson, E. 641 (266), 661 
Jordanov, N. 
Jordanovska, V. 

Jorgensen. C.  K. 
Jergensen, C.  K. 

811 (597).814,819(191a).844.849,853 

15 (85) ,  19,716 (200), 814.818 
(613), 825,826 (638), 845,854 

481,491 (958). 513 
165, 167-169 (71), 186 

165 (64), 171 (102), 186,187 
486 (IOOS), 487 (1008, 

721 (242). 846 
7 (27). 18.681 (l7b). 793 

1013), 514 

(17b.512).794(512),796(531).840,X51. 
852 

Jorker, C.  651 (396), 664 
Jouille. M. 403 (46a), 495 
Jouin, P. 622 (30), 657 
Jovit, Z. 684-686 (36), 841 

Joy. C. A .  
Juhlke,T.  J .  355 (31).366 
Julsharnn. K. 
Junk, G. A. 247 (29). 284 
Jynge. K. 118 (260). 153 

5 (11). 18 

117 (255). 118 (259). 153 

Kabo, A. 632.633 (180). 636 (229), 660 
Kada, R. 459 (693). 508 
Kadis. S. 381 (54),395 
Kaeriyama, K. 334.335 (19). 341 
Kagan, J. 464 (752b). 509 
Kahl. W. 810 (%I), 853 
Kahn. L. R. 
Kahn, N.  165 (69), 186 
Kahudo. M. 
Kairn. W.  700,701 (150). 843 
Kaiser. E. 420 (266). 4Y9 
Kaiscr, J. 

25.33,34 (49). 61 

404,446 (51 1). 504 

102 (206,217), 152,624 (92), 658, 
786-788 (485). 789 (503), 790,791 (485), 
796,797 (539), 851,852 

KajtLr. M .  
Kalabin, G. 
Kalabin. G. A. 

668 (5). 672 (22), 676,677 
407 (93), 493 (1068~). 496,516 

194.195 (28). 202,203 (53), 
210 (28.67), 219 (73). 220 (84). 222.223, 
225,230,233 (100). 239,240,563 (36-38), 

88 (133). 150 
704,705 (l69), 844 

565-567,603 (52). 612 
Kalasinsky. V. F. 
Kal’naya. G. I .  
Kamada, T .  165 (49.51). 186 
Kambara. H. 87 (125). 150 
Kametani, T. 
Kaminskii, V. F. 
Kaminskii, Y. L. 
Kaminskii. Yu.  L. 
Kamitani. T .  721,722 (241). 787,789,790 

Kamiya, M. 321,323,324 (59).329 
Kamlet, M. J .  194 (30), 239 
Kampel, V. Ts. 347 (7), 366 
Kanada, Y. 446 (512d), 504 
Kanahara. S. 459 (698). 508 
Kandror, L. L. 
Kaneko, K. 
Kane-Maguire, L. A. P. 

855 
Kanetsura, H. 334,335 (l9), 341 
Kanevskaya, Z. M. 567 (82), 613 
Kapkan, L. M. 
Kaplan, L. 419,435,438 (251). 499 
Kaplan. M. 488 (l042), 515 
Kapoor, K. 522 (48), 553 
Kapovits, I. 75,76 (78a), 149 
Kappe,T.  461 (711),508 
Karakida, K. 87 (123), 150 
Karandashev, V. K. 
Karayannis, N.  M. 

623 (61), 642 (303), 657.662 
95 (171-174). 151 
569 (97), 613 
562.569 (31). 612 

(49l), 846,851 

578,581 (144). 615 
317 (37). 329,642 (242). 661 

838 (670b, 670d). 

565 (43), 612 

699 (152b), 843 
721 (243), 846 



Author Index 885 

Karchenko, V. 

Karain, Yu. M .  

469 (840a). 478 (923). 511. 

565 (50.65,68), 566 (50), 
513 
- 
612,613 

Kargol. J .  A. 732 1288). 736 (288.305). 739 
-(316,317), 825(305), 847’ 

Kari, R. 30 (73,75), 61 
Kari. R. E.  
Karle.1. L. 64 ( l a ) , l 48  
Karle. J. 

150,670 (14). 676 
Kar1e.J. A. 390(116),396 
Karlsson, 0. 417 (224). 499 
Karmann. W. 293 (44). 305 
Karnaukhova, R. 413 (l86), 498 
Karrer, P. 

Karup Nielsen. I .  
Karwowski. J .  22.25,28 (8). 60 
Kasai, P.  H. 72.90 (66), I49 
Kasai, T. 444.484 (495), 504 
Kaschani-Motlach, M. 16 (87). I Y  
Kaschau, A. 483 (977), 514 
Kataev. E. 

25 (14.37,38). 60.61 

64 ( l a ) ,  82,83 ( lo la ,  101b). 148. 

486 (l006), 487 (1016). 514. 
515 

7 (26), /8.519 (l7a). 553 

402 (18), 407 (87), 419 (247), 420 
(18,269,271). 471 (269). 481 (952b). 494, 
496,499,500,513 

Kataev. E. G. 
Kataeva, L. 
Kataeva, L. M. 
Kataoka, T. 478 (924.928.929), 513,588 

635 (200). 660 

565 (68). 613 
419 (247), 481 (952b). 499,513 

(202), 589 (203). 592.593 (203,235,236), 
616,617 

Katar. E. 410 (124), 4Y7 
Kato, M. 334,335 (19). 341 
Kato, Y. 6 (23), 18 
Katritzky, A. R. 
Katsura, S. 165 (54), 186 
Katugin, A. S. 
Kauffmann, T. 652 (437,438), 665 
Kaunziger, E. 537,540 (171), 556 
Kaunzinger, E. 488 (1035), 515 
Kaupp, G. 
Kawaguchi, S. 686 (53). 841 
Kawakami, K. 765,766 (407). 849 
Kawamura, T. 654 (465), 665 
Kawazsuo, Y. 542 (216), 557 
Keat, R. 

Kebarle, P. 
Keck, G. E. 
Keimatsu, S. 

483 (737,738,978), 487 (1017),509,514, 
515 

Keller, P. 460 (700), 508 
Kellett, R. E. 

665 
Kendall, R. 466 (804). 510 

565 (62). 613 

700 ( I S ) ,  843 

452 (590), 506,641 (276), 661 

690 (76a, 76b, 77b, 78), 697 (136). 

202 (50), 239,402 (13), 494 
638 (225), 660 
339 (36), 341,463 (737,738), 

786 (77b). 842,843 

526 (101). 555,653,654 (455), 

Kennard, 0. 

Kenny, N .  C .  
Kent. J .  E. 
Kerber. J .  D. 
Kerr. R. G. 

Keske. R. 468 (835).511 
Keske, R. G. 

(29), 394 
Kewley, R .  65 (17). 148 
Keyes. G .  
Khait, S.  E. 387 (88.89),396 
Khaletskii, A. 465 (782). 510 
Khaletskii, M. 465 (776). 510 
Khammatova, Z. M. 815 (601g). 853 
Khan, A.  R. 1114 (245), 153.709.710 

78 (9 I ) .  150.364 (69). 367.462 

94 (l7O), 151 

165 (69). 186 

(723 b) .509 

90 (150). 151 

14 (77), 19, 626,647 (138). 649 
(335), 659,663 

376 (28.29). 377.384 (28). 385 

455 (61 I ) .  506 

(183-186). 712 (184-186). 774.776 (444). 
819 (184). 844.850 

Khan, M. M. 252.261 (43),284 
Khangazheev, S. K h .  
Kharasch, N.  629.642 (153). 659 
Kharchenko. V. 408 (106). 496 
Khathing. D. T. 
Khattack, R. 458 (672), 508 
Khaverzov, I. 165 (53), 186 
Khavtasi, N. S. 

Khidekel’. M. L. 
Khilya, V.  486(1003).514 
Khmel’nitskii, L. 407 (84). 496 
KhBi, N. 644 (340). 663 
Khorami, J .  464 (751),509 
Khorshev. S. Ya. 716(202),845 
Khotsyanova, T. L. 

Khozeeva, R. 439 (441). 503 
Khripak, S. 482 (959), 513 
Khripak, S. M. 528 (125). 555 
Khristova. N. 487 (1011).514 
Khysalnov, M. M. 
Kiaeay. G. 255,278,279 (57). 284 
Kiaevay, G. 461 (713), 508 
Kice, J .  599 (275). 617 
Kice, J .  L. 

(351). 659,663 
Kiel, W .  A. 

219), 651 (425), 660,664 
Kiener, V. 723,732 (246), 846 
Kihwan Kim 570 (l03), 614 
Kikukawa, K. 654 (465), 665 
Killops, S. D. 750 (361), 848 
Kilschner, A.  S. 
Kimel’fel’d, Ya. M. 
Kimel’fel’d, Y. M. 
Kimura, M. 

149,151 

624 (99). 658 

281 (92), 285 

184 (169). 188.700 (154). 
701 (154, 159. 160).843,844 

95 (171, 173). 151 

108 (235). 153,567 (81). 
613 

565 (68). 613 

626 (130. 136), 648 (349-352), 650 

636 (218,219,222). 638 (218, 

651 (410), 664 
88 (137). I51 

383 (69a, 69b, 70), 395 
70,72 (51). 89 (148), 90 (5l) ,  



886 Author Index 

Kimura, T. 238 (146), 241.382,392 (68), 3’95 
King, C. 483 (974). 514 
King, C. E. 247 (24). 284 
King, F. 467 (817).510 
King, H.  F. 25 (21), 60 
King, L. 455 (622). 507 
King,M. G .  691 (116).692(116, 117).693 

(1 16. 12 I ) .  694 ( 116, I l7),  695 ( I  17). 842, 
843 

Kinker. J .  183 (137). 187 
Kiprianov. A.  486 (l003), 514 
Kirchberg, H. 794.796 (513), 851 
Kirilash. A. 431 (372),502 
Kirkien. A.  M. 
Kirmse. R. 

264 (68). 284 
784 (478.480). 786 (478.504a. 

504b), 787 (493), 788 (497). 789 (480.493. 
497,504a. 504b, 505-507). 790 (493). 791 
(480). 794 (497). 796.797 (538). 850452 

407 (98-100), 409 (119. 120). 419 
(258,259,262). 421 (276). 425 (310). 429 
(354,355). 432 (384.385). 434 (354). 435 
(407). 436 (355.4OX-410). 439 (438. 439). 
440 ( I  19). 471 (100. 870). 490 (870). 496. 

(413). 664 

Kirsch, G. 

4Y7.4YY-503.512.522 (52). 554. 651 

Kirschbaum. E. 482 (962). 513 
Kirschner. A.  S. 651 (409). 664 
Kirsh. G 
Kirshbaum, E. 655 (491). 665 
Kisch. H .  703 (164). 844 
Kishore. R. 382 (64),395 
Kiss. I .  419 (255). 4’99 
Kistenmacher. T. 450 (572a). 506 
Kistenmachcr. Th .  449 (557). 505 
Kistenmacher. T .  J .  

151 
Kitaev. G .  A .  

840 
Kite, K. 114 (245.246). 115 (246). 153,709. 

710 (183-186). 712 (184186). 727.729 
(257). 771 (437). 773 (257,437-439). 774 
(437-439.444.446). 775 (437.438). 776 
(444.446). 819 (184). 844.846.850 

585 (189). 586 (191). 616 

93 (165). 94 (167. 168). 

177 (l27), 187.681.686 (23b). 

Kivekaes. R. 447 (526). 505 
Kivekas, R. 

Kjage, H .  M. 308 (8).328 
Klaeboe. P. 
Klages. C.-P. 237 (140). 241 
Klar. G. 

79 (95.96), 92 (157-159). 150. 
151.525 (94.9t9.554 

68 (31). 148.688.689 (59). 841 

15 (82). 1’9. 101 (197). 102. 106 
(222). 147 (330). 152.155.483 (082.984). 

553.556.557.652 (435.436). 664.665. 
688 (58). 742,747 (341). 825,827 (637). 
841.848.854 

401 (3), 457 (651), 461 (708. 
709). 4Y4.507.508 

514.521 (34). 539(186).540(193-196). 

Klayman. D. 

Klayman, D. L. 2 ( I ) .  17, 162 (2). 185.288 
(3, I I ) ,  291 (3.39). 304.305.307 (2). 328. 
518 (2). 552.560.563 (2). 599 (274), 611. 
6/7.62(!-622 ( I ) .  626 (152). 629.650 ( I ) .  
656.65Y. 680.681, 690 (14a). 840 

Kleczek, E.  458 (667). 507 
Kleinpeter, E. 457 (663). 507 
Klevay. L. M. 651 (400). 664 
Klimova, L. I .  184 (162, 163). 188 
Klimova. V. A. 
Klinga, M. 

Klingen, M. 447 (526), 505 
Klingsberg, E.  

Klinke, H.  465 (767). 509 
Kloeboe, P. 15 (83), 19 
Klofutar, C. 537 (l73), 556 
Klyne, W. 88 (136), 151 
Klyshevich, R. P. 
Knapp. F. F. Jr .  

164 (45). 165 (56,57), 186 
79 (96), 92 (157, I%), 150. 151. 

525 (98). 554 

117 (258). 153.445 (507b). 
446 (S09), 504 

577.609 (142), 615 
203.221 (57), 222 (57. 105). 

223-225 (57). 226.227 (IOS), 240,241, 
374 (25). 375 (26). 381 (49). 392 (26,49), 
393 (25). 394,3Y5,522 (52). 554,651 
(405407.41 1-414). 664 

Knapp. G. 163 (33). 185 
Knapp, K. 460 (700). 508 
Knauer. K. H .  
Knaust, D. 336 (26).341 
Knerr, G. D. 
Kneubuhler-Hof, A. 569.570 (102). 6 / 4  
Kniezo. L. 457 (657), 507 
Knizhnik. A. 458 (669).508 
Knobler, C.  

308 ( 1  I ) ,  328 

126 (284). 154 

92.93 (160). 128 (291), 135, 136 
(305,306). 138(291.305,306,309-311). 
I39 (291,309-31 I ) ,  I40 (317). 143 (305, 
306.309-31 I ,  317), 151.154 

Knoblock. E. C.  184(177).188 
Knol,J .  487(1018),515 
Knop. B. 360 (51). 366.787 (487). 796 (535). 

Knoppova. V. 459 (693). 508 
Knott. E. 455,460 (623). 507 
Knox. S. A. R. 750 (361). 848 
Knunyants. I .  
Kobayashi, M. 247 (28). 284 
Kobayashi. S. 338 (32),341 
Kobayashi. T. 
Kobelt. D. 

851.852 

403 (26a). 405 (62a), 494.495 

483 (978), 514,642 (253). 661 
129, 131. I43 (299). 145. 146 

(327). 154.155.528.533 (134).555.567 
(76.78). 613 

Kober. F. 364 (70). 367 
Koch. B.  87 (120). 150 

Kochendorfcr. P. 4X7.492 (1029). 515 
Koerber. J .  472 (884). 512 
Kohne, B. 

Koch. W. 191-193 (l3), 239 

196,208,222,232 (36). 23Y. 446 



Author Index 887 

(512a), 504 
Kohri, Y. 70,73,81(44), 149 
Koishi, M. 762 (401b). 849 
Kojima, M. 

Kojima, T. 72 (68), 149 
Kokhimidis, M .  465 (786). 510 
Kokkinidis, M. 90 (152), 151 
Kolar, F. L. 249,251 (40). 284 
Kolb, 0. 715,717,720,765 (224), 767 (224, 

Kolesnikova. N. M .  724 (78). 657 
Kollmann. G .  381 (54), 395 
Kolodina. N. S. 569 (97), 613 
Kolonits, M. 106, 128 (225), 152 
Koloskova, N. 411 (133), 497 
Koloskova, N. M. 602 (291). 618 
Koloskova, N..N. 582 (178). 615 
Kolshorn. H. 196 (35), 239 
Kolthammer, B .  W. S. 
Komarov. V. Ya. 
Komatsu. K. 
Kometani, T. 623 (69). 657 
Komin, A. 465 (784),510 
Komina, T. V. 245 (19,283 
Komppa, G.  419 (254), 4Y9 
Konar, A. 

771,772 (430), 779,780 (430, 
460), 849,850 

412). 796-798 (224), 845,849 

716 (211), 845 
624 (91), 658 

458 (675), 508,590 (215), 616 

191, 196,204 (6),239,407 ( 9 9 ,  
413 (182a). 431 (375,376,378,379), 432 
(381), 433 (l82a, 389,390,392), 434 (393, 
399,435 (400), 496,498,502.578 (147), 
579 (l47,15 I ) ,  580 (l51), 587 (198, 199), 
588(198-200),596(147),597(199),6/5. 
616 

Kondo, A. 393 (155),397 
Kondo, K. 354 (21,23), 355 (26). 366.403 

(35), 495,621,622 (7,19), 624 (19). 656, 
762(401a,401b).84Y 

Kondranina, V. Z. 
Kondratenko. N .  B. 566 (71), 613 
Kondroi.1. 412(165),497 
Konjaeva. 1. 430 (366). 501 
Konjajeva. 1. P. 
Konno, T. 771,772 (429), 779 (459). 780 

(429), 781 (470). 849,850 
Kononenko, V. 458 (668,670), 508 
Konstantinov, P.  411 (133), 497 
Konstantinov, P. A. 582 (178), 615 
Konstantinovsku, L. E. 
Konwer, D. 548 (269). 558 
Konyaeva, I .  431 (373,377), 434 (394),502 
Konyakhina. L. V. 
Koolpe. G .  A .  605 (323). 618 
Koopman, T. 35 (84), 62 
Kooyman, E. C .  522 (53.56). 554 
Kopaevich. Y. 405 (62a). 495 
Kopf. H. 741 (324,325). 810 (581.583). 811 

565 (88). 613 

597 (257), 617 

781 (473). 850 

171 (lO3), 187 

(584), 847,853 

Kopoldova, J .  297,299 (50), 305 
Kopylov, S. D. 164 (39), 186 
Korobov, M. S. 577,601,603 (138), 614, 

Korolev, G. K. 389 (104a, 104b),396 
Korolov, M. S. 522 (44), 553 
Korp, J .  710,712 (189), 844 
Korzhenevskaya, N. G. 565 (43), 612 
Koshelev, Y. 439 (440). 503 
Koshelev, Yu. 437 (415), 502 
Koshelev, Yu. N. 587 (197), 616 
Koshhy. K. M. 319 (45),329 
Kosina, A.  P. 
Kossmehl, G. 431 (380). 502 
Kostiner. E. 744-747 (348), 848 
Kotia, N .  K. 371 (17).394 
Kotov, A. 1. 95 (173), 151 
Kovac, J .  459 (693), 508 
Kovacic. P.  415 (210), 498 
Kow. R. 603 (306). 618 
Kowald. J .  A. 
Koyama, E. 165 (54). 186 
Kozak. I .  

Kozawa, Y.  641 (302), 662 
Kozikowski, A. P. 348 (14),366,632,633 

(188), 660 
Kozikowsky, A. P.  
Kozlov, V. V. 
Koz’min. A.  404 (55),418 (238), 423 (297). 

481 (238,950), 494 (1075). 495,499,500, 
513.516 

148), 555.556 

779,781,787,801 (462), 850 

356 (35). 366 

163. 183 (23). 185 

289 (25), 290 (26), 291 (25),304. 
392 (144). 397 

638 (226), 660 
649,650 (370). 663 

Koz’min, A. S. 

Kozmin, A.  S .  
Krackov. M .  427 (326). 501 
Krafft. F. 

(254). 558 
Kramer. M. E. 
Kramolowski, R. 824 (640). 854 
Krantz, A. 

Krasilnikova. E. V. 
Krasnov. V. P .  
Krasochka, 0. 448 (539). 505 
Krasovec. F. 537 (173), 556 
Krdus, R. J .  
Krauth-Siegcl. L. R. 
Krebs, B .  357,358 (44),366,567 (79), 613 
Kreis. G. 723,724 (247). 846 
Kreissl. F. R. 
Kreiter, C. G .  
Krief. A. 

530 (144. 146), 531 (147. 

527 (105). 555 

5 (13). 18.483 (977), 514,547 

733,738 (293). 847 

403 (40,41), 464 (764), 495.509. 
624 (Y 3). 658 

356 (35) ,  366 
16 (91,92). 19,541 (200). 557 

244 (7). 283 
752 (362). 848 

722 (245e), 723,724 (247), 846 
723,724 (247). 846 

8 (37), 18,307 (2). 319 (47,49), 
328.329,402 (19). 403 (32). 494.495.526 
(99). 555,599 (272). 603 (302). 617.618. 

626(137),632,633(191).642(304).649 
623 (55.60). 624 (73. 102-107. 110, 1 11). 



888 Author Index 

(353). 657660,662,663 
Krilanovich, N.  J .  

186 
Krishnan, R. 25 (44,49), 33,34 (49), 61,796 

(532), 852 
Krishnan. V. 7 (27), 18.681 (17a), 721,722 

(238), 754,755 (367), 793,794 (510-512), 
795 (510), 796 (510,537), 840,845,848, 
851,852 

166. 167, 171, 177 (78), 

Krispan, C. 481 (952c), 513 
Kristian, P. 

Kristiansen. N.  A.  
Krivun, S. 470 (855) ,  511 
Kronenbitter, J .  221,222 (90), 240 
Kronrad. L. 

Kronrid, L. 
Krosec, R. 340 (37), 341 
Kroth, H . - J .  

Kroth, H. J .  
Kroto. H. W. 11 (58-60), 19,65 (21), 67 (29. 

Kruck,T. 690,691,754,757(108),8l4(108. 

485 (996), 486 (1000b), 489 

65 (19), 148 
(1044). 514,515,580 (16l), 615 

289 (25). 290 (26). 291 (25). 

371 (10a, lob), 382 (10b).3Y4 

222,223 (97), 240,359 (49). 361 

8. I6 (4l), 18,815 (601e). 853 

304,392 (144). 397 

(60),366,367,714,716(197),845 

30). 69 (29). 148 

618), 818,819 (618), 825 (108), 832.838 
(618). 842.854 

Kruger, A. A. 
Kruger, G. J .  
Krugh, N .  466 (805), 510 
Krugh, W. D. 90(149), 151 
Kruglaya. 0. A.  
Krupoder. S. A.  197 (38).239 
Kruse,F. H. 86(115).150, 165(58),186 
Ku. A. T. 7 (2S), 18 
Kubota, M. 716 (209,210), 845 
Kuchen. W. 360 (51),366,784,785 (475), 

787 (475,487). 796 (535) ,  850-852 
Kuchitsu. K. 51.57,58(94),62,87(123, 

125). 150 
Kuckertz. H. 

(460). 665 
Kucsman, A.  75.76 (78a). 149 
Kudchadker, M. 162 (5). 185 
Kudchadker, M. V. 

Kudinova. M. 

Kudryashova, M. 407 (83), 4Y6 
Kuebler. N .  A. 25 (22). 60 
Kuhn, N .  
Kukkola, P. 632 (174), 65Y 
Kul'bitskaya. 0. V. 
Kuliev, F. A.  184(145). 188 
Kuliev. M. 563 (37), 612 

708.709 (178), 844 
726,728 (254), 846 

716 (202). 845 

527,528 ( 1  12). 555.653.654 

680.681.690 (14b). 796. 
797 (533), 840,852 

(883), 511,, 512 
469 (847). 470 (855). 472 

814 (607,617). 819 (617).8S4 

641 (292). 662 

Kulkowit, S. 632 (l75), 659 
Kull,F. J .  390(116),396 
Kullmer. V. 669,754 (144). 758 (l44,370), 

Kiillmer. V. 753,754,757,758,825 (363), 

Kumar, M. 393 (l53), 397 
Kumar, R. 
Kurnar, R. C .  
Kumar, V. 522 (47), 553 
Kumari, S .  465 (785). 510 
Kunckell. F. 523 (71.72), 525 (72), 554 
Kung, H. 374 (22). 394 
Kunitskaya. G. P. 540,541 (l98), 557 
Kupiu, B. S. 
Kurbanov. S .  407,468 (85), 496 
Kurbanov, S .  B. 623 (62,63), 657 
Kurbatov. V. P. 779 (462,463), 781 (462. 

Kurbatova. E. B. 
Kurobe, H. 623 (61). 657 
Kurosawa, M. 642 (3054,662 
Kurtz, D. M. 701,705 (158b), 844 
Kurz, J .  L. 600 (276). 617 
Kusar. M. 537 (173). 556 
Kuscik. D. 486 (1000b). 514 
Kushnarev. D. F. 

759,804 (370), 843,848 

848 

442 (472), 503,522 (50), 553 
126 (284). 154 

651 (394), 664 

463,473). 787.801 (462.463). 850 
164 (39), 186 

194, 195 (28), 202,203 
(53), 210 (28,67). 219 (73), 220 (84), 222. 
223.225.230,233 (100). 239,240. 
565-567.603 (52). 612 

Kiisthardt, U .  829,832 (646), 854 
Kusuyama, Y. 519 (17b).553 
Kutal, C. 
Kutulya. L. A.  

614 
Kuwada, K. 73 (69). 149 
Kuwahara. J .  
Kuwajima. I .  

680 ( 1  Ic), 840 
569 (94). 573 (1 15. 116). 613. 

238 (l48), 241, 782 (474), 850 
10 (53), 19,549 (272), 550 

(273), 558.609 (333-335). 618,625,628 
( 125- 129). 642 ( 147), 65Y 

Kuz'mina. L. G. 701 (156),843 
Kuznetsov. S. I .  
Kvitko, I .  

108 (235). 153,567 @ I ) ,  613 
429 (356.357), 430 (356) ,  437 

(415). 439 (440-442). 472 (876). 501-503, 
512 

Kvitko, I. Ya. 587 (196. 197), 616 
Kyandzhetsian. R .  A. 108 (235). 153.261 

(63),284,565,566 (52). 567 (52, 81), 602 
(293,296). 603 (52,293). 612,613.618 

Kzak0v.M. I .  
186 

166, 171. 172. 174. 176(81). 

Labar, D.  626 (137). 659 
Labauze.G. 801,803(551).852 
Lablache-Combier. A.  473 (889), 512 
Laboureur. J .  L. 319 (491.329 Kulik. W. 

Kulkarni. P. S .  252.261 (43). 284 Lacelle. S. 701.705 (1'58b). 844 
409.414 ( 1  18b). 497 



Author Index 889 

Laconi, A. 392 (128), 397 
Ladatko, A. 

Lafferty, J .  487 (lolo),  514 
Lafferty, W. J .  
Lagow, R. J .  355 (31),366 
Laing, D. L. 690 (94), 842 
Laing, M. 779 (467), 850 
Laishev, V. 

Laishev, V. Z. 

Laitalainen, T. 

487 (925), 479 (935,936), 480 
(936-938), 513 

51,57,58 (94), 62 

406 (66.69). 410 (69. 121a. 122). 

621,622 (26). 624 (84), 656, 

79 (95,96), 92 (157-159), 

447 (66) ,  448 (537b), 495,497,505 

658 

150,151,447 (526). 505.525 (94,9698. 
218), 554,557 

Laitem, L. 191. 199.20>205,210,217 (7), 
239, 420 (270), 421 (279). 424 (307), 425 
(307,308,309a, 31 I ) .  500,563 (41), 612 

Laitinen, R. 
Lakhsmikantharn, M. 462 (723a),50Y 
Lakomy, J .  562 (23), 612 
Lakshmikantham, M. 

86 ( 1  19), I50 

402 (20), 406 (64.65), 

450 (551,553,556). 451 (578). 462 (553), 
463 (556), 494,495,505,506 

447 (64), 448 (535), 449 (551-553.556). 

Lakshmikantham, M. V. 
Lakshmikanthan, M. V. 334,335 (l6),34/ 
Lakshrnikkanthem, M. V. 
Lalezari. I .  255.278 (48,55), 279 (48), 284, 

652 (440). 665 

6.51 (415), 664 

406 (68), 409 (107-109, 121b), 447 (68. 

(619,710), 463 (739-741). 464 (107, 108, 
531), 449 (563a), 452 (587), 455 (619). 461 

531,563a, 740,741,744,747-749.751. 
754,760), 466.467 (808), 469 (842), 
495-497,505-511.621,622(23,24).656 

Lalor, F. J .  
Lam, D. H. 
Lambert, C .  449,451 (559).505 
Lambert, J .  468 (834-836). 511 
Lambert, J .  B. 

Larnm,V. 90(152).151 
La Monica. G. 

(365), 848 
Lamotte, B. 321,323 (61), 329 
Lamotte, J .  

151,454 (604). 506 
Lamotte-Brasseur. J .  91 (154). 151,454 

(606), 506 
Landolt-Bornstein 65.81,89, 128 (20), 148 
Landsberg, B. M. 

21), 67 (30). 70.73,81 (43), 148,149 
Lange, A. 699 (152a), 843 
Langer. E. 427 (329), 501 
Langmyhr, F. J .  165 (62), 186 
Lanovaya, E. 491 (1059), 516 
Lansinger, J .  427 (320), 501 

715,717,720,822 (223), 845 
606 (239), 618 

376 (28-30). 377 (28), 384 
(28.30), 385 (29). 394,546 (249), 558 

754 (364.365), 755,756 

77 (83,85), 92,93 (164). 149. 

11 (58,59), 19,65 (15, 

Lansinger, J .  M. 318 (38),329 
Lanthier, G. F. 
Lantz, R. 246(21,22),284,415(199,203), 

Lapham, D. J .  
Lappert, M. F. 

Lardon, M. 

Larionov, S. V. 

Larsen. C. 468 (83l), 511 
Larsen. E. 244.269.283 (3). 283 
Larsen, R. D. 537 (168, 169).556 
Lassignc, C.  R. 234 ( 1  IS), 241 
Lathan, W. A. 25 (56), 61 
Lathrop. K. A.  387 (79,81).396 
Lattrnan, M. 247 (26), 284 
Latyaeva. V. N .  356 (35).366 
Latypova, P. V. 
Lau, C. 523,545 (64), 554 
Laue, H. A.  H. 
Lauer, R. F. 

Laur, P. 
Laur,P. H. 231 (111).241 
Law, P. H .  A. 

672,673,675,676 (6), 676.677 
Laureni, J .  

624 (93). 658 
Laurenson, G. S. 
Lautenschlager. F. 403 (28). 495.527.530 

Lavin. K. D. 739 (316). 847 
Lavrushin, V. F. 

613,614 
Lawitz, 2. 417 (224). 499 
Lawson, D. D. 
Lawson. R. J .  
Layer, M. 464 (746), 509 
Leach, J .  B. 
Leandri. G .  

677 
Lebedeva, G. 472 (876), 512 
Le Beuze, A. 
Lcbez, D. 381 (55),395 
Le Coustumer, G. 

51 I ,  513 
Le Coustumer, J .  
Leddicotte, G. W. 
Lederer, C. M. 
Lederer, K. 655 (484-487,490), 665 
Lee, B. 668 (7), 676 
Lee. C. 636.637 (212). 660 
Lce. H. 

Lee. H. H. 

269 (77), 285 

498,599 (270,271). 617 
646 (331). 662 
13 (72), 19. 102, I60 (221). 

152,814,821 (621,622). 822 (621). 854 

205 (32). 239 

85 I 

195 (32), 196 (32,34). 199 (34), 

786 (489), 787 (48g490). 

565,566 (50), 612 

234 (l24), 241 

632.633(114),639(114, 120).658.659 
624 (1 14). 629,630 ( 1  14, 154). 

7 (26,33), 9 (33), 18,519 (17a), 553 

668,670 (6). 671 (6.20b), 

403 (40,41), 464 (764), 495,509, 

66 (22,24a). 148 

(120), 555 

569 (94, loo), 573 ( 1  15), 

629.642 (153). 659 
835 (668~).  855 

774 (442). 850 
412.416 (159). 497.675 (31). 

65 (l4),  148 

469,470 (849). 480 (939), 

475 (898), 512 
379 (40). 394 

370 ( I ) ,  393 

10 (50). 19,537,550,551 (17q.556. 
656 (492), 665 

641 (295). 662 



890 Author Index 

Lee. J .  470 (860). 511 
Lee. J .  D. 
Lee, J.-S. 

Lee, M. 
Lee. S.-Y.  C. 
Lee. T. W. S .  
Lee. V. 
Leemput. P. J .  H. A. M. v. d.  
Lelohn, A. 376(31).3Y4.4I8(231),468 

(829). 480 (231). 4YY. 511 
Lefur, D. 449 (568). 505 
Legendre, P. 419 (262). 4Y9 
Legrand. M. 667 ( l a ) ,  676 
Legzdins. P. 716 (21 1) .  845 
Lehmann.G. 621.622(17).656 
Lehn, J.-M. 25,28.30,33.34 (67). 61,488. 

489.492 (1039a). 515.624 (87). 658 
Lehn, J .  M. 
Leibnitz. E. 794.796 (513). 851 
Leicester. H. M. 520 (67). 554 
Lemaire. C .  476 (908). 512 
Le Marechal, A. 447 (525), 504 
LeMaux. P. 715.720 (222). 845 
Lendel. V. 

85 (107). 86 ( I O Y ) ,  150 
106(228). 107 (228-231). I24 

(228.229). 132, 134, 143 (303). 153.154 
449 (557). 450 (572a). 505.506 

673 (25), 677 
648 (349.350), 663 

449 ( 5 5 5 ) .  450 (572b), 505.506 
796 (534). 852 

604 (313). 618 

404 ( 5 5 ) .  418 (238). 423 (293, 
297). 481 (238.950), 494 (1074. 1075). 
4Y5.4YY.500,513,5/6 

Lende1.V. G. 528(133).530(143. 144. 146). 
531 (147, 148),532.534(153).555.556 

Lendel, V. L. 527 (l05), 555 
Lenher. V .  803 (552). 852 
Lensch. C. X I  1 (597). 853 
Lentz. D. 545 (239).557 
Lentzener, H. L. 
Leo. A. 570 (103). 614 
Leo. A. J .  
Leon. S. A.  381 (54). 3Y5 
Leonesi, D. 686 (51), 841 
Lepage. L. 407 (90). 4Y6 
Lepage. Y. 407 (go), 4Y6 
LePeintre, C .  184 (176). 188 
Leporati. E. 794.795 (529). 852 
Lepper, J .  P. J .  de 522 (53).554 
Lepri, S. 
Leray.N. 237(137-139).241.301 (63).305 
Lerchner, J .  789 (506). 851 
Lerouge, P. 642 (250). 661 
Leroux. Y. 377 (34),3Y4 
Lerstrup, K .  

Lerstrup. K.  A. 
Lerstrup, K.  L. 
Lesbre, M. 488 (1036). 515 
Lesch, D. A.  

576 (135). 614 

563,565,570 ( 3 5 ) ,  612 

438 (432), 503,586 (l9S), 616 

17 (lO4), 20,449 (557), 450 
(572a), 451 (579). 505.506.651 (417), 664 

13 (70,71). IY 
821 (634), 854 

808 (570,571,575), 832 (570, 
571,652,660.661.664). 833 (652). 834 
(570.571). 835 (652.660.661). 836 (652. 

66 1 .664). 852.855 
Leslie, E. J .  
Lesser, R. 

784. 786 (476). 850 
419,421 (253). 446 (508). 454 

(590,603). 477 (912,915). 4YY.504.506. 
512.513.547 (253). 558 

Lester, D. J .  
(319). 647 (325.339.347). 648 (346-348). 
662,663 

(47). 612 

14 (76), 19.643 (314). 645 

Leung. M. 319 (41).32Y. 565.574.575. 606 

Le Van, D. 362.363 (64). 367 
LeVan D. 711.713(192-104).714(192).814 

Levander. 0. A.  387 (94).3Y6 
Levason. W. 622 (33). 657.680.681.772 

Levchenko. A. V. 173 (Y%lOO). 174 (98). 

Levchenko. E. S .  541 (210.212a.212b), 542 

Levi. B. A .  
Levin. G. E. 393 (158). 397 
Levin, R. D. 245 ( I  I ) .  283 
Levine. D. 466 (805). 510 
Levine, D. M. 
Levkoev, I .  437 (421), 502 
Levshin. I .  458 (669). 508 
Levshin, I .  B. 
Levy. G. C. 191 (18).23Y 
Lewicki, J .  W .  
Lewis. I .  C. 
Lewis, J .  

812 (590,594). 832.839 (590). 848.853 
Lewis, N .  A.  

843 
Ley, S. 462 (717). 508 
Ley. S. V .  

(194).844.845 

( lob) .  801-803 (549). 840.852 

175. 176 (9X-100). 187 

(212a. 212b). 548 (270). 557.558 
25,29,30,33.56 (68). 61 

90 (149), I51 

164 (39), I86 

524 (80). 554 
561 (18.21).571 (21),612 

747.753 (358). 81 1 (590,593.594). 

700.701. 730.737. 760 (153~). 

10  (52). 14 (75.76.78), IY, 537 
(178. 179), 556.642 (252.256.258). 643 

320). 647 (325,338.339.347). 648 (321, 
(314,315). 644 (313.315-317), 645 (319. 

322,341-343,346-348), 661663 
Li, T. 483 (983), 514 
Lias. S. G. 245 ( I  I ) ,  283 
Lichwa, J .  165 (69). 186 
Lide, D. R. 51 (88), 62 
Lie, G. L. 
Liebscher. J. 

25 (51). 61 
408 (IOI), 453 (596). 455 (629), 

463 (736b), 469.470 (850), 484 (736b). 
485 (997), 496.506.507. .TOY, 511.514 

Lied, T. 622 (44), 657 
Liegeois, C. 475 (897), 512 
Liegeois, Ch. 563 (40), 612 
Liehr. G. 
Lien, E. J .  
Lienig, D. 

109 (236,237). 110 (237). 153 
570 (103). 614 
462,492 (719). 50Y, 643 (360), 650 

(362). 663 
660), 837’(571,652,661.664): 838 (652. Liesk. J .  ’ 742,747 (341), 848 



Author Index 89 1 

Lietz, M. 363 (68).367 
Lightner, D. A. 
Likhitskaya, V. 
Liljefors, S. 412 (158): 497 
Lillicrap. S. C. 299-301 (61),305 
Lim, J .  C. 
Linda, P. 

675 (35), 677 
458 (682). 460 (706). 508 

737.740 (3lOa, 310b). 847 
246 (23), 284.410 (132). 416 (213). 

442 (466), 497,498,503,560,571 (7). 573, 
577,578 (117), 581 (164. 165). 582.589. 
591 (165),593,594(117).6/1,6/4.615 

Linden, J .  G. M. van der 
Lindennuer, S. 487 (1018). 515 
Linderberg. J .  668,670,671 (2), 676 
Lindgren, B. 

794.795 (514). 851 

128. 129 (292,293). 154.403 
(37), 404 (53a), 493 (1068b), 495,516,548 
(261b), 558,641 (298). 662 

Lindner, E. 9 (42). 18 
Lindner, U.  520 (27). 553 
Lindner, W. 674 (30), 677 
Lindciy, S. 70 (49), 149 
Lindsell. W. E. 

(564), 852 
Linyova, A. N.  
Liorber, B. G. 
Liotta, C. L. 
Liotta. D. 

806 (563,564), 807.810 

356 (35), 366 
815 (601g). 853 

600 (281). 617,621,622 (4), 656 
6. 10 (24). 18. 621 (8. 10). 622 (8. 

10.21). 623 (10.64.66). 624 (21). 632 
(173. 182),633(1X2).634(192. 193).636. 
637 (212). 656.657.659.660 

Lipatova, I .  P. 
Lipnitskii, V. 456 (644).507 
Liporich, T. V. 
Lipshan, Y. 448 (539). 505 
Lipsky. S. R. 276 (85). 285 
Lisiewicz. J .  289 (23). 304 
Litvinenko, L. M .  

126),6/3,614 
Litvinov, V. 

379). 432 (381), 434 (394,396), 435 (400), 

505,509 

199), 588 (198-200), 596 (147), 597 (199, 
257), 615-617 

815 (601;). 853 

651 (404). 664 

565 (59), 575 (59. 125. 

430 (364-367), 431 (373,375- 

438 (437), 449 (558a), 464 (755), 501-503, 

Litvinov, V. P. 578,579 (l47), 587 (198, 

Livdane, A. 446 (515),504 
Livingston, H. K.  340 (37),341 
Livingstone, S. E. 

Ljungdahl, L. G. 390(121),397 
Llabador,Y. 303(74.75),305,371 (13),394 
Llabres,G. 75-77(76,77).86(113, 116). 

149,150, 191, 199 (7), 203 (7,59), 204. 
205 (7). 207,208 (63), 210 (7,59), 21 1 
(59). 212,214,215 (69), 216 (70), 217 (7), 
239,240,425 (31 l ) ,  500.563 (41), 579 
(I50),580(150, 155),612,6/5 

680,782,815 (12a. 12e), 
840 

Llabres, G. L. 13 (68), 19 

Llaguno, E. 
Llaguno, E. C. 
Lloyd, 11. L. 
Lo, B. W. N.  

Lobana. T. S. 

Lodge,P.G. 811,812(590.594).832.839 

Loevenich. J .  547 (255), 558 
Locw. G. H .  
Loginova. E. I. 
Loh, K.  S. 
Lohner, W. 

467 (820a, 820b). 511 
118 (265), 153 

602 (294,295), 618 
202 (51),23Y 

692 (1  IS), 693-695 (120). 698 
LO, F. Y.-K. 808 (569). 81 1 (588). 852.853 

(118. 120). 815 (603b),842.853 

(590), 853 

25 (40). 61 
815 (601h, 6Oli),853 

690 (74, 105). 756 (105). 842 
196,208 (36). 222 (36,95,96). 

231 (95,96),232(36).23Y,240,409(lI.5), 
416 (214). 421.440 (275). 441 (459), 479 

513 
(939,934). 480 (934). 496. 498,500,503, 

Lokaj. J .  730 (274), 846 
Lombard, A. 726,728 (254), 846 
L0mbart.C. 381,393(57).395 
Long, R .  E. 
Loon, J .  C. van 
Loon, J .  van 
Lopez, L. 402 (21). 494 
Lopez-Alonso, H. 166 (83), 186 
L6pez-Castro, A. 70 (36). 148 
Lorck, M. 462 (722). 509 
Lorenz, I .  P. 759,760 (388,389), 761 (389). 

849 
Loth-Compere, M. 268 (75), 285 
Loth-Compere, M. 442.476 (473), 503 
Lott. P. F. 183 (139), 188 
Lou, C. 545 (240), 557 
Lovas, F. J.  64 (9), 148 
Low, B. W. 78 (93), 150 
Low. K.  404 (54), 495 
Lowig, C. J .  5 (9), 18 
Lown, J .  W. 626 (152), 659 
Lown, M. W. 1 I3 (239), 153,706,707 (175. 

176), 844 
Lowrey. A. H. 82,83 (101a). 150.670 (l4), 

6 76 
Lowry, T. M. 
Lu, K. C. 
Lucchesini, F. 

94 (169), 151 

165. 167-169(68). 186 
165 (69), 186 

7 (32), 18.550 (278). 558 

454 (607). 466 (goo), 467 
87 (13l), 150 

(815), 506,510,583 (179), 584 (206), 597 
(253,254), 615417 

Lucchetti, J .  
657,658 

Lucchini, V. 403 (27,42.43). 494.4Y5 
Lucken, E. A. S. 
Ludesdorf. R. 477 (917), 513 
Ludwig, E. 788,792 (502), 851 
Luettke, W. 418 (236), 499 
Luft, R. 562 (29), 612 
Lugovkin, B. 459 (694), 508 

319 (49). 329,624 (73. 102), 

321,323 (55), 32Y 



892 Author Index 

Luknitskii. F. 
Lulek, R. 452 (588), 506 
Lumbroso. H .  

Lumme. P. 0. 
Lunde, G .  302 (67),305 
Lungu, V. V. 
Lun'kova. M. 403 (26a). 494 
Luppold, E. 

485 (995), 488 (1038). 514.515 

410 (128, 129). 419 (241). 475 

597 (259), 617 

297-299 (51), 305 

(897), 497,499,512,563 (40), 612 

414 (195), 417 (228), 442 (468. 
469), 443 (481,482), 498,499.503,504. 
595 (255), 617 

Lupton, E. C. 
Lusinchi, X. 647 (337). 663 
Luss, H. 
Luss. H. R. 

562,571,579 (25), 612 

406 (63), 445 (506b), 495,504 
145. 146 (328). 155,524 (79), 

554,688 (57), 814-816 (606), 829.831 
(57),84/,853 

194, 195 (23.29). 196 (29). 
198. 199,205 (40). 206 (60,62), 207 (62, 
64), 208 (64). 210,211 (60,68), 221 (68) ,  
228 (60). 239.240 

Lutskii, A.  E. 
613,624 (88), 658 

Luttke. W. 275 (84),285 

Luthra, N.  P. 

565 (44), 567 (82.83), 612, 

Lutz, 0. 191-193 (13), 221,222 (90), 239. 
240 

268 (79,285,442 (473), 458.461 
(683), 474 (895), 475 (897). 476 (473,905. 
908,910), 503,508.512.563 (40). 612 

Luxen, A.  

Lyapina, T. 488 (1037). 515 
Lyapina, T. V. 

Lyerla, J .  R. 191 (17),239 
Lygo, B. 642 (252), 661 
Lyons, R. E. 
Lysenko, Z. 

660 
Lysy, R. 14 (79). 19 
Lyubimova. E. 413 (178). 498 
Lyubovskaya, P. N. 
Lyubovskaya. R. 448 (539), 505 
Lyubovskaya, R. N.  

Ma, T. S. 
Maartmann-Moe, K.  13 (74), 19,531,543 

Maasbol, A.  722 (244), 846 
Maatman, R. W. 
Maccarone, E. 

Macda, A. 317 (37),329 
MacDiamid, A. G. 334,335 (16),341 
MacDougall, J .  J .  
Maciel, G. E. 
Mack, W. 

Macke, H. 779,780 (458), 850 

16 (93), 20.541 (203.212a. 
213), 542 (212a, 213), 548 (271), 557,558 

547 (254), 558,823 (636). 854 
403 (46a), 495,636638 (211), 

95 (171), I51 

681 (28c), 841 

165 (59), 186 

(15 I ) ,  544 (2 19), 556,557 

565 (56) ,  612 

(93), 594 (90,240), 613,617 
412 (153), 497,568 (90), 569 

736 (303), 847 

409(111), 412 (159,  414 (11 I ,  
201 (45a), 239 

194), 496-498 

Mackrodt, W. C. 22 (9). 60 
MacMullin. E. C. 356 (37). 366 
MacNicol. D. 494 (1072, 1073). 516 
MacNicol, D. D .  624 (96), 658 
Maeda. A. 642 (242), 661 
Magarian. R. A. 651 (409,410), 664 
Magdesieva, N. 406 (72,73), 407 (88), 410 

(l25), 412 (88), 413 (168, 172), 419 (256, 
257). 421 (256), 424 (256,301), 427 (319). 
496501 

Magdesieva, N. N. 
(143), 108 (235). 128 (143), 151,153,261 
(63). 284,376 (32). 377 (33a, 33b). 383 
(69a. 69b, 70.71.73). 385.386 (33b, 71), 
394,395,565,566 (52), 567 (52,81), 573 
( 1  15. 1 16). 581,591,594,595 (167). 602 

612415.618 

88 (135, 137). 89,90 

(291-293,296), 603 (52,293), 604 (167), 

Magerstadt, M. 228,229 (l07), 241 
Magerstadt. M. 832.835,836 (654), 855 
Magnus. P. D. 

Magolda, R. 403 (46a), 495 
Magolda, R. L. 634 (197), 636,638 (220), 

660 
Mahajan, V. P. 695 (132), 843 
Maheu, L. J .  788,791 (500). 792 (500,508). 

851 
Maier. H. 447 (530). 505 
Maier,L. 691,697(113),842 
Maior, 0. 482 (966,967), 483 (966,973), 514 
Maiorova, L. P. 356 (33),366 
Maisch, R. 699,779 (143), 843 
Makarenko, V. G. 

171, 172 (91), 187 
Maki, A. G. 51,57,58 (94), 62,64 (7,8,  12), 

I 4 8  
Makovetskii. Y. P. 
Maksimenko, A. A. 

Malavasi, W. 759,760 (387). 849 
Malek-Yazdi, F. 464 (761). 509,621,622 

Maletras, C. 414 (193), 498 
Malhotra, K. C. 

843 
Malik, K. M. A. 

(186), 710,712 (186. 187), 774,776 (446), 
844,850 

14 (81), 19,643,644 (319 ,  
662 

167 (90). 169 (90,91), 

815 (601k), 853 
552 (41), 523 (75), 537 

(177),553,554,556 

(25), 656 

548 (268), 558,695 (132), 

114, 115 (246). 153,709 

Malisch, W. 699,779 (l43), 843 
Malito, J .  T. 716(211),845 
Malkinson, F. D. 387 (79), 396 
Mallaki, J .  520 (28,29), 523 (28), 553 
Mallet, J .  W. 
Malmquist, P. A.  I17 (268,269), 153 
Malmstrom, M. C. 
Malone, S. F. 

5 ( I I ) ,  18 

99 (192a), 152 
102 (207), 152 



Author Index 8Y3 

Malsshkhiya. M. V. 
Maltesson, B. 430 (370). 501 
Malyushina. V.  M. 649,650 (370), 663 
Marnedov. E. 407.468 ( 8 5 ) ,  496 
Mamedov, E. G .  
Marnleev, A. H. 
Marnrni, M. 

701 (160), 844 

624 (80). 658 
88 (135). I51 

96(176-179. 181). 100, 102 
(203). 151. 152,332 (8). 341.445 (503. 
504), 487.488 (1022). 504,515 

Marnrno, A .  568 (90). 569 (93). 594 (90). 
613 

Marno. A. 412 (153). 497.594 (240). 617 
Manaresi. P. 333 (10). 341 
Manassen, J .  409 (1 17, I I&),  496.427 
Mancinelli. C. S. 
Mangane. M. 255 (47),284 
Mangion. M. M. 

132, 133, 143 (302). 154 

64 (2a), 101 (202). 141 
(202,32@322), 142, 143 (320-322). 148. 
152,154. 155,518 ( I  I ) .  553 

Mangion, N .  M. 
Mann, B.  E. 

Mann. B. R. 
Mann. F. 
Mann, F. G. 

668 (lo), 676 
Mannafov, T. G .  

(78b). 149.219 (73), 240,565 (65). 613, 
635 (200), 660 

686 (46d). 84f 
190. 191 ( I ) .  220 (79). 223 

575 (131). 614 

364 (69).367,550 (281). 558. 

(101). 233 ( 1  13). 238,240,241 

462 (723b). 476 (906). 509.512 

70 (47), 74 (72). 75 (47), 76 

Manoussakis, G .  E. 
Mansuy, D. 
Mantovani, F. 

794 (523). 851 
715.719 (218). 720 (228). 845 

420 (267), 423 (299). 424 
(299,304). 425 (299). 435 (267). 499.500. 
585 ( I@),  616 

Mao, M. 608 (330). 618 
Marcevicziojewski, B. 456 (638). 507 
March. J .  244 ( I ) ,  283 
Marchenko, T. N.  
Marechal, G. 422 (282), 500,584 (205), 616 
Martchal, G. 420 (264). 423 (298), 426 (264. 

Mareev, Y. 420,471 (269). 500 
Marino, G. 

624 (88), 658 

298,313-315), 465 (315). 499-501 

44,54 (86). 62.246 (17, 18,23), 
283,284,385 (79,395,406 (75.76), 410 
(76, 127, 130--132),411 (134, 135),414 
(75), 416 (212,213), 442 (466), 496-498. 
503,560,563 (4), 567,568 (88,89), 569 
(91,92,96), 572 (4,91), 573 (1 17), 577 
(117, 143),578(117),581 (96, 143, 
164-166), 582 (96, 165, 176), 584 (96). 
589,591 (165, 176),593(96, 117),594 
(1 17), 597 (91), 611, 613-615 

Marino, J .  H .  537 (169),556 
Marino, J.-P. 462 (716), 508 
Markiewicz, W. 621,622(10),623(10,64), 

656,657 
Markovskii, L. N. 523 (66), 537 (183), 539 

(l89), 540 (189. IYX), 54 I (198), 554.556. 
55 7 

Markovtscva. 0. 478 (923), 513 
Markowska. A. 16 (97). 20 
Marks, C .  465 (777). 510 
Markushina, I. 408 (106). 496 
Marcky. K. 651 (427.428). 664 
Marolt. P. 314 (22.23).328 
Marov. I .  N.  

(538). 843.851.852 
Mamy. K. 119 (275). 154 
Marquardt. A. 534 (161). 556 
Marquet. A. 419 (242.243). 4YY 
Marquez. R. 

152 
Marsala. V. 690 (87), 842 
Marschalk. C. 446 (519). 504 
Marsden, C. J .  

700 (155). 789 (507). 796,797 

70 (36). 101 (198. 199). 148. 

70 (39,45). 71,72 (39). 74 
(45,),81 (39). 82 (98. 102). 83 (102. 104). 
84(104). 1 1 1 .  112(238). 144(323).149. 
150.153.155 

Marsden. K. 
821 (216). 829 (650a, 650b). 845,854 

Marsh. D. G. 236(132).241.524(80).554 
Marsh, F. C .  721 (233),845 
Marsh,R. E. 86(110. 115). 150.705(173). 

Marshall. J .  488 (1042). 515 
Martani, A.  438,439 (435). 503 
Martens. J .  

917), 513.624 (94). 658 
Mirtensson. N .  117 (268.269). 153 
Martin, D. R. 
Martin. G. J .  377 (34),394 
Martin, J .  C .  

553,55 7 
Martin, J .  L. 

(106, 1 lo), 181 (106). 185.187.387 (90). 
396 

Martin,M. L. 221,222(114).233(114, 117). 
241 

Martin, R .  
504 

Martin, R. B. 
Martin, R. L. 

Martin, T. R. 

Martin, W. G. 387,388 (93),396 
Martinengo, S. 
Martinez, J .  455,460 (613),506 
Martinez-Ripoll, M. 697 (135b), 843 
Martin-Gil, F. J .  
Martin-Gil, J .  697 (135b), 843 
Martinsen, A. 
Maruyarna, K .  321,323 (62), 329 
Maryanoff, B. 477,478 (911). 512 

715.717 (216). 718 (225), 814, 

844 

257.258 (58). 284.477 (916. 

249 (35). 284 

518 ( S ) ,  545 (5.241). 546 (241). 

I62 ( I I ) ,  178 (106). 179. 180 

427 (320), 444 (498.499), 501. 

670,671 (17b). 677 
308 (5.6). 318 (38).328.329, 

13 (72), 19, 102, 106 (221), 
798.800 (543.544). 852 

152. 814,821.822 (621). 854 

81 1 (596), 853 

697 (135b). 843 

382 (69,395,815 (604c), 853 



894 Author Index 

Maryanoff, B. E. 

Marynick. D. S. 
Maryott. A.  A .  
Marzilli, L. G .  
Masaguer, J .  R. 
Mason. M. G. 

844 
Mason. R. 766.772 (410). 849 
Mason. R. S. 
Mason. S .  F. 
Massey. A.  

501,514 
Massey, A.  G. 

654 (467), 665.744-747 (348), 848 
Massey. R. C. 

775 (454). 776 (449.450.452.454). 844. 
850 

Masson. M. R. 
(42), 185,186 

Masters, A,  F. 
(517). 851 

Mastryukov. V. S .  
Masuda. Y .  641 (297,299). 662 
Matamedi. A.  428 (333). 501 
Mathey. F. 402 (16). 494 
Mathiasch. B. 
Matsuda. T. 6.54 (465). 665 
Matsui. K. 520.521 (32). 553 
Matsumoto. S. 446 (512~).  504 
Matsunaga. Y. 487 (1014). 514 
Matsuura.Y. 404,446(511),504 
Matthews, W. S. 
Mattii,M. 234(120),241,288(14. 15).289 

Matyushcheva, G. I.  
Mautner. H. 
Mautner. H. G. 

278 (89). 285,593 (237), 
61 7 

26.27 (l6), 60 
51 (88). 62 
739 (317), 847 
735,738,739 (298), 847 

701,705 (l57a-c). 736 (157~) .  

245 (9), 283 
667 (Ic). 676 
428,443 (340), 484 (340,985), 

85 (107). 150.269 (77). 285. 

705 (172). 774 (449.450.452). 

I63 (27). 164 (27.42). 165 

102 (220). 152,794.795 

87 (126. 128). 150 

357 (39.41.42). 358 (48). 366 

565.604 (61). 613 

(15-20). 291 (14-16). 304 
567.568 (86). 613 

427 (326). 457 (650). 501.507 
166, 168, 177 (77). 179 

(1 12). 182 (77), 186.187.276 (85). 285. 
288(12. 13).304,379(40.41).3Y4,641 
(263). 661 

Mawby. A.  779 (466a), 850 
Maxwell. W. 542 (215). 557 
Mayer. C. 446 (520). 504 
Mayer. R. 

Mayr, A.  J .  

406.447 (67). 448 (537a. 541). 

I I3 (241). I I4 (242), 153.701 
495.505 

(161. 162). 702 (l62), 703 (161. 162. 165. 
166). 844 

197 (38), 23Y Mazalov. L. N .  
Mazaud, A.  450 (569). 506 
Mazerolles. P. 488 (1036). 515 
M a z i d , M . A .  114, 115(246),lS3,709(l86). 

710.712 (186. 187). 774,776 (446), 844. 
850 

439 (447), 460 (705). 503,508 
Mazloumi, A .  255,278,280 (52.53). 284. 

Mazza, F. 407,420 (77). 440 (454). 496,503 
M'Buyi, M. 454 (598). 458 (683), 459 (598). 

McAfee. F. 626 (136). 659 
McAuliffe. C .  A .  

461 (683). 486 (598). 506,508 

622 (33), 657.680 (10a, 
lob. 12c), 681,772 (IOa, lob). 782(12c), 
801-803 (549), 815 (12~) .  840,852 

McCarthy. D. M. 392(130),397 
McCausland. J .  H. 
McClellan, B. E. 
McClelland. R. A .  319 (41),329,.565,574. 

548 (263), 558 
165 (52). 186 

575 (47), 605 (325). 606 (47,325), 612. 
618 

McCollum. G. J .  565.604 (61), 613 
McCombie. S.  W. 822 (635). 854 
McConnell, K. P. 179.180 ( 1  I I ) .  187.379 

(40), 381 (56), 391 (126a. 126b).394,395. 
397 

McConnell. W. B. 
McCready, V. R. 
McCullough, I. 468 (829). 511 
McCullough, J .  

171. 182(123), 187 
392 (l35), 397 

418 (231). 428 (335), 443 
(479), 480 (23 1.945.947), 481 (947-949), 
499.501,504.513 

McCu1lough.J. D. 86(115),92.93(160, 
161), 128 (291). 135, I36 (305-307), 137 
(307). 138 (291,305-307.309-31 I ) .  139 
(291.309-311), 140(318), 141 (318,319). 
142 (319). 143 (305-307. 309-31 I .  318. 
319), 150.151,154, 166, 167 (78). 171 (78. 
101). 177 (78). 186.187.518 (7),553.567 

600 (157). 601 (139. 140), 613415,629 
(159). 642,643 (279), 659.661,705 (173). 
721 (236), 844,845 

(74,75). 577 (139-141), 580 (157, 158). 

McCullough, L. D. 376 (31).394 
McCurry. P. M. Jr. 
McDaniel, D. H. 
McDonald, W. S. 
McElhill. E. A .  202 (46).239 
McFarlane. H. C. E. 221-226.228,229.232. 

McFarlane. W. 

634 (l9S), 660 
565 (54), 612 
80 (97). 150 

233 (94), 240,690 (100). 842 

199.203,205.207 (22). 21 1 (22,39), 218. 
219(22).220(81.83).221 (86,94), 

194-197 (22). 198 (22,39), 

222-224 (94), 22.5,226,228.229 (94. 103). 
232 (94), 233 (94. 103. 115). 239-241,690 
(100).699,779(143).842,843 

McGarry. R. 456 (643), 507 
McGlothin. R .  E. 
McGlothlin, R. E. 
Mclntyre. P. 

556 
Mclntyre, P. A. 393 (150),397 
McKean, D. C. 
McKennis, J. S. 
McKenzie, S. 445 (507a), 504 

360 (53). 366 
697,755 (141a). 843 

423 (291). 500,532.534 (l52), 

71 (S3), I49 
701-703 (162), 844 



Author Index 895 

McKervey, A. 632 (l75), 659 
McKinney, J .  D .  
McKinnon, B. J .  
McLafferty, F: W. 
McLaren, J .  455 (630), 507 
McLaughlin, G. M. 

McLean, A.  D. 25 (40,58).61 
McLellan, A. L. 
McMahon, F. 
McManus, S. P. 
McMurray, W. J .  
McNicol, D. 442 (470). 503 
McPartlin, M. 
McPhee. D. J.  318 (40),32Y 
Mcphee,D. J .  648(354).663 
McQuillan. G. P. 

99, 101 (192b). 152 
621,622 (29). 657 

245 (8), 283 

13 (72), 19, 102, 106 
(221), 152,814,821,822 (621). 854 

51 (89). 62 

606 (329), 618 
276 (85). 285 

409 ( 1  lo), 496 

81 I ,  812,832,839 (590). 853 

684-686 (37,38), 691 
( 1  16), 692 ( 1 16. I 17), 693 (1 16. 121), 694 
(116, 117),695(117),697,778(140c). 
841-843 

McQuitty, J .  J .  
McWhinnie, W. 

McWhinnie. W. R. 

814, 821 (622), 854 
467 (816). 492 (1063). 510. 

7 (26), 18,221.222, 
516 

226228,234 (93). 240,254 (46), 284,358 
(46). 366,518 (9), 520 (23,24,26,28.29). 
522 (24), 523 (28). 536 (9). 542 (23). 553. 
567 (77). 613,680 (9f). 814 (614.615. 
616a. 616b). 819 (616a, 616b, 629-631). 
824 (641). 825 (616a, 616b), 826 (641). 
831 (63l), 834 (64l), 840,854 

Meakin, P. 546 (243). 557 
Mealli. C. 765,766 (409). 849 
Mechin, 9. 377 (34),394 
Medne, R. 446 (SIS), 504 
Medvedev. S .  Y.  
Medynya, B.  A.  
Meek, D. W. 

I64 (40). 186 
I84 (165). 188 

360 (54). 367,692 ( 1  19). 693 
(119, 123).694(119),696(123),697 
(140a. 140b. 140d).771.772(431433). 
775 (l4Od), 778 (l4Oa, 140b. 140d). 779. 
782 (433), 801.803 ( S O ) ,  815 (603a), 842. 
843,849,852.853 

Meerholz. C. 462 (717). 508 
Meerholz. C. A. 

556 
Meerwein, H. 537 (180), 556 
Meese. C. 0. 622 (45). 642 (255). 657.661 
Meessen, J .  423.473.476 (286). 500 
Mehdi. R. T. 819 (632). 854 
Mehler, E.  L. 25 (42). 61 
Mehrotra, G. 695 (l32), 843 
Meier. F. 455 (627). 507 
Meier, H. 

10 (52), 19. 537 (178, 179), 

309 ( 14). 3 1 1,312 (15). 328,45 1 
(584), 462 (722), 464 (742,743,745.746. 
756,758,759,762.763). 506,509 

Meijer. J .  447 (527). 481 (953-957). 505.513 

Meikle. G. D. 
Meinwald, J .  238 (142),241,446 (521-523), 

447 (521), 504,642 (251). 650 (386.387), 
661,663 

545 (223,23>236), 557 

Meir, H. 196 (35), 239 
Meixner, J .  326 (70), 329 
Mekthiev, M. A. 
Mel’chekova, Z. E. 
Melchiona, L. 440 (454). 503 
Melenteva, T. 419 (249), 499 
Melfi,F. 392(128).397 
Meli, A. 

851 
Meller, A. 356 (34), 366 
Mellini. M. 90 (151), 151 
Mellon. F. A. 
Melmed, R. N. 392 (132),397 
Meloan, C. E. 

149), 843 
Melpolder, J .  9. 
Menchen, S .  403 (22a), 494 
Menchen, S. M. 

289,291 (24), 304 
177 (127), 187 

765,766 (409), 788,791 (498). 849, 

248 (30), 284 

699 (145b), 700 (145b. 148. 

733 (292a, 292b). 847 

347 (%lo), 366,636,638 
(218,219), 642 (288), 651 (425), 660,662, 
664 

Mencken, S. M. 
Menconi, A. 
Menin, J .  457 (660,661), 507 
Menkin. V. L. 16(91), 19 
Mente, P. 403 (38,39), 495 
Mente, P. G. 703 (163). 844 
Mentzer, E.  695.775.778 (128). 843 
Menzel, I .  

Meranger, J .  C. 
Mercer. A.  721 (234). 845 
MerCnyi, R. 326 (69). 329 
Merkle. U .  462 (722). 509 
Merlino. S. 90 (151). 151 
Merten. H. 
Mertes, K. 9. 

(7). 676 
Mervick, M. V. 
Meth-Cohn, 0. 
Metlushenco, V. V. 
Metlushenko. V. P. 
Metys. J .  
Metysova, J .  

Metzger. H. 335 (20), 341 
Metzger. J .  455 (6lS.616). 456(616),507 
Meunier, J .  C .  
Meunier. Ph. 741,742.749 (331). 847 
Meyer. J .  464.465 (765), 509 
Meyer. N.  603 (301). 618 
Meyerheim. G. 465 (783). 510 
Meyers, C. Y.  
Meyers. E. 484 (990,99la), 514. 

16 (99), 20 
466 (799), 510,597 (252), 617 

309 (14), 328,447 (530), 464 (742. 
763), 505,509 

165 (SO), 186 

157, 158 (5), 160 
106.107, 124 (228), 153,668 

651 (408). 664 
401 (8h, 10). 494 

567 (84). 613 
574,575 (122), 614 

477.478 (913). 490 (l053), 512,515 
477,478 (913), 490 (1052- 

1054). 512,  515 

377 (34). 394 

565 (63). 613 



896 Author Index 

Meyers, E. A.  9 (44), 18,64 (2a), 69 (34), 77 
(84). 100(195,201), 101 (193,195, 196, 
200-202), 141 (202,32@322), 142, 143 
(320-322), 144, 145 (325), 148,149,152, 

(1 I ) ,  553,686 (46d), 841 
Mezentsova, N. 

497,498 
Mezey. P. G. 
Michaelis. A.  
Michalak, R. S. 

(24l), 553.557 
Michalska. M. 672 (23), 677 
Michalski. J .  16 (97). 20 
Michel, A.  
Michels, W. 456 (645). 507 
Michelsen, T. W. 
Michl, J .  668.670,671 (2). 676 
Micklem, H .  S. 381,393 (62),395 
Midollini, S. 
Miessler. G. L. 
Migalina, Y .  

154,155,227,232-234 (106). 241.518 

412 (l54), 413 (169. 177). 

25 (37-39,63), 30 (63,74). 61 
523 (71). 543 (161). 554.556 
518 (5). 545 (5.241). 546 

99 (191). 152,320 (52), 329 

736 (306), 847 

81 1 (598), 813 (598,599), 853 
788. 791. 792 (500). 851 

418 (238), 423 (293,297), 481 
(238.950). 482 (959). 494 (1075). 499. 
500,513.516 

Migalina, Yu. 404 (55), 495 
Migalina, Yu. V. 527 (105). 528 (125. 126, 

133),530(143. 144. 146).531 (147. 148). 
532 (153), 533 (l59), 534 (l53), 555,556 

Mikawa,H. 446(517,518).504 
Mikulski, C. M. 721 (243), 846 
Milazzo, G. 383 (72a.72b).3Y5 
Milburn. G .  H. V J .  
Milhaud. G. 393 (l47),3Y7 
Millar. J .  B. 545 (232), 557 
Millar, K. R. 
Miller, E. 595 (255). 617 
Miller, G. 461 (712),508 
Miller, J .  D. 
Miller, J .  M. 

308 ( I  I ) .  328 

171. 181 (119). 187 

680 (9f). 819 (632). 840,854 
225,228,229.234 (lO4), 241. 

269(77),285,541,542(214),557,690 
(72), 842 

Miller, J .  S .  
Mil1er.S. I .  571.572(106).614 
Milliet, P. 647 (337). 663 
Millington. D. 

Mills. S. L. 
Mills. W. N.  
Milne. G. 461 (708). 508 
Milne. R. 693 (121). 843 
Milone, L. 832.836,837 (659). 855 
Milyamoto. T. 686 (53). 841 
Mincuzzi, A. 402 (21). 4Y4 
Mingaev, R. M. 
Minh, T . 4 .  473 (889), 512 
Minh. T. 0.  

681 (28b), 841 

236 (133. 134). 241, 815 
(601n). 853 

375,392 (27). 394 
736 (306), 847 

522 (43). 553 

419.420 (261). 423 (292,299. 
300), 424 (292,299,300.306). 425 (299, 

312),426(312),4Y9,500 
Minkin, V. 

Minkin, V. I .  

442 (463). 479 (935,936), 480 
(936938). 487 (1020), 503.513,515 

518,520 (4). 522 (42-44), 523 
(42,66),532,534(155).540(197),553, 
554,556,557,560(5),563 (36),565 (51). 
566(51.69,72,73),567(51,69,73),574 
(69, 120-122). 575 (122). 577,601,603 
(138). 611414.651 (403), 664,779 (462. 
463), 781 (462,463,472,473). 787,801 
(462.463), 814,820 (620), 850,854 

473). 787,801 (462,463). 850 
Minkina, L. S .  

Min'tyau. N .  569 (94). 613 
Minyaev, R. M. 
Mironyuk. L. V. 
Mirrashed, M. 464 (748), 509 
Mirri, A.M. 73 (71), 149 
Mirskov, R. G. 624 (99). 658 
Mirzai, H. 622 (45), 657 
Mishiev, R. 407,468 (85),4Y6 
Mishmash, H. E. 709 (179). 844 
Mishulina. R. A. 76 (SO), 149 
Misiuna. D. 
Mislow, K. 

'Misumi, S. 
Mitcham, R. V. 
Mitchell. R .  

516 
Mitichkin, A.  I .  
Mitra, R. 420 (268). 499 
Mitran, M. 482.483 (966), 514 
Mitsui, A.  74 (73). 149 
Mjttal, P. K. 710.712,713 (188).844 
Mixan, C. 468 (834,835). 511 
Mixan, C. E. 

Miyashita. M. 624 (74). 657 
Miya-Uchi. Y .  762-764.787.790.794.795 

Miyazaki, H. 428 (342),501 
Miyoshi. H. 

665 
Miyoshi. N. 

(26). 366,403 (35), 495.621.622.624 
(19), 640 (140. 143), 656.65Y 

779 (462,463), 781 (462,463, 

566 (72,73). 567 (73). 613 
16 (93), 20 

456 (636,637). 489 (637), 507 
278 (89). 285,477,478 (911). 

492 (l064b), 516.642 (310). 662 

492 (1064a). 493 (1065. 1066). 

512,593 (237). 617 

668 (7), 676 

624 (88). 658 

376 (29,30), 384 (30). 385 (29). 
3Y4,546 (249). 558 

(396). 849 

532,534 (156). 556,653 (451). 

317 ( 3 3 ) .  32Y. 354 (21-23). 355 

Mizuhara, Y .  456 (648). 507 
Mizukami, T. 393 (155). 397 
Mizuta. E.  

Moberg-Ogard. A. 407 (X2a). 4Y6 
Mock. W. L. 548 (263),558 
Modena, G .  403 (27.42,43). 4Y4.4Y5 
Modica. G .  di 
Mogucl. M. K.  
Mohammcd.J. 334.341 (18).341 

589 (203). 592.593 (203.236), 
616,617 

460 (703). 508 
738 (315). 847 



Author Index 897 

Mohrnand, S .  11 (57), 19,407 (82h), 496 
Mohr, D. 825 (639). 854 
Mohtacherni, R. 359 (49), 366,714,716 

Moldovan. Z. 277 (87.88), 285 
Molines, H. 642 (252). 66/ 
Molle, L. 

Moller, J .  
Mollier, Y .  

Molodkin,A. K. 700(155),701 (156),843 
Molz, T. 462 (722), 509 
Mornicchioli. F. 580,599,600 (159). 615,643 

Monakhova. A. 

Monako, G. 541 (202),557 
Moncur, N .  K. 
Monks, R. 

(197), 845 

164 (38). 186.581 (163). 598 (163. 

271 (78), 274,275 @ I ) ,  285 
263), 615,617 

469,470 (849). 475 (898), 480 
(939), 511-513 

(359), 663 

498 
412 (154). 413 (172). 497, 

72 (56,64), 149 

380 (9 ) ,  393 (7 ,9 ,  18,20), 394,651 (408). 
664 

371 (7,9),  372 (7, 18). 373 (20). 

Monsef-Mirzai, Z. 520 (29), 553 
Mont. W.-W. du 360 (59). 361 (60,61),367 
Montag, R. A. 247 (26). 284 
Montanari. F. 606 (326), 618 
Montanucci. M. 621-623 (6), 656 
Montaudo, S. 416 (21 I ) ,  498 
Monti,S. 238(143),24/,299(58),305 
Moore, C .  E. 22 ( l ) ,  60 
Moradpour. A.  448,450 (549), 505 
Moran, M. 735,738,739 (300), 847 
Morin,  M. 

Morel, J .  

732 (286), 735 (298). 738 (286, 
298), 739 (298), 847 

188-191, 192a),414 (193),415 (175. 176. 
198,20 I ,  202,204,205,208,209). 430 
(361,362). 435 (205,208,401), 438 (189, 
427,428,434), 455 (188.612,613), 460 
(613), 461 (192a), 497,498,501-503.506, 
584 (180), 615 

412 (160, 161), 413 (173-176. 

Morelli, D. 754 (364), 848 
Moretti. E. 580 (160), 615 
Moretti, S .  

304 
Morgan, G. 

233). 444 (SO), 468 (828.830,832), 469 

(828). 495,499,511 

341,522 (39), 523,524 (70), 525 (84,85), 

653 (452,455-457), 654 (452,455.456. 
475,477), 665 

Morgan, W. E. 694 (l25), 843 
Mori, I .  420 (273), 500 
Mori, Y .  8 (39). 18 

288 (14). 289 (17. 18). 291 (14). 

404 (50), 405 (59), 418 (230. 

(851-853), 480(230). 489 (832). 491.492 

Morgan, G. T. 333,335 (14), 337 (28,29), 

526 (100, I O I ) ,  550 (279). 553-555,558. 

Morishita. H. 
Morisset, V. M. 
Morita, S. 393 (155). 397 
Moriyarna. H. 303 (70.71). 305 
Morner, M. 455,456 (633). 507 
Morris, R. H. 
Mortensen, K .  449 (560), 505 
Mortillaro, L. 

71 (52), 149.650 (384). 663 
635 (201, 203, 206), 660 

721 (235), 845 

331 (2). 332 (6,7).  333 (6 .  lo), 
334 (12), 341,487 (1022. 1024, 1028). 488 
(1022), 492 (1028), 515,768 (416), 849 

157 (6). 158 (6. 1 I ) ,  159 (6). 
160 

635 (202). 660 

642 (252.256). 661 

671 (20h), 672 (24). 677 

Mortirner. C. T. 

Mortimer. R. D. 
Mortola. A.  P. 
Morton, J .  A. 
Moschini, G. 163 (34), 185 
Moscowitz. A.  
Moses, P. 416 (219). 499 
Moskalev, Y. I. 
Moskowitz. J .  W. 
Mosna. P. 547 (256). 558 
MoSna. P. 650 (365). 663 
Moss, N.  690 (63), 841 
Motherwell. W. 462 (723b), 509 
Motherwell. W. D. S. 
Moura Campos. M. de 

25 (36), 61 

389 (105, 106),396 
25 (36). 61 

364 (69),367 
527 (109. 110). 528 

(110),529(109, 110),532(154),533 
( 1  lo), 555.556,636 (208), 651 (390), 652 
(208,434). 653 (446,447), 654 (446,474), 
655 (483), 660,664,665 

Mousscron. M. 565 (64), 613 
Moustakis, C. A. 
Moza, A. K. 393 (153),397 
Mrotzek, H. 622 (45), 657 
Mudd, S. H. 
Mueller, E. 
Mueller. H.-W. 642 (255). 661 
Mueller, P. 623 (50), 657 
Mueller. R. G. I84 (155). I88 
Muetterties, E.  L. 
Mukai, K.  
Mullen, G. P. 
Muller, A. 406,447 (67), 495 
Miiller, A. 

Miiller, E. 

194, 196,209,220 (26), 239 

388 (102a), 396 
184 (166). 188.641 (272), 661 

546 (243). 557 
238 (146). 241,382,392 (68). 395 

207,208 (64), 240 

680.782 (12g). 803 (553a, 553b). 

414 (195). 417 (228). 427 (329- 
815 (12g),840,852 

332), 430 (360). 442 (468,469). 443 (360, 
482). 498.499.501.503.504 

Muller, G .  402 ( l6) ,  494 
Miiller, J .  723,724 (247), 846 
Muller, J.-F. 246 (19), 283 
Miiller, K. 448 (541), 505 
Muller, M. 469 (840h). 511 
Miiller, P. 486,487 (1007). 514 
Miiller, U.  740 (321), 847 
Miiller, W. 626.639 (l44), 659 
Mulliken. R. S. 35 (85). 62 



898 Author Index 

Mulvey, D. 466 (796), 510 
Mundy. D. 
Munno, A.  de  466 (800). 467 (815). 510 
Murahashi, S .  623 (51). 657 
Murai, S. 

668.669 (1 I ) .  676 

317 (33).329,354 (21-23). 355 
(26), 366.403 (35), 495,621,622 (7. 19), 
624(19).634(194),640(140. 143),656. 
659,660 

Murakami. K .  321,323 (62). 329 
Murata. H. 74 (73), 149 
Murata. S. 446 (512d),504 
Muravnik, R. S .  
Murdoch. J .  D. 
Murphy, C. J .  

Murphy, J .  C. 
Murray, B. 

586 (213), 616 
72 (61). 149 
194.208.209 (24): 220 (24, 

390 (120). 397 
410 (123), 445 (501). 469 (848), 

470 (857,861), 475 (899,900), 497,504, 
511,512 

Murray,B.  J. 539(185),556.651 (423,424). 
664 

Murray, S. G. 

Murray-Rust, P. 121 (281), 154 
Musa, F. H.  819,831 (631), 854 
Musa, F. M. 520,522 (24), 553 
Musa, P. 467 (816), 510 
Musante, C .  466,467 (810). 510 
Musher, J .  I .  

Mushkako, L. 486 (l004), 514 
Mushkalo, L. 491 (1058-1060),516 
Musina, A. 
Musorin, G. 
Muszkat, K .  434 (398), 502 
Muszkat, K .  A. 
Muth, B. 
Muth, 0. H.  162 (9), 185 
Myers, R .  J .  72,90 (66). 149 
Mysov, E. 405 (62a), 495 

Naaktgeboren, A.  481 (956), 513 
Nadaka, V. I .  
Naddaka, V .  I .  
Nagao, G. 762,764,765 (399), 849 
Nagao, Y. 
Nagaraja, K .  S. 
Nagarajan, R.  670,671 (17d), 677 
Nagarayan, S .  439 (449), 503 
Nagashima, K. 165 (54), 186 
Nagel, A. 94 (170), 151 
NihlovskA, Z. 88(134, 139),89(139),90 

(134, 139), 150,151 
Nahlovskjl, B.  88 (134, 139). 89 (139), 90 

(134.139). 150,151 
Nain Java, K .  436 (41 l), 502 
Najean, Y. 393 (151),397 

85). 239,240 

622 (33). 657,680,681,691 
(13). 801-803 (549). 840,852 

107-109, I24 (234), 153,261 
(62),284,517 ( I ) ,  552,565,604 (45), 612 

402 ( IS) ,  420 (18,271), 494.500 
407 (93). 493 (1068c), 496,516 

527 (106), 555 
419 (255), 478 (926), 499,513 

I6 (91.92). 19 
540 (l97), 541 (199,200), 557 

317 (37), 329,642 (242), 661 
806 (560), 852 

Najer. H. 457 (660,661), 507 
Nakabayashi. K .  779,780 (460). 850 
Nakagawa, J .  70 (4l), 73 (41.69), 81 (41), 

149 
Nakajima, K .  771,772,779,780 (430), 849 
Nakajima, S. 787 (495), 851 
Nakamoto. K. 685 (44). 841 
Nakamoto, M. 762-764 (397,398), 784 

Nakamura, N.  600 (285), 618 
Nakamura. Y. 686 (53), 841 
Nakanishi, W. 203,204,218.220 (58), 240, 

446(512~,512d),504,519(17b),553 
Nakashima. S. 183 (130), 187 
Nakatsuji, H. K .  
Nakayama, S. 393 (155).397 
Nakhdjavan, B.  539 (186), 556 
Nakhmanovich, A .  413 (186). 498 
Nalewajek, D. 

Namtuedt. M. J.  238 (144),241 
Namtvedt, M. J .  382,392(66b),395 
Nandi, K. N. 
Nanjappan, P. 

51 I 
Nardelli, M. 

383 (72c),395.683 (33), 770 (435), 815 
(602). 841,850.853 

Narimatsu, S .  634 (198), 660 
Nasonova, L. I .  197 (38), 239 
Nassiff, S .  J .  
Nassimbeni, L. R .  
Natalis. P. 22 (7), 60 
Natori, Y. 

Naumann, D. 523,545 (62,63), 554 
Naumov, V. A.  106 (226,227), 153 
Nazarenko, I. I .  163-165, 183 (19). 185 
Nazareth, L. 32 (79), 62 
Nealey, R .  478 (927), 513 
Nefedov, V. D. 

(397), 849 

25 (46). 61 

13 (68), 19,448,450 (547), 
505 

655 (489). 665 
253 (44). 284.469 (844,846), 

84.85 (105). 150,295 (47),305, 

374 (23), 394 
779 (465). 850 

379 (43), 380 (44), 388 (43,44). 
395 

I66 @ I ) ,  167, 170 (87,88), 
171 (81,87,88,95), 172 (81,87,88, 

95,97,98), 175 (87,98-loo), 176 (81,88, 
95-97), 173 (87.96-loo), 174 (81,87,88, 

95,97-loo), 186,187 
Negryatse, N. Ya. 
Neidlein, R .  

Neiland, 0. 446 (515), 504 
Nelson, D. 234 (125). 241 
Nelson, J .  H. 736 (303), 847 
Nelson, L. L. 81 1 (588), 853 
Nelson, R.  D. 51 (88), 62 
Nelson, R .  E. 522 (37), 523 (73), 553,554 
Nelson, S .  M. 731 (275-277), 736 (276,277), 

846 
Nemcova, L. 297,299 (50),  305 

802 (548), 852 
90 (l52), 151,465 (786), 472 

(884), 510,512 



Author Index 899 

Nemoto, H. 623 (61), 642 (303), 657.662 
Neonilina, V. I. 
Nepywoda, J. 520 (19),553 
Nercesian, D. 464 (748), 509 
Nesmeyanov, N. N. 
Nesterova, A. G. 
Neta, P. 297 (53), 305 
Neubert, L. A. 
Neugebauer, D. 723,725 (250), 726,729 

Neuhaus, L. 547 (252),558 
Neve, J. 

Neville, A .  
Newmark, R. A. 

844 
Nezentsova, N. 419 (249). 499 
Nguyen Ngi, Le. 
Nguyen-Thi, M. P. 623 (50), 657 
Niazi, M. 469 (842), 511 
Nibbering, N. 248 (31), 284 
Nibbering, N .  M. M. 
Niccolini, M. 735 (297), 847 
Nicholson, D. 183 (137), 187 
Nicolaou, K.  403 (46a), 495 
Nicolaou, K. C. 

574,576 (133), 614 

601,602 (290), 618 
586 (214), 616 

670,671 (17a, 17f), 677 

(255), 742,753 (250), 832 (653), 846,855 

I64 (38). 186,581 (163), 598 (163, 
263), 615,617 

7 (31), 18,668 (9), 676 
708 (178), 709 (178,180). 

602 (291), 618 

838 (670c), 855 

16 (88,89), 19,627 (150), 
634 (197), 636 (210,211,216,220), 637 
(210,211), 638 (210,211,216,220,224), 
639 (216,230), 640 (216,283), 659461 

Nicolini, M. 732,735,737 (287), 847 
Nicpon, P. 360 (54), 367,692-694 (119), 697, 

Nielsen, C. J. 15 (83), 19 
Nielsen, 0. 464 (753), 509 
Nielsen, 0. J.  12 (65), 19,65 (18), 148 
Nielsen, P. 468 (831),511 
Nielsen, P. H. 68 (31,32), 148,308 (4), 328, 

Niemczura, W. 624 (86), 658 
Niessen, W. von 22 (3), 60 
Nigam, S. N. 
Nikaitani, D. 570 (103), 614 
Nimmesgern, H. 456,458 (640), 507 
Nishi, T. 303 (70,71), 305 
Nishikawa, T. 72 (68), 149 
Nishikida, K. 235 (126), 241,325 (64), 329 
Nishiyama, H. 634 (198,199), 660 
Nishizawa, M. 642 (312), 645 (328), 662 
Nitsche, W. 483 (982),514,521 (34),553 
Nivorozhkin, L. E. 779 (462,463), 781 (462, 

463,473), 787,801 (462,463), 850 
Niwa, I. 634 (194), 660 
Noble, A. M. 690 (95), 842 
Nockolds, C. E. 308 (11),328 
Nogami, T. 446 (517,518), 504 
Noggle,J. H. 191 (19),239 
Nolken, E. 475 (901), 512 

778 ( 140a, 140b), 842,843 

335 (23), 341 

171, 182 (123), 187 

Nolle, A. 191-193(13),221,222(90),239, 

Noltemeyer, M. 
Nomoto, M. 781 (470), 850 
Nomura, Y. 

(284287), 660462 
Noordik, J .  H. 

(534), 852 
Norbury. A. H. 

700,701 (153c, 153d), 730 (153c, 513d, 
269a), 737 (153~. 153d), 843,846 

240 
356 (34), 366,768 (417), 849 

632,633 (190), 639 (236), 641 

102, 103 (215), 152,796 

164 (36), 185,360 (56) ,  367, 

Norcross, B. 427 (320). 501 
Norcross, B. E. 318 (38),329 
Nordhoff, E. 361 (61), 367 
Norets, T. A. 387 (88.89). 392 (136-139, 

141-143), 396,397 
Norman,R. 0. C. 234(124),235(127),241 
Norton, H. 407 (91), 496 
Norton, J. R. 565 (55), 612 
Nosco, D. L. 771,772,780 (428), 849 
Notke, D. 545 (227), 557 
Noto, R.  591 (227). 616 
Nowlan, V. J.  3j9 (44),329 
Noyes. W.  467 (820b),511 
Nsunda, K.  M. 
Nuhn, P. 454 (600), 506 
Numata, T. 316 (29), 329 
Nunn, A. 464 (757), 509 
Nuretdinov, I. A. 
Nuti, V. 164 (43), 186 
Nuzhdina, Y. A. 
Nyburg, S. C. 
Nygard, B. 
Nygard, B. 299 (59), 305 
Nyholm, R. 518 (X), 553 
Nyman, G. 419 (254), 499 

Oae, S. 316 (29),329,370 (3a, 3b),393,404 
(48,49,511). 418 (240), 446 (48,49,511, 
512b), 495,499,504,541 (205,206), 557, 
623 (52,53), 657 

Oberhammer, H. 66,67 (26), 71.72 (55),87 

319 (48). 329 

815 (601f, 601h-j). 853 

16 (93), 20 
127 (288), 154 

184 (146-154, 156), 188 

(129), 126 (284,287), 129 (298), 148-150, 
154 

203,221 (57), 222 (57,102, 
105), 223 (57,102), 224 (57), 225 (57, 
102). 226 (105), 227 (102,105), 229,230, 
233 (102), 240,241,524 (77), 554 

O’Brien, D. H. 

O’Brien, E. 644 (318), 662 
Obukhova, E. M. 565 (44), 567 (82,83), 612, 

O’Callaghan, W. 402 (13), 494 
Ochiai, E. 458 (674b, 675), 459 (674b), 508, 

586 (209), 590 (209,215), 616 
Ochiai, M. 317 (37), 329,642 (242), 661 
Ockwell, J. N .  321,323 (58), 329 
O’Connor, J. P. 839 (675), 855 

613 



900 Author Index 

0dom.J.  D. 191 (10. I I ) ,  192. 193 ( I I ) ,  194 
(23.29). 195(11,23.29), 196(29). 197 
(1 I ) ,  I98 (40), 199,205 (1 1,40). 206 (60. 
62).207(62.64), 208(64).209(11),210, 
21 1 (60.68). 218 (76), 221 (68,88), 228 
(60). 239.240 

Ofelc. K .  814,819.820 (619). 854 
Offermanns. H. 485 (998), 514 
Ogawa, M .  520 (20,32), 521 (32), 527 ( I  1 I ) .  

528 (1 1 1 ,  135), 553,555,653 (458,459). 
654 (458). 665 

Ogloblin, A. N .  
Ogura, F. 536 (l67), 541 (201), 556,557,642 

Ohashi, 0. 70,73,81 (44), 149 
O'Haver, T. C. 165, 167, I70 (72), 186 
Ohba, N.  644 (323,324), 662 
Ohfune, Y. 645 (329). 662 
Ohmasa, N.  623 (49), 657 
Ohnishi, S. 446 (517), 504 
Ohno, K. 74 (73), 149 
Ohno, S. 403 (35). 495 
Ohta, K. 25 (46), 61 
Ohtake, H. 393 (155).397 
Okamato, Y .  451 (581,582), 506 
Okamoto. K.  

(429), 781 (470), 849,850 
Okamoto, Y .  316(30,31),329,331 (1). 

333-335 (15).336(15,24),339,340(15). 
341,561 (17), 612.651 (389), 664,747 
(357), 848 

(951),495.513,528(131, 132),532,534 
(l56), 555,556,632,633 (187, 189), 636, 
638 (217), 639 (187,235). 641 (296,302, 
306-308,311). 653 (451), 654 (464), 
660662,665 

537 (183), 556 

(310), 652 (439), 662,665 

771,772 (429). 779 (459). 780 

Okano, M .  403 (33), 481,489,491,493 

Okazaki, R. 675 (34), 677 
Okeya, S. 686 (53), 841 
Okhlobystin, 0. 480 (938), 513 
Okutani, H. 70,73,81 (41), 149 
Okuyama. T. 320 (51). 329 
Olah, G .  A. 7 (28), 18,31@312 (18). 328 
Oldendorf, W. H. 393 (157),397 
Oldfield, J .  E. 162 (9), 185 
Olekhnovich, L. P. 779,781,787,801 (462), 

850 
Oliveira, A. R. M. de 6 (19), 18 
Olmsted, M. 487 (1010),514 
Olofson, R. A. 603 (307), 618 
Olofsson, J. 184 (151, 153), 188 
Olofsson, R. 466 (804), 510 
Olsen, M. 450 (570), 506 
Olson, E. C. 164 (37), 185 
Olson, 0. E. 163, 183 (21,25), 185 
Olson, R. E. 603 (308), 618,639 (1 19), 658 
Olsson, K. 220 (80), 240,405,496 (60b), 495 

Omae, I .  680,782.815 (12d), 840 
Omelanczuk, J .  676 (38). 677 
O'Neal, H. E. 
Onkelinx, C. 288.291 (6),304 
Ono. M. 627 (149). 659 
Onoe,A. 528(131, 132),555 
Onyamboko, N .  V. 

425), 452 (423-425), 453 (423,425), 454 
(423). 502 

Onyszchuk, M. 
733 (295), 734 (294), 847 

Ooi, S. 686 (53), 841 
001. P. J .  J .  M. van 624 (101), 658 
Opavsky. W. 690,691 (96), 842 
Opedal, D. 115, 116(247), 153 
Oppermann, R. 455 (628), 507 
Oprean, I.  277 (87), 285 
Orgel, L. E. 
Orlandini. A. 765,766 (409), 849 
Orlov. V. Y .  
Orme-Johnson, W. H. 238 (149,241,382, 

Orrell, K. G. 

157, 159 (3), 160 

437 (423). 438 (424, 

731 (294,295). 732 (294), 

690 (84), 842 

167. 169 (90). 187 

392 (66a), 395 
114 (245,246), 115 (246). 153, 

191-193(16),239.690(79, 112),709 
(183-185), 710 (183-185, 187, 188), 712 
(184, 185, 187, 188), 713 (188), 727,729 
(257), 771 (437), 773 (257,437-439), 774 

(444-446). 801 (445), 819 (184). 842,844, 
846,850 

(437-439.444-446), 775 (437,438). 776 

Orvini, E. 165 (75), 186 
Osaki, K. 
Osborne. J .  H. 

Osipov, 0. A. 

Ospici , A. 
Ostman, B. 581 (173), 615 
Ostrovskaya, I .  K. 
Osuka, A. 8 (38,39), 18,623 (48.49). 657 
Otsu, T. 338 (32), 341 
Otsubo, T. 536 (167), 541 (201), 556,557, 

Ott, D. 490 (1056),515 
Ottlinger, R. 

Otto, P. P. H. L. 

Outurquin, F. 

194), 616 

l89), 639 (1 87), 660 

99, 101 (192b), 152 
808 (566), 810 (566,582), 

779 (462,463), 781 (462,463, 
852,853 

472,473), 787,801 (462,463), 850 
344 (3), 366 

681,686 (23b), 840 

642 (310), 652 (439). 662,665 

90 (153), 151, 463 (732-735, 
736a), 484 (733,736a), 509 

(21), 394,395 
373 (21), 379 (42), 392 

411,412 (148). 437 (422), 438 
(427-429,431), 497,502,503,586 (193, 

Owada, H. 

Owen, C. A. Jr. 
Oxton, I.  A. 
Ozaki, Y .  765.766 (407), 849 
Ozolin, S. 430 (364), 501 

403 (33), 495,632,633 (187, 

381,393 (52),395 
697,778 (140c), 843 



Author Index 90 1 

Paal, C .  
Packer, K. J .  362 (69 ,367  
Paetzold, R. 

5 (18), 18,407 (96), 496 

336 (26), 341,462,492 (719), 
509,520 (27), 537 (182), 546 (247), 548 
(247,264,265), 549 (247), 553,556,558, 
629 (ISS),  643 (355,360). 650 (362), 659, 
663,721,722 (237,239),845 

690 (102. 103), 842 
808 (S76), 853 

249 (36). 284 
575 (132), 614 

523,537,545 (65) ,  554 

Page, C. T. 
Page, E. M. 
Page, G .  I6 (90), 19 
Page, H. L. 
Page, J .  E. 
Paige, H. L. 
Painter, E. 401 (1).494 
Painter, E. P. 371 (16),394 
Pakawatchai, C .  
Pakzad, B. 
Paliani, G. 378,383 (37a, 37b),394 
Palibroda, N .  277 (88), 285 
Palmer, G. 

Palmer, G. T. 738 (315). 847 
Palmer, I .  S. 163, 183 (29 ,185  
Palmer, M. H. 308 (13),328 
Palyulin, V. 481 (950), 513 
Palyulin, V. A. 
Pan, F. 
Pan, S. 648 (350), 663 
Pan, W.-H. 

239,765,794 (405), 849 
Pan, W. H. 

519.527), 847,851 
Pandey, G. K.  

(37), 148 
Pang, F. 25 (43), 61 
Pankiewicz, J .  413 (191), 498 
Pannell, K.  H.  

(161,162), 702 (162), 703 (161, 162, 165, 
166), 844 

779 (466b, 469), 850 
477 (917), 478 (919), 513 

238 (147), 241,382,392 (67), 
395,676 (37), 677 

531 (147), 555 
379 (43). 388 (43, 102b), 395,396 

102 (220), 152, 191-193 (12), 

732,736 (288), 794,795 ( 5 1 6  

51,57,58 (94), 62,70,72,90 

113 (241), 114 (242). 153,701 

Panov, V. 480 (938), 513 
Pant, B. C. 

Papavassiliou, G .  C. 681,798,799 (27a, 

Papenroth, W. 

Pappalardo, G. 483 (974), 514 
Pappalardo, G. C. 

284,362 (66), 367 
Paquer, D. 467 (818), 510 
Paramonov, V. 444 (496). 504 
Paramonov, V. A. 
Parichkova, R. 699 (151), 843 
Parizek, J. 167-169 (86), 186,393 (145). 397 
Park, B. K. 644 (318), 662 

261 (64), 284,520 (26), 522 (46, 
47), 553 

27b), 840 

(38,124),530,532(124),553,555 
489 (1050),515,522 (38), 528 

86 (117), 150,247 (24). 

624 (85), 658 

Parker, G. R. 
Parkin, S. 

651 (409,410), 664 
449 ( S S S ) ,  4.50 (572b), 505,506 (193), 415 (163, 175,198,201,204,205), 

Parks, G. L. 
Parlova, V. L. 
Parr, W. J .  E. 
Parris, G. E. 
Parshall, G. W. 
Partovi, M. 447,464 (532), 505 
Partovi, M. H. 
Partovi, M. N .  
Parvez, M. 715,717,720.822 (223). 845 
Pasmurtseva, N.  A. 

271), 558 
Passerini, R. 

585 (207), 616,642 (278). 661 
Passmore, J .  

65) ,  537 (65). 545 (64,65,240), 554.557 
Pastour, P. 411 (142, 149),412(149, 160. 

161, 163),413(149. 163. 171, 173-176. 
188-191. 192a),415 (163, 175. 176. 198. 
20 1,202,204,205.208.209), 430 (149, 
361,362,368.369), 434 (369). 435 (205. 
208). 438 (149,189,427,428,433,434), 
455 (188,612,613). 460 (613). 461 (1924. 
497,498,501,503,506,581 (181),584 
(180),586(193),590(223).615,616 

527 (106108),555 

97 (189), 152,525 (88). 554 
566,567,574 (69), 613 
624 (86), 658 

165, 167, 169 (70). 186 
681 (32a), 841 

377,386 (35) ,  394 
581,595 (162), 615 

16 (93). 20.548 (270. 

428 (341), 442 (476), 501,503. 

249 (36), 253 (45). 284,523 (64. 

Patai, S. 

Patel. P. 492 (1062), 516 
Pate1,V. 448(538),449(562),450(538,571, 

Patel,V. V. 310(16).311 (16. 17),328 
Paterson, J .  F. 690.786 (77a, 77b), 842 
Patigny, P. 302 (67), 305 
Patil, S. R. 
Patrick, H. 387,388 (93), 396 
Patrick. R. 160 (16), 160 
Patsaev, A. K. 
Pattenden, G. 401 (7), 494 
Patterson, J .  A. 
Patwardahom, B. H. 
Paty, P. B. 
Patzwaldt, H.-G. 

Paul, I. 

Paul, I. C .  

267 (73), 285,434 (397-399). 502. 

574,576), 451 (574), 505,506 

650,651 (422). 664 

624 (77-79), 657 

179, 180(113), 187 
403 (26b), 494 

622,624 (21), 656 
455 (632), 456 (632,635), 

507 

(347), 848 

(4), 118 (265), 124 (234), 148,153,261 
(62), 284 

Paul, R. C. 522 (45), 548 (269), 553,558, 
814,824 (625), 854 

Paul, W. 768 (420,421). 770 (421), 829,830 
(420,421), 849 

Pauling, L. 78 (88), 150 
Paulmier, C. 206,210,211,221 (61), 240, 

412(148,149,160,161,163), 413(149, 
163,171,172-175,183-185,189), 414 

467 (820a, 820b). 511,743,744 

64,66,86 (4), 107-109 (234), 116 

377 (34),394,411(142-145,148, 149), 



902 Author Index 

427-429.431 .'433,434). 452 (424). 460 

586 (193, 194). 590 (223,224). 591 (224. 
225), 615,616.641 (300,301). 642 (250). 
661 ~ 662 

Paulus. E. F. 129. 131. 143 (299), 145, 146 
(327), 154,155,528.533 (134). 555.567 
(76.78). 613 

Pavani. R. 25 (41). 61 
Pavelcik. F. 730 (274), 846 
Pavloff. A.  487 (1010), 514 
Pavlova. V. L. 

121). 614 
Payne. N .  C. 

(404), 849 
Peach, M. E. 356 (37).366 
Peachey. S. J .  
Peacock. R. D. 
Peake. S .  L. 
Pearson, P. S .  
Pearson, R.  64 (8). 148 
Pearson. R.  G .  
Pearson. T. 

Pearson, T. G .  
Pecile, C. 

(287). 847 
Pedaja. P. 
Pedersen. B. 361 (62),367 
Pedersen. C. 

(789-791). 466 (802). 510 
Pedersen. C. L. 274.275 (81).285 
Pedersen. C. T. 117. 119 (267). 153 
Pedersen. E. €3. 595 (258). 617 
Pedersen. H. 450 (570), 506 
Pedersen. N .  D. 391 (l23).3Y7 
Pedersen. S. 465 (793),510 
Pcdersen. T. 
Peel, J .  
Pegg. W. J .  624(108),658 
Pelcties. N .  
Pelizzi, C. 815 (602), 853 
Pelizzi. G .  815 (602), 853 
Pellinghelli. M. A.  
Pellini, G. 544 (221). 557 
PefiCtiory,A. B. 621.622(12),656 
Penn. R.  E. 
Penner. J .  A .  393 (149).397 
Penncsi. G .  794 (525). 851 
Pcper, F.-K. 455.456 (632). 507 
Peralcs. A .  697 (13%). 843 
Perdue. E. M .  

656 

(412,419). 497,498,501-503,581 (181), 

522.523 (42), 553.574 (120, 

621.622 (29). 657.765.807 

7 (30),  18 

645 (330). 662 
545 (231,237). 557 

229 (log), 241 

737. 762 (309). 847 
409 ( 1  10). 487 (1026). 488 

(lO33), 496.515 
814 (612). 854 

732 (287). 735 (287.297), 737 

412 (158). 417 (224). 497.499 

271 (78), 275 (83). 285,465 

117. 119 (267). IS3 
407 (78. 79), 496 

603, 604 (300. 309). 618 

794,795 (529). 852 

11 (57). 19 

600 (281). 617.h21.627- (4).  

430 (149,361,362,368.369.371), 434 Perin, F. 421 (278), 500 
(369), 435 (209,436 (41 I ,  412), 437 (416. 
418,419,422). 438 (149, 189,424, 

Perin, P. 407 (98-100). 429 (354,355), 434 

Peringar, P. 545 (226), 557 
(354). 436 (355), 471 (100). 496,501 

Perkins, M.  J .  

Perlstein, J .  
Perrier, M. 

Perrin. L. 432 (385). 502 
Perry, D. A. 11 (62), 19 
Perry. D. L. 794.795 (529), 852 
Persson, B. 184 (147), 188,641 (275). 661 
Peruzzini. M. 727 (258-261), 729 (258-261, 

Perveev, F. F. 407 (83). 496 
Pesce, G. 402 (21), 494 
Pesch, R. 248,249 (32). 284 
Pesin, V. 465 (776,782), 510 
Pesin, V. G .  586 (213.214), 616,700 (146), 

843 
Peters. A.  T. 731 (279), 846 
Peters. P. 465 (793), 510 
Petersen. C. 466 (801). 510 
Petersen, H. 311.312(15).328,464(743. 

Petersen, M. 451 (584), 506 
Peterson, M. R. 32 (76), 61 
Peterson. R. E. 393 (148),397 
Peters0n.R. J .  178-180(104), 187 
Petit. A. 440 (457), 503 
Petit. M. G .  
Petragnani, N.  

623 (54,56), 624 (98, loo), 

449 (565), 470 (861), 505,511 
271 (79), 285,467 (818,819,822, 

823,825),510,5/1,639 (231.233),661 

642 (243), 657,658,661 

267b, 268), 730 (261), 846 

759), 509 

86,87 (122), 150 
483 (Y76),514,522 (SI) ,  523 

(76), 527 (109. 1 lo), 528 (1 lo), 529 (109, 

554-557.621,622 (16). 624 (75). 636 
(208), 650 (389,651 (390), 652 (208. 
434). 653 (446,447.454), 654 (446.473, 
474), 655 (483). 656.657,660,663465 

110).532(154),533(110),542(215-217), 

Pctren, J .  680,690 (4), 839 
Petrov. A.  406 (66.69). 410 (69, 121a. 122). 

444 (496), 447 (66). 448 (537b), 495.497. 
504.505 

Petrov, A. A.  609 (331.332), 618,621 (9, 
26). 622 (9,26.40), 624 (83-85). 651 (40, 
394,401). 6 5 ~ 5 8 , 6 6 4  

Petrov. M. 406 (66.69). 410 (69. 121a. 122). 
444 (496). 447 (66). 448 (537b). 495,497. 
504,505 

Petrov. M. L. 621.622 (26), 624 (83-85.91). 
656.658 

Petrov. Yu. A. 815 (601i). 853 
Petrova. L. 407.412 (88). 496 
Petrova, L. Y .  377 (33a),394 
Petrzilka. M.  634 (l96), 660 
Pettersen, R. C. 113 (241). 114 (242). 153, 



Author Index 903 

701 (161),703(161, 165,166),844 
Pettersson, K. 
Pettit, L. D. 

Peymann, E. 768 (417), 849 
Peyrussan, V. 448,450 (549), 505 
Pfander, W. H.  387 (77b),396 
Pfannstiel, K. 527,528,533 (119).555 
Pfisterer, G. 233 (1  16). 241 
Pfisterer, H. 768,770,829,830 (421), 849 
Phillips, H. 550 (277). 558.655 (488). 665 
Phillips, L. 575 (l24), 614 
Pianka, M. 458 (677), 508 
Picci, M. 584 (182). 615 
Pichat, L. 641.650 (262). 661 
Pickardt. J .  

845,855 
Pierce, L. 7G-72 (50),  149 
Pierini, A. B. 
Pierpont, C. G .  

415 (197), 417 (224). 498,499 
80 (97), 150,565,574.575,608 

(60), 613,690 (94), 842 

714 (198), 832,835,836 (654). 

622 (46). 657 

788,791 (455.499). 798.799 (541). 
850-852 

102 (212), 152,773 (459, 

Pierres. M. 381.393 (59).395 
Pietra, S .  
Pietro, W. J .  

333 (lo),  341,445 (504). 504 

30 (62,64,68.71), 33 (68,71), 34.54 (62), 
56 (68), 61 

Pietropaolo, R. 690 (71,87,88,97-99, 106), 
691 (97,98,106), 695,774 (98). 842 

Piette. J.-L. 86(116). 150. 191. 199(7).203 
(7,59), 204,205 (7), 207,208 (63). 210 (7, 
59). 211 (59). 212,214,215 (69), 216(70). 

(213). 439 (453), 440 (453,456-458), 441 
(458.460). 442 (460.466), 443 (483), 444 
(458), 454.458 (605). 471 (871.873). 476 
(905), 479 (932), 498,503.504,506,512. 
513 

Piette, J .  L. 
75,76 (76,77), 77 (76,77.83), 149,255 
(47),284.563(41).579(150),580(150, 
I S ) ,  584 (184. 186). 585 (186), 612,615. 

(430-432). 655 (391.392). 659.664 

25 (62.64.68,71), 29 (68.71). 

217(7),230,232(110).239-241,416 

13 (68). 14 (79), 17 (105), 19,20, 

616.629 (163), 651 (391-393,398), 652 

Piettre, S .  
Pignataro. S. 

Pignolet, L. H. 

Pihl, A. 288 (l).304 
Pijpers, F. W. 
Pilati. T.  403 (44). 495 
Pilcher. G .  157-159 (2), 160 
Pilipenko. A. T.  
Pilz, W. 455 (627), 507 
Pinel. R. 

326 (71), 327 (73),329 
44,54 (86). 62,246 (16-18.23). 

283,284,416(212),498 
708 (178). 709 (178, 180). 

788,791 (500), 792 (500,508). 844,851 

762.763 (395). 849 

683.685.686 (34.35). 841 

271 (79), 285.467 (822). 511 

Pinkert, W. 768 (417), 849 
Piovesana, 0. 684-686 (39). 841 
Piquard, J .  L. 

618 
Pira, P. 690 (99), 842 
Piraino, P. 690,691 (106), 842 
Pirson, P. 

319 (42,43), 329,605 (324), 

244,266 (2), 283.315 (26), 328, 
439 (444), 476,477 (909), 503,512,598, 
(265), 617 

Pitombo, L. R. M. 
640 (232), 652,653,655 (158), 657,65Y. 
661.690 (69,73,75), 841,842 

Pittman, C. U.  839 (675), 855 
Pittman, R. 487,488 (1027),515 
Pittman, R. W. 332 ( 5 ) ,  335 (21).341 
Pivovarevich, L. P. 573 ( 1  15, 116), 614 
Platt, A. W. G .  191-193 (16),239. 774, 776. 

801 (445), 850 
PIC. G .  435 (401).502 
Plimmer, J .  R. 264(68),284 
Plowman. K. R. 

622 (31), 629 (158). 639, 

715 (212.213,222), 716 
(207,212,213). 717 (212,213). 720(212. 
213,222), 767 (213), 845 

506 
Plucken, U.  311,312(15).328.451 (584), 

Pluim, H. 624 (72), 657 
Plummer. C. 428,442,483 (337), 501 
Podkovyrina, T. A. 
Podolesov, B. 

514 
Poehler, T. 

(417), 664 
Poehler, Th. 

506 
Pogonowski, C. S .  
Pogorelyi, V. K.  
Poirier, R. A. 

32 (76). 33 (83), 60-62 
Poleschner. H. 448 (540),505 
Poletti. A.  378.383 (37b),394 
Poli. R. 

Poliakoff. M. 466 (801). 510 
Po1idoro.G. 621.622(15).656 
Poloni, L. 383 (72a), 395 
Polonsky. J .  644 (340). 663 
Pomeroy. R. K. 546 (242), 557 
Pomykacek, J .  490 (1053). 515 
Poncet, J. L. 720 (228). 845 
Ponet,M. J .  580(156).615 
Ponikarova, T. M. 
Ponomareva. 0. B.  347 (7),366 
Ponomareva, T. 439 (445), 503 
Poole. A. 467 (824), 511 
P0pe.A. L. 389(113).396 

565 (65) ,  613 
486 (1008), 487 (1008, 1013). 

17 (104). 20,449 (567). 505.651 

448,450 (548), 451 (579), 505, 

629 (171). 659 
624 (89), 658 

25 (14,50,63). 30 (63,7?-75), 

710,712,814 (190, 191b). 819 
(191b),844 

389 (109). 396 

Pope. W. J .  7 (30.31). 18.527 ( I  17). 555. 



904 Author Index 

668 (9), 676 
Popik, M. V. 

149 
Pople, J .  A. 25 (27,29,32,35,44,48.49.62, 

64), 29 (27), 30 (48,62,64), 33 (27,49), 
34 (48,49,62). 54 (48,62). 56.57 (48), 60, 
61 

Popov, A. F. 575 (126), 614 
Popov, D. K. 389 (109),396 
Popova, L. L. I6 (9l), 19 
Popova, R. S. 575 (l26), 614 
Poppe , E. 460 (704), 508 
Poppitz, W. 767 (413), 849 
Porai-Koshits, M. A. 
Porta, 0. 624 (100). 658 
Porta, P. 796 (536), 852 
Portanova. J .  P. 
Porten. J .  A. I18 (261), 153 
Posner. G. H. 623 (59), 657 
Post, B.  462 (72l), 509 
Potchen. E. J.  393 (159), 397 
Pote,C. S .  51,57,58(94).62 
Potts, A.  W. 
Potts, K. 
Pouly. S .  742.749 (338), 848 
Pourcelot, G. 604 (317,318), 618 
Pourveur, A. 
Powell, M. J .  D. 
Powers, D. E. 88 (l33), 150 
Pozdeev, N .  410 (l25), 497 
P0zdeev.N.M. 88(135),89,90,128(143). 

151,383 (73),395 
Priefcke, K. 196,208 (36), 222 (36,95.96), 

231 (95,96), 232 (36), 239,240,257.258 
(58),284.355 (30),366.409(115),416 
(2 14), 42 1 (275), 435 (40>405), 440 
(275), 441 (459). 446 (512a). 447 (524), 

70 (47), 75 (47,75), 76 (75). 

730 (272). 846 

178 (109). I87 

22 ( 5 , 6 ) ,  60 
458 (672). 465,468 (772). 508,510 

473 (893), 475 (903). 512 
32 (78, 80), 61,62 

477 (916-918), 478 (919-921), 479 (933, 
934), 480 (934), 496,498,500,502-504. 
513,624 (94), 6.58 

Pramanik, P. 681 (21,22), 840 
Prelicz. D. 458 (667), 507 
Prelog. V. 88 (136). IS1 
Preston. R. L. 
Preti, C .  

387 (77b), 396 
166 (82), 186,262 (66.67). 263 

(67), 284,580 (160). 615,707,708 (177). 

383). 844.848,849 
759,760 (371-387). 761 (371-374,381. 

Price. M. J .  
Price, R. 680 (9e). 840 
Price, W. C .  
Prince. M. 

(25), 341 
Pritzkow, H .  
Prochazkova. V. 
Prokof'eva, A. F. 
Proksch, A. 463 (734), 509 

571 (log), 614 

22 (4-6). 60 
332 (9). 333 (9. 13). 334 (13). 336 

129-131. 143 (296). 154 
165, 167. 169, 170 (76). 186 
573.593 (I  18). 614 

Pronicheva, L. D. 
Prophet, M. I57 ( I ) ,  160 
Proskina, N. N. 

841,847 
Protiva, M. 

512,515 
Prousa, R. 406,447 (67), 495 
Pruett, R. L. 
Puchkova,S. M. 389(111),396 
Puckett, J .  523 (58),554 
Puff, H. 357,358 (40.43). 366 
Pulay, P. 25 (43), 61 
Pulidori, F. 
Puls. M. 469 (840b), 511 
Pummerer, R. 316 (28),329 
Purcell, R. 487 (1026), 488 (1033), 515 
Purdy. W. C. I84 (l77), 188 
Purello, G. 442 (476), 503, 585 (207). 616 
Puri, J .  K. 548 (269), 558 
Pye, P. L. 814,821 (622). 854 
Pyle, R. 449 (567), 505 
Pyles, R. A .  362 (66). 367 
Pytlewski. L. L. 

106 (226), 153 

684-686 (40), 732 (290), 

477,478 (913). 490 (1052-1054), 

839 (671), 85.5 

600 (282), 618,621,622 (5). 656 

721 (243), 846 

Quick, M. H. 
Ouintiliani. M. 

740 (322), 847 
290. 291 (33). 305 

Raasch, M. 405 (62b), 495 
Rabet, F. 409,464(108),496 
Rabindran, K .  420 (268), 499 
Rabinovich, D. 
Racheva. T. M. 
Radchenko, S .  I .  

(9), 622 (9,40), 651 (40.401,402), 656, 
657,664 

409 (1 17, 1 I % ) ,  496,497 
681,686 (23a). 840 

609 (331,332), 618,621 

Radlick, P. 480 (945), 513 
Radziuk, B.  
Rae. A. D. 811 (588). 853 
Rae. A. I .  M. 
Rairnondi, D. L. 
Rainer, R. 455 (624), 507 
Rainville. D. 

165 (68,69). 167-169 (68), 186 

766,772 (410), 849 
25.26 (12), 60 

l00(195), 101 (193, 195, 196). 
144, 145 (325), 152,155,483 (975). 484 
(991a). 514 

Rainville. D. P. 
Raithby, P. R. 

(590), 853 
Raja, T. 

(845c). 503.504,511 
Raja. T. K. 
Rakhlin, V. I .  
Raksha. M. A. 
Ralph, J .  
Ramage, R. 408 (103), 496 
Ramakrishna, R. S .  

100. 101 (201). 152 
X I  1.812 (590,594). 832,839 

439 (449-452). 446 (513,514), 469 

757 (369). 848 
624 (99). 658 
629,632 (160), 659 

464 (757). 465 (777). 509. 510 

778.779 (456a. 456b). 
850 



Author Index 905 

Ramalingam, K .  
846), 511 

Ramasamy, K. 443 (485,486), 504 
Ramsey, N. F. 194 (21),239 
Rankin, D. W. H. 

(58,61), 148,149,754-756 (366), 848 
Ranneva, Y .  I .  377,385,386 (33b),394 
Rappoport, Z .  

Raptis, S. E. 
Raseo, P. 584 (182), 615 
Rashidbaigi, A .  409 (109), 496 
Rasmussen, F. 450 (570), 506 
Rasmussen, S. E. 

842,850 
Rasteikiene, L. 403 (26a), 494 
Raston, C. L. 

Rastrup-Andersen, J .  
Rathke, B. 5 (lo), 18 
Rathke, M. W. 
Rattanaphani, V. 814 (61S), 854 
Ratts, R. W. 
Ratushnaya, S. K.  183 (143), 188 
Raubenheimer, H. G. 726.728 (254). 846 
Raucher, S. 403 (34), 495,605 (323). 606 

(327,328), 618,632,633 (178, 179), 659 
Rauchfuss, T. B. 747,753 (353), 798,799 

(542), 806 (565a. 565b), 808 (570,571, 
575), 811 (542,585b), 825 (353), 832 (353. 
570,571,652,660,661,664), 833 (652), 
834 (353,570,571), 835 (652,660,661), 
836 (652,660), 837 (571,652,661,664), 
838 (652,661,664). 848,852,853,855 

Rauer ,R.F.  621,622,624,625(11),656 
Ray, D. 319 (45), 329 
Ray, F. 428 (343), 465 (781). 501,510 
Raymond, A. H. F. H. 
Raynor, J .  B .  801,803 (551),852 
Razumov, A .  I .  815 (601g),853 
Razuvaev, G. A .  356 (33,35),366 
Razzoli, G. 759,760 (377), 848 
Read, C. M. 
Read, R. W.  
Reamer, D. C. 

(94), 396 
Rebane, E. 249 (34,37,38), 252 (34,41). 

263 (65), 284,547,548 (250), 558,641, 
643 (264), 650 (368,369), 661,663 

Rebbert, R.  L. 738 (315). 847 
Recca, A .  416 (211), 498 
Rechowicz, K. 393 (152),397 
Reddy, M. 484 (985), 514 
Reddy, M. L. N .  

Redpath, J .  L. 301 (64,65),305 

253 (44), 284,469 (844, 

66 (22,23,24a, 24b), 72 

267 (73), 285,434 (399), 502, 
527 (107, l08),555 

163 (33), 185 

690,691 (70), 661 (436). 

97,98, 132, 143 (186), 152.525 
(87), 554 

89,90 (146, 147), 151 

603 (306), 618 

603 (297), 618 

14 (78), 19 

644 (313), 662 
13 (69), 19 

165, 167, 170 (72), 186,387 

255-257 (38), 258 (59), 260,261 (37). 262, 

654 (467), 665,744-747 
(348), 848 

Reed, R. W. 
Reedijk, J .  522 (56) ,  554,736 (308). 847 
Rees, A .  428,442,483 (337), 501 
Rees, C. 403 (38,39), 453,465 (592), 483 

Rees, C. W. 
Reger. D. L. 
Regev, H. 640 (249), 661 
Reich, H.  403 (36). 420 (272), 495,500 
Reich, H.  J .  

(34,35),329.518(6),536(166),547 
(258). 548 (261a), 549 (258), 553,556. 
558,599 (273), 600 (277), 603 (303-305, 
308,310,311). 604 (304.310,315,319, 
322), 605 (310), 609,611 (304). 617,618, 
621 (2), 622 (2,42), 623 (2), 624 (1  13, 115, 
117), 625 (1 16-1 18). 626 (1 15. 135), 627 
(117),629(115, 162, 168),630(115. 167. 
168),631 (113, 115, 167),632,633(186), 
639(119, 121, 122, 186).640(186,254). 
642 (146), 645 (330), 656-662 

821 (633), 854 

(981). 488 (1040b), 495,506,514,51.5 
703 (163), 844 
798,800 (545), 852 

6.10 (24), 18,220 (82), 240,317 

Reich, I .  317 (34),329 
Reich.1.L. 624,626(115),629(115, 168), 

630(115,167, 168),631 (115, 167),642 
(146), 658,659 

482 (962), 513,653 (453). 655 
(491), 665 

Reichel, L. 

Reichenbacher, M. 537 (182), 556 
Reid, D. 271 (78), 285,401,406 (9), 444 

(500), 445 (505,506a, 507a), 467 (826a, 
826b, 827a. 827b). 475 (500). 494.504.511 

Reid, D. H. 
Reif, L. 594 (242), 617 
Reimer, K. J .  
Reiner, D. 

(653), 852,855 
Reinhold, J .  789 (506), 851 
Reis, E. 547 (252). 558 
Reisch, H. 444 (490b), 504 
Reisch, J .  407,409,414 (97b), 496 
Reistad, T. 671 (19), 677 
RCmion, J .  623 (60), 657 
Remizov, A .  B. 
Renard, M. 321 (53), 329 
Renaud, R .  N. 
Renga, J .  M. 

325 (66), 329 

695,697 (130), 843 
804,805 (557), 808 (567), 832 

74 (72), 149 

571 (110), 614 

629(115,168),630(115,167, 168),631 
( 1  15, 167), 640 (254). 658,659,661 

I1 (57), 19 

317 (34). 329,624,626 (1 15). 

Renken, T. L. 
Renson, M. 9 (44), 14 (79), 17 (105). I&20, 

255 (47), 267 (72), 268 (74,75), 269 (76), 
276(86),284,285,315 (26,27).328,419 
(245,260,261), 420 (260,261.263-265). 

288,289,292,298-300). 424 (292,299, 
300,302,303,305,306), 42.5 (285,299. 
312), 426 (260,264,298,312-315). 427 

421 (281), 422 (281-285). 423 (285,286, 



906 Author Index 

(323.325). 431 (374). 432 (383.386). 433 
(325,387), 434 (374.383), 435 (406). 438 
(424,425), 439 (453). 440 (453,456458). 
441 (458,460), 442 (460,473), 443 (245, 
484). 444 (458), 446 (597), 452 (424,425, 
591), 453 (425,591.597). 454 (597.602. 

(315),471 (863.864.868,869.871,873). 
472 (863,864,868,869,877,882,886. 
887). 473 (286,484,863.890.892,893), 
474 (245,896), 475 (283.896.898.902, 
903). 476 (286,473,904,905,909,910), 
477 (909.914), 478 (914). 479 (931.932). 
481 (289). 484 (993), 488,489 (1039b), 
490 (863. 1051), 491 (602). 492 (1039b). 

205), 585 (183, 185, 186, 190), 586,590 
(208). 592 (233.234). 595 (185). 596 (185. 
251), 597 (208,251), 598 (265), 615417, 

398). 652 (430-432), 655 (391,392), 656, 
659,664 

Renugopalakrishnan, V. 86 (120), 150,670 
(16). 676 

Rest. A.  J .  
Reston, C .  469 (854c),5/1 
Rettenmeier, A .  

605). 457 (652-654,656), 458 (605). 465 

499-504.506,507,512-5/5.584 (183-186, 

621,622 (27). 629 (163). 651 (391-393. 

680 (9a), 839 

742 (337). 746 (351). 751 
(337,351), 752 (351), 825 (337,351), 827. 
828 (337). 848 

Reynolds, C. 453,465 (593), 506 
Reynolds, C. D. 91 (155). 151 
Reynolds. G. 459 (691), 508 
Reynolds, W .  L. 721 (229). 845 
Reznichenko. A.  437 (415). 502 
Reznichenko, A.  V. 
Rezvukhin. A. I .  
Rheinboldt. H. 

587 (197), 6/6 
197,204,205 (37), 239 

162 (3), 185.307 (1),328. 
525 (82). 546 (244), 548 (266,267). 550 
(274). 554,557,558,567 (80), 613.626 

641 (134,267.270), 643 (357), 654 (472). 
659,661,663,665 

Ribaud, M .  450 (569), 506 
Ricci, A.  

Rice. D. A. 

Rice, F. 488 (103l), 515 
Rice, J .  451 (582),506 
Richardson. F. S .  
Richter. R. 

(132-134),629(134, 156),639(231,233), 

21 (278). 438,439 (435). 471 (874), 

695. 697 (131). 803 (553~) .  808 
500,503.512 

(576578), 813 (578), 843,852,1153 

670.671 (17e). 677 
102 (206.217). 152, 624 (92). 

658.786-788 (485). 789 (503). 790.79 1 
(485). 796.797 (539), 851. X52 

Riddel, F. 488,489,492 (1039a), 515 
Rideal. E.  488 (1032), 515 
Ried, W. 423 (294), 459 (697), 500,508 
Riegel. F. 345 (4). 346 (3 ,366  

Righetti. B. 299 (60),305 
Rihs. G. 446 (520), 504 
Rijnsdorp. J .  810 (580). 853 
Riley, A.  L. M .  
Riley, F. 528,532,533 (l27), 555 
Riley, H .  L. 
Riley, R. 423 (291), 500 
Riley. R .  F. 
Rimala. T. S .  
Rimondi, C. 292 (34). 305 
Rinaldi, A. 

371,372,393 (7). 394 

528 (122), 555 

532.534 (l52), 556 
117 (256,257). 153 

I66 (84). 171 ( 1  16, 117). 178 
(108), 179(116), 180(117). 181 (120, 
122), 186.187,457 (655) ,  507,622 (32. 
36), 657 

94 (166). 151,450 (570). 506 Rindorf, G. 
Ringdahl, B. 671 (21), 677 
Rio, R. M .  d. 390 ( 1  19). 397 
Rips, R. 486,487 (lOO7), 514 
Rishman. G. 487 (1015), 514 
Ritchie, C .  D. 
Rivkin, B.  B, 

556 
Rizov. N.  171 (102), 187 
Robert. A .  
Robert, R. V. D. 
Roberts, B. P. 
Roberts, D. A. 
Roberts, J .  D. 
Robertson. H. E. 
Robertson, J .  A.  

Robertson. J .  D. 
Robiette, A.  G. 
Robin, M .  B.  
Robinson. M .  F. 387 (78),396 
Robinson. P. 
R0d, T. 360 (56), 367 
Rodekirch, G. 456 (634). 507 
Rodger, M .  349-352 (l6),  366 
Rodgers, A.  S .  
Rodionova, L. S. 
Rodley, G. A.  
Roecker, L. 771,772,780 (428), 849 
Roesky, H. W. 

Roetti, C. 27 (19). 60 
Rogers, D. 2. 
Rogers, M. T. 
Rogers, R. D. 

Rogozina, S .  494 (1070),516 
Rohde, H. G .  290,291 (28).304 
Rohm, W.  690,691 (96), 842 
Rohner, C .  381,393 (59),395 
Rohrmann, J .  805,806 (558) ,  852 
Roland, E. 811 (592), 853 
Rolandsen, A. 794 (526), 851 

25 (21), 60,562 (26), 612 
523 (75). 537 (170, 177), 554, 

447 (525). 458 (673). 504,508 
I65 (63) ,  186 

325 (65), 329,642 (243). 661 

202 (46), 239 
81 1 (586), 853 

754-756 (366). 848 
222,223 (99), 240,814, 

675 (33), 677 
815,817 (605), 853 

66 (25). 72 (58), 148.149 
25 (22), 60 

407 (79), 409 (1 10). 496 

157. I59 (3), 160 
624 (83), 658 

693.695-697 (122), 843 

710,712,713 (l91a), 768 
(417), 814,819 (191a), 844.849 

623 (59), 657 
565 ( 5 6 ) ,  612 
710,712,814 (190, 191b), 819 

(191b),844 



Author Index 907 

Rolandsen. A. 

Roll. W. 723.725.742,7.53 (250). 846 
Rollmann, M .  486(1001).5/4 
Roman, E. 765 (403), 849 
Romanov. A. M. 

Romers. C. I39 (314). 154 
Romming, C. 
Ronsch. E. 643 (355). 663 
Roos. B. 25 (31), 60 
Ro0t.M. J .  771,772,780(427),84Y 
Roper. W. R. 

12 (67). 19. 102. 103 (209). 
152 

726-728.739 (251). 770 
(424), 771 (424.425). 778 (424). 846, 84Y 

79 (94). 150.360 (58). 367 

715 (214-217). 716(214). 717 
(214-216). 718 (217,226). 719 (217). 765 
(214.217.404). 766 (214,217.41 I ) .  767 
(215). 768 (418.419). 807 (404), 814.821 
(216). 825 (418). 829 (418.419.650a. 
650b. 651). 830 (418.419). 845.84Y. 854. 
855 

Ropez. R. L. 
Rose. M. L. 
Rosenbaum. A.  794.796 (513), 851 
Roscnbcrg. M. 

Rosenfcld. I .  288 (2). 304 
Rosenfeld, M. N .  

Rosenfield, J .  S .  
Rosenkilde, S. 65 (19). I 4 8  
Rosenthal. M. 
Rosenthal. M. R. 
Ross, B. 483 (979). 514 
Rossetti, R. 

387 (77b). 396 
381.393 (62), 395 

281 (90), 285.832.836 (658) .  
855 

643 (315). 644 (313, 
315-317). 662 

672 (24). 677 

109 (236.237), 110 (237), 153 
686.721.722 (52), 84f 

808 (572,573). 81 1 (595). 832 
(655-657.659.662.663). 835 (655). 836 
(659), 837 (659,662), 838 (663), 852,853, 
855 

Rossi, C. 471 (874). 512 
R0ssi.R.A. 621(12).622(12,46.47),656. 

Rossmark, H. H. 
Rot. I. 743.749 (344), 848 
Roth, R. 
Roth. R. W. 

Rothchill, E. 0. 
Rothrock. R. K. 

Rotruck,J.T. 389 (113),396 
Rott, J .  746,751,752,825 (351),848 
Rottinger, E. 758,759,804 (370), 848 
Rougier, M. J .  
Roulet. R. 690 (107), 842 
Roundhill, D. M. 771,772,774,775 (434), 

Roundhill, S .  G. N. 

Rouvier, E. 249,251 (39),284 

65 7 
383 (72b), 395 

409 ( 1  14, 116), 496 
265 (70), 285.378.386.387 

(%a), 394 
387 (81). 396 
102 (219). 152,742 (334, 

335), 750 (334). 758,759 (335). 848 

667 ( la), 676 

850 

850 
771,772,774,775 (434), 

Roy. A .  455 (618).507 
Roy. N .  281 (92). 285 
Royer. R. 413 (l67), 4Y7 
Royston. A.  565.574,575.608 (60). 6f3  
Rozantscv,G. 411 (147).497 
Rozantsev. G. G. 
Rozsondai. B. 
Ruban. G. 431 (380). 502 
Rubncr, M. 334.341 (18),341 
Rubnet. M. 334,335 (17).341 
Ruch. E. 668 (3). 676 
Rudko. A. D. 
Rudolph, H. D. 73 (70). 149 
Rudolph, K .  P. 699 (152a), 843 
Ruf. H. 487,492 (1029). 515 
Ruge. B. 621,622 (29). 657 
Ruidisch. I .  716(199).X45 
Rund. J .  460 (700). 508 
Ruppel, W. 
Ruppcrt. I .  
Russell. B. R. 
Russell. C. G. 

664 
Russell. G. A .  321.323 (57).329 
Russo. M. 

581 (172). 615 
81. 82 (IOO), 150 

78 (93), I50 

90 (152), 151.465 (786), 510 
15 (X4). f Y .  523.545 (60) .  554 

245,247 (12), 283 
636,637 (209). 651 (425). 660, 

331 (2). 332 (6.7). 333 (6. 10. 1 I ) .  
334 (12). 340 ( 1  I ) ,  341,487 (1022, 1024. 
1028). 488 (1022). 4Y2 (1028). 515.768 
(416), 849 

Rutherford. J .  S. 
(45). 841 

Rutledge, P. S. 
Ruwet, A. 

67-69 (33). 148. 685.686 

641 (295), 662 

(286), 426 (264,313.315). 465 (315). 473 
420 (264). 421,422 (281). 423 

(286.890,892.893). 475 (902, Y03), 476 
(286,904). 479 (931). 499-501,512,513 

Ryan. M. D. 

Ryan. R. C. 
Rycroft. D. S. 220(81,83),240 
Rye, R. T. 
Ryl’tsev. E. V. 815 (60lk). 853 
Ryu, I. 634 (194), 660 

Saatsazov, V. V. 
613 

Sabatini, A. 732 (282), 847 
Sacconi, L. 

849 
Sachs, F. 
Sadasivan, N.  705.706 (171), 844 
Sadcghi-Milani, S. 464 (749,754), 509 
Sadeh, T. 413 (182b), 425 (309b), 433 

Sadek,S.A. 371 (11),394 
Sadekov. I. 

936), 480 (936-938). 487 (1020),503,5f3, 
515 

635 (204). 636 (213,229). 637 

832 (665) ,  839 (665.675). 855 
(213). 660 

261 (64), 284 

108 (235), 153,567 (81). 

729 (267a), 765,766 (409), 846, 

465 (783), 488 (1041). 510,515 

(182b). 4Y8.500 

442 (463), 478 (YZS), 479 (935. 



908 Author Index 

Sadekov, I .  D. 184 (181), 188,518,520 (4). 
522 (41-44), 523 (42,66,75), 532,534 
(155).537(170. 177).540(197).553.554, 
556,557,560 ( 5 ) ,  563 (36), 565 (49,51). 
556 (51.69.73). 567 (51,69.73,84). 574 
(49,69. 12@122), 575 (122), 577.601,603 
(138). 611614,651 (403.404). 664.814. 
820 (620), 854 

Sadekova. E. 478 (925), 480 (937), 513 
Sadovaya, N. 407 (86). 412 (86. 152). 413 

(86, 170). 414 (152), 496-498 
Sadovaya, N. K. 581 (168-171). 595 (169). 

615 
Sadovaya. N. N .  595 (247). 617 
Sadoyava, N. 412 (157,162, 164), 413 (157. 

178-181). 414(157. 162). 416(157). 497. 
498 

Sadykhov. S. T. 289,291 (24). 304 
Saeed. K. 165 (48). 186 
Saelinger, D. A. 391 (126a),397 
Saethre. L. J .  

Saftner. R.  W. 
Sager, W. F. 562 (26), 612 
Said, A. K.  387 (77a),395 
Saigh,G.  487(1026),488(1033).515 
Saillard, J.-Y. 
Saindane, M. 

660 
Saint-Ruf, G. 438,439 (433,503 
Sakaguchi. R .  644 (323,324), 662 
Sakai, Y. 

Sakaizumi, T. 70,73,81 (44), 149 
Sakaki, K. 404 (48.49,51 I ) ,  418 (240), 446 

117 (256,257,268-270). 119 
(270,274), 153.154 

165 (58). 186 

65 (13, 14), 148 
621,622 (8) ,  634 (192). 656. 

25 (24,61,69), 30 (61). 34.54 (61. 
69), 60 (69). 60,61 

(48.49.51 l), 495.499,504,541 (204, 
205), 557 

Sakakibara. J .  453,486,487 (595), 506 
Sakeh, T. 292 (38), 305 
Sakurai, H.  195 (31), 239 
Sakuta, K. 634 (l99), 660 
Salemink, C. 465 (780), 510 
Salez, C. 25 (23). 60 
Salih, R .  586 (192), 616 
Salmond, W. G. 622 (37), 657 
Salzrnan, M. 492.493(1061b),5/6 
Salzman, M. N.  339,340 (35), 341 
Samartseva, E. 439 (440), 503 
Samartseva, S. A.  815 (601j), 853 
Samitov, Yu. Yu. 635 (200), 660 
Samochocka, K. 298 (55). 305,539 (188), 

556 
S a m ,  R .  L. 
Samuelson, L. 

( 1  8), 341 
Samus, I. D. 
Samus, N. M. 727 (263), 732 (289,290), 738, 

64 (8, 12), 148 
334 (17, 18), 335 (17). 341 

730,732 (270), 846 

739 (289), 846,847 
Sanderud, K. A. 
Sandhu. S.  S.  691 (1 l5), 693-695 (120), 698 

Sandman. D. 470 (859,860). 511 
Sandman, D. J .  334 (17, I R ) ,  335 (l7), 340 

Sandman, S. 446 (516), 504 
Sandri. E. 

Sandrolini, F. 333 (lo), 341 
Sandstrom. J .  13 (71). I Y  
Sanina, L. P. 356 (32), 366 
Sanner, T. 288 (1). 304 
Santiesteban, H. 

66). 656.65 7 
Sapora. 0. 290.291 (32,33), 305 
Sappa, E. 811.832,839(591).853 
Sapru, R. P. 393 (l53), 397 
Sardella, D. 427 (321),50/ 
Sardella, D. J .  
Saris, I .  458,484 (671), 508 
Saris, L. 
Saris, L. E. 
Sarsfield, A.  465 (792),510 
Sarsfield, A.  A. 
Sasse. K .  462 (718),508 
Sastry, K. V. L. N. 
Satek, L. C. 
Sato, M. 

13 (74), 19 

(120, 142), 815 (603b). 842,843.853 

(38), 341 (18), 341 

590 (219). 597 (261.262). 598 
(262), 616,617 

621.622 (10). 623 (10.64, 

592 (230). 616 

426 (318), 432 (382). 501,502 
591 (229). 616 

586 (212), 616 

65 (17), 148 
693-696 (124), 843 

334,335 (l9), 341,574,576 (136). 
577,601 (137), 614,741 (330,332) 742 
(332), 745 (350), 749 (330), 825 (330, 
332), 847.848 

Sato, W.  741 (326), 847 
Satoda, I. 
Satoh, T. 644 (323,324). 662 
Sattari, S. 429,439 (358), 501 
Satyamurthy, N. 469 (846), 511 
Savabi, F. 255,278,279 (48), 284,409 

339 (36). 341,483 (978), 514 

(121b),449,464(563a),497.505,621,622 
(23,24), 656 

Savage, W. J .  
Savel’eva, 0.  P. 
Savelli, G .  

102 (208). 152 
393 (154), 397 

416 (213), 442 (466). 497,498,503,560 (7, 
8),571 (7, 105),572(105),573(117),577 
(117,143),578(117),581 (143, 165),582, 
589,591 (165),593,594(117),611,614, 
615 

Savich, I .  G. 
Sawicki, E. 

Sawicki, R.  A. 
Saxena, K.  M. 
Saxena, K.  M. S. 
Saxton, R .  J .  
Sayapina, L. M .  

177 (128), 187,410(131, 132). 

609 (331), 618 
428 (343), 465 (771,773-775, 

778,781),501,510 
636 (228). 660 
202 (51), 239 

22,25,28 (8), 60 

566,567 (73), 613 
794,795 (529), 852 



Author Index 909 

Scaiano, J .  C. 

Scala, J .  
Scarborough, R. M. Jr. 

( 150), 657,659 
Scarlata, G .  594 (240), 617 
Schaa1,R. 411 (142. 144).497 
Schaefer, M. 429 (353). 501 
Schaefer, T. 624 (86). 658 
Schaefer. W. 44.54 (87). 62 
Schaeffer, J .  466 (796), 510 
Schafer. A. 829,832 (646), 854 
Schafer, A. 805.806 (558). 852 
Schaffrin. R. M. 
Schaumann, E. 

Scheffel, U. 393 (150).397 
Scheffler, K. 641 (272). 661 
Scheiter, M. 7 (26). 18 
Scheller, A.  430,443 (360), 501 
Schellman, J .  A.  
Schemer, E. D. 

234 (121), 235 (121, 130, 131). 
236 (121), 241,325 (67). 326 (68) ,  329 

179, 181 (114), 187 
623 (65,68,71), 627 

93 (163), 151 
12 (66), 19,456,458 (640), 

507 

668 (4), 676 
741 (327,329), 744 (349). 

745 (327,329,349). 748 (349), 749 (327, 
329), 824,825 (329), 847,848 

Schiemann, J .  806,832,833 (559). 852 
Schilling, F. 488 (1042). 515 
Schings. U. 
Schinner, A. 
Schipper, P. 
Schirmer, R. E. 
Schlegel, H. B.  

Schleser, H. 73 (70), 149 
Schlesinger, D.  H. 
Schlierf, C. 314 (21), 328 
Schloter, K. 314 (21),328 
Schluter, H. 
Schmid, G .  403 (29-31,45), 495 
Schmid, G .  H. 

16 (96). 20,362 (63), 367 
332 (4), 341,487 (1025), 515 
494 (107l), 516,624 (101), 658 

25 (49), 32 (77), 33.34 (49). 
191 (19), 239 

61 

178-181 (107). I87 

157, 158 (5), 160 

127 (288). 154,528 (130). 529 
(138-140), 533 (130, 138,139, 160),555, 
556,632,633 ( l a ) ,  660 

Schmid, R. 733 (296), 847 
Schmidt, D. 
Schmidt, M. 

1 I9 (271), 154,477 (918), 513 
288 (4), 304,344 (2), 347 ( 1  I ) .  

365,366,483 (980), 484 (988), 487 (1029). 
489(l047),492(l029),514,515,621,622 
(14), 650 (363,364), 656,663,716 (199), 
741 (324), 810 (583). 845,847,853 

632,633 (188), 660 
483 (979), 514 

147 (330), 155,540 (193-196), 

Schmidt, U. 446 (510), 504 
Schmiesing, R. J .  
Schmitz-Du Mont, 0. 
Schmuckler, G .  742 (333), 848 
Schnabel, W. 

556,557 
Schnering, H. G .  V. 
Schniepp, S. 464 (745,746), 509 
Schnockel, H. 11 (61), 19 

809,832 (579), 853 

Schoeller. A.  419,421 (253). 499 
Schoening, R. C. 
Schoental, R. 387 (82), 396 
Schommer. W. 547 (252). 558 
Schoneshofer. M. 293 (44), 305 
Schonhofer, A. 668 (3), 676 
Schottlander, M. 89,90 (146), 151 
Schoufs, M. 
Schrauzer, G .  N. 
Schrobilgen, G .  J .  
Schroeder, H. 721 (240), 845 
Schubert, U.  

839 (671.672). 855 

447 (527), 481 (955). 505,513 

221,234 (87). 240 

90 (153). 151,463 (735).509, 

703 (l64), 844 

722 (245e), 723 (248-250), 724 (248.249). 
725 (248-250). 726,729 (255), 742,753 
(250), 767,768 (414). 804.805 (557). 
829-831 (648), 846,849,852,854 

Schuh, W. 357.358 (49,366 
Schukat, G .  450 (573), 506 
Schulte, K. 407,409,414 (97b), 496 
Schulte, R. 403 (46c). 495 
Schulten, H. R. 
Schultz, G .  

(315). 149,153,154 
Schultz, P. 15 (82), I9  
Schulz, J .  487 (1018),5/5 
Schulz. P. 

841 
Schulz, R. 247 (27), 284 
Schulze, U. 

513 
Schulze, W. 

825 (336). 848 
Schumaker, R. 449 (555,563b), 450 (572b). 

464 (563b), 505,506 
Schumann, H. 228,229 (107),241,359 (49), 

366,483 (980). 484 (988), 514,714 
(196-198), 716(197), 814. 820(196), 832, 
835,836 (654), 845,855 

Schuster, G .  355 (29), 366 
Schuzendiibel, J .  450 (573), 506 
Schwartz. A.  462 (716),508 
Schwarta, I. L. 
Schwartz, J .  631 (172), 659 
Schwarz, H. 257,258 (58), 284 
Schwarzmann, G .  489 (1048), 515 
Schwedt, G .  183 (138,140), 187,188 
Schweig, A. 44,54 (87), 62,247 (27), 284. 

403 (46c), 495 
Schwetlick, K. 385 (76), 395 
Schwetlick, Von K. 
Sciotto, D. 569 (93), 613 
Scott, B. 449 (566), 505 
Scott, J .  450 (570). 506 
Scott,J. D. 245,247(12),283 
Screttas, C. 360 (52), 366 
Scrimin, P. 403 (43), 495 
Scudder, E, D. 

838 (670a). 855 
75,76 (78a). 113 (240). 139. 140 

652 (435.436). 664.665.688 (58). 

257,258 (58), 284.478 (920). 

742,746,751 (336), 752 (362), 

178-181 (l07), 187 

569,581 (98), 614 

823 (636), 854 



910 Author Index 

Scudder, M .  L. 
Seale, S. K. 
Sealy, R. C. 
Sebastiani, G. 438 (432). 503 
Sebastiani. G. V. 
Secomb, R. 469 (854c), 511 
Secomb, R. J .  

Sedgwick. R. D. 
Sedova, L. N .  
Seebach. D. 

Seeger, R. 
Segre, A. 
Seibert. H. 629 (164). 659 
Seidler. M. 
Seidler. M .  D. 
Seip, H. M .  

81 I ,  813 (600). 853 
348 (13), 366 
234 (l24), 241 

586 (195). 616 

97,98, 132. 143 (186). 152. 
525 (87). 554 

245 (10). 283 
565 (43), 612 

603 (300,301,309). 604 (300, 
309). 618.638 (227), 651 (397). 660.664 

25 (44.49). 33.34 (49). 61 
754 (364,365). 755,756 (365), 848 

410 (123), 469 (848), 497,511 
690.716 (62), 841 

70 (49), 72 (60), 82 (99). 88 (134. 
139). 89 (139. 142). 90 (134. 139. 142). 139 
(312). 149-151.1.54 

Seip, R. 
150 

Seitz. S .  P. 
(230). 660 

Sekido. E. 600 (285). 618 
Selig, H. 545 (224). 557 
Sell. G.  423 (294). 500 
Semard. D. 415(201.205).430(361),435 

(205). 498,501 
Semchikova. G. S. 
Semenov. E. V. 
Semilia. M .  392 (128). 397 
Sen. J .  P. 
Senkler, G. 
Senkler, G. H. J r .  

61 7 
Senma. M. 
Seppelt. K .  545 (222,227.238.239). 557 
Serafini. A.  33 (81). 62 
Serebryanskaya. A. I .  377.385.286 (33b). 

394 
Sereda. I .  P. 
Serena, B. 

Sergeev. V. A.  
Sergi, S .  

72 (57.65). 87 (130). 90 ( 6 5 ) ,  149. 

16 (88). 19.636-638 (210). 639 

716 (202). 845 
700.701 (l54), 843 

102 (219). 152,742.750 (334). 848 
477.478 (91 I ) .  512 

278 (89). 285.593 (237). 

99, 101 (192b). 152 

683.685.686 (34.35). 841 
41 1 (137). 416 (216). 497.49Y. 

567,568 ( 8 5 ) ,  613 
I84 (167). 188.586 (214). 616 

690 (71.87.88.97-99). 691 (97, 
98). 695 (98). 735,738 (299). 774 (98). 
842,847 

Sernard, D. 415 (198). 498 
Serrano. R. 

Seshadri, R. 624 (108). 658 
Sevrin. M. 

642 (304). 658.662 
Seybold, G. 12 (64). 19 
Scyferth. D. 

768,770 (421). 829 (421.646). 
830 (421). 832 (646), 849. 854 

526 (99).555.624 (103. 107. 1 1 0 ) .  

747.753.757 (354). 808 (354. 
574). 848,852 

Seyhan, M .  459 (696), 508 
Sgustov, I .  431 (380), 502 
Shaal, R. 
Shabang. M .  158,159 (12), 160 
Shack, C. J .  
Shacklette. L. W. 332,334 (3),34/ 
Shafiee, A. 

590 (223,224). 591 (224), 616 

545 (290). 558 

255 (48-57), 268 (51), 278 
(48-57). 279 (48-51,57), 280 (52-54,56), 
281 ( 5 6 ) ,  284,406 (68). 409 (107-109, 
121b), 429 (358,359). 439 (358,447,448). 
447 (68.531), 448 (536), 449 (563a), 452 
(587), 455 (619), 460 (705), 461 (619.710, 
713), 463 (739-741), 464 (107, 108,531, 
563a, 740.741,744,748,749,751,760), 
466,467 (808), 484 (992), 495497,501, 
503,505-510,514,621,622 (23,24), 656 

Shagidullin, R. R. 
Shah. S .  K. 

815 (601j). 853 
317 (35).329.603 (303,304,308, 

311),604.609.611 (304),618,639(119, 
122). 658 

Shaik, S. 244,252 (4),283 
Shakhgel’diev. M .  A. 

Shakhtakhtinskii. T. 407.468 (85), 496 
Shakir, M .  522 (49).553 
Shamberger, R. J .  

(24). 185 
Shandalo. M .  586 (192), 616 
Shanmugam. P. 

Shapiro, I .  0. 
Shapkin, A.  410 (125). 497 
Shapkin. A.  A.  

Shapley, J .  R .  
Sharma, K. 

842 
Sharma, R. D. 

845,854 
Sharpless. K. B. 

541 (207,208).557,621,622(11).624(11, 
114, 131), 625 (1 1, 131). 627 ( l3l) ,  629 
(114. 154),630(114. 154, 169).632.633 
(114),636,637(214),639(114, 120, 123, 
124). 640.641 (257), 642 (241). 647 (332), 
656,658462 

184 (145). 188,563 
(37). 612 

I62 (8 ) ,  163-165. 183 

439 (449-452), 443 (485, 
486), 446 (513). 503,504.757 (369), 848 

377,385,386 (33b), 394 

89,90, 128 (143). 151,383 
(73). 395 

835 (668c), 855 
465 (785), 510.692,698 (1 IX), 

716 (200), 814,818 (613), 

16 (94), 20,317 (36).329, 

Sharts. C. M .  
Shatenshtein, A. I .  

Shaw. E. T. 
Shaw. R. 
Shawali, A. 

510 
Shawl. E. 405 (56). 495 
Shchepina. N .  E. 

(88), 186 
Shealy. Y. 466 (795), 510 

202 (47), 239 
377.385,386 (33b). 394, 

594 (241), 604 (316), 617,618 

157. 159 (3), 160 
798.81 1 (540a. 540b). 852 

466 (81 I ) ,  467 (811,814a, 814b), 

167, 170-172, 174, 176 



Author Index 91 1 

Shefter, E. 78 (9l), 150 
Sheiko, D. 467 (813). 486 (1004). 491 (1058- 

1060), 510.514,516 
Sheldrick, G. M. 66 (25), 70 (39.45), 71 

(39), 72 (39,58), 74 (45). 81 (39). 82,83 

153,155,710,712,713 (191a), 734 (301). 
763 (402), 768 (417), 811 (597), 814,819 
(191a). 844,847.849,853 

(102), 11 1, 1 12 (238), 144 (323). 148-150, 

Sheldrick, W. S .  
Shell. J .  W. 
Shelton, E. J .  
Shemanina, V. N. 
Shen, Q. 117 (266), 153 
Sheppard, W. A .  
Sheremeteva, G. I 
Sherrington. C. 565,574,575,608 (60), 613 
Sherwin, P. F. 11 (57). 1Y 
Shetta, A .  
Shibaeva, R. P.  
Shibata. Y. 453.486.487 (595), 506 
Shimazu, F. 

304 
Shimizu, H .  

513,592,593 (236), 617 
Shimizu, M. 

(273). 558.609 (333-335). 618.62.5.628 

164. 165 (44), 183 (131-133). 

763 (402), 849 
164 (37), 185 

638 (223), 660 
632 (176), 659 

202 (47), 239 
624 ( X X ) ,  658 

466 (81 l ) ,  467 (811,8l4a), 510 
95 (171-174). 151 

234 (119). 241,288,291 (7.8). 

8 (39), 18.478 (924,928,929). 

10 (53). 19,549 (272). 550 

(125-129),642 (147),659 
Shimoishi, Y .  

186,187 
Shine. R. J .  264 (68). 284 
Shinoda, M. 641 (294), 662 
Shiraishi, T. 165 (51), 186 
Shirley, V. S. 370 (1),393 
Shlaider, I .  478 (923), 513 
Shorter, J .  

Shreeve, J .  M. 
Shrift, A .  178(109), 187,390(116),396 
Shtacher, G. 292 (38).305 
Shu, P. 93(165). 151,448(546).449 (558b). 

Shulezhko, A .  A .  
Shulezhko, L. 472 (883), 512 
Shulezhko, L. M. 
Shum, A .  C. 390(120).397 
Shupik,R. 411 (133),497 
Shupik, R. I .  582 (178), 615 
Shvaika, 0. 
Shvo. Y. 835 (668a), 855 
Siaglo. H. 458 (667), 507 
Siddiqi, Z .  A .  522 (49). 553 
SidCn. J .  531.543(151).544(219),556,557 
Siebert. W. 

(4), 304. 344 (3), 345 (4), 346 (5), 347 (6). 
366 

561 (1&12), 563,565 (10. 1 I ) .  
568 (1  l ) ,  571.579 (10, I I ) ,  597 ( 1  1) .  611 

126 (284), 154 

450(546),505,576(134),614 
567,568 (86), 613 

567.568 (86), 613 

456 (644), 4.58 (670), 507,508 

70 (49). 82 (99). 149,150,288 

Siedle ,A.  R. 708(178).709(178-180).844 

Siegbahn, B. 25 (31), 60 
Siegbahn, K. 117 (268,269), 153 
Sieler, J .  

Siemens, C. 
Siftar, J .  

102 (206). 152.787 (484), 789 
(503), 851 

5 (1 I ) ,  I8 
102 (217), 152,624 (92), 658. 

786788,790,791 (485). 796,797 (539), 
851,852 

Siimann. 0. 308 (7),328 
Sik, V. 114 (245,246). 1 I5 (246), 153,690 

(79, 112).709 (183-185).710(18>185, 
187, 188), 712(184, 185, 187. 188), 713 
(188), 727,729 (257), 771 (437). 773 (257, 

(437,438), 776 (444.446), 819 (184), 842, 
844,846,850 

185, 190). 132 (183), 152,469 (854a. 

437-439), 774 (437-439.444.446), 775 

Si1ver.J. 97(183-185, 187, 188).98(183- 

854b). 511,525 (89-93), 554 
Silverman, R. B. 315 (25),328 
Silverstein, A .  393 (157),397 
Silvestro. L. 690 (71.88). 842 
Silvey, G. 64 ( 5 ) .  148 
Simchen, G. 484(991b).485 (999, 1000a). 

Simek. M. 459 (689), 508 
Simic, M .  297 (53), 305 
Simmonnin, M. P. 
Simon. A .  462 (714),508 
Simon. H. 

Simon, M. S. 
Simone. G. 290.291 (32).305 
Simonen. T. 

Simonetta, M .  403 (44), 49.7 
Simonidesz. V. 316 (32).32Y 
Simonneaux. G. 716 (208). 845 
Simonnin, M .  41 1 (143), 4Y7 
Simons, G. 33 (82). 62 
Simov. D. 
Simpkins. N .  S .  
Sindelar. K .  

512.515 
Singer. M .  I .  C. 
Singer. S .  P. 
Singh. A .  

514,642 (280,293). 661, 662 

580 ( I%) ,  615 

257,258 (58), 284,477 (916), 478 
(919);513,624 (94), 658 

680 (9b). 839 

79 (96), 92 (157-159), 150.151, 
447 (526). 505.52.5 (98), 554 

487 (101 l ) ,  514 
642 (258). 661 

477,478 (913). 490 (1052-1054), 

602 (295), 618 
541 (207). 557 

439,453 (446), 503,636 (209,219). 
637 (209). 638 (219). 651 (425). 660,664. 
690 (63), 84f 

Singh, G. 814.824 (625). 854 
Singh. H. 
Singh, M. 

Singh. P.  
Singh. P.  P .  

847 
Singh. R. 465 (785), 510 

418 (239). 469 (837). 4Y9,511 
418 (239). 4YY. 520 (25), 522 (25. 

99, 101 (192h). 152 
40). 553 

730 (269b). 737 (312-314). 846, 



912 Author Index 

Singh, T. 
Singh, V. P. 
Sinha, A. I. P. 
Sink, C. W. 
Sinomova, E. N. 
Sinotova, E. N.  

Sipio, W. 403 (46a), 495 
Sipio, W. J .  
Sironi, A. 81 I (596), 853 
Sisler, H .  H. 371 (17),394 
Sisson, W. B. 393(157),397 
Siiin, B.  N.  
Sivin, S. I. 
Sjoberg, B. 

(IXa), 677 
Skaarup. S. V. 
Skakke, P. E. 
Skancke, P. N. 
Skelton, B. W. 
Skinner, H. A. 
Skopenko, V. V. 
Skotnicki, A. 289 (23), 304 
Skovlin, D. 0. 

Slater, J .  C. 25 (11),60 
Slebocka-Tilk, H .  626 (136), 659 
Sletten, E. 
Sletten, J .  
Slinkard, W. E. 
Sliwa. W. 466 (794), 510 
Slouka, V. 389 (IOX),  396 
Slyusarenko, E. I .  
Smedslund. T. 528 (129), 555 
Smiles, S. 7 (29), 18 
Smirnov, E. V. 641 (292). 662 
Smirnov-Zamkov, 1. 423 (295,296), 500 
Smith, A. B. 111 623 (65,68,7l), 627 (150). 

657,659 
Smith, A.  C. 521 (31),553 
Smith, B. 489 (l049), 515 
Smith, B. C. 225,226,228.229.233 (lO3), 

241,526 (102). 555 
Smith, B. V. 
Smith, C. S. 

Smith, D. 445 (501),504 
Smith. D. L. 

853 
Smith. G .  F. W. 
Smith. G. P. 
Smith. K. V. 
Smith. M. R 

142, 143 (321.322), 152,155,651 (399). 
664 

Smith, N.  A. 
Smith, P. J .  G. 

691 (1 19,698 (l42), 842,843 
737 (314), 847 

650 (382,383), 663 
700,701,730,737 (153c), 843 

167,170-175 (87). 186 
166, 171 ( X I ) ,  172 (81,94, 

96). 173 (96), 174.176 ( X I ) ,  186.187 

634 (197), 636-638 (210), 660 

87 (128), 150 

520 (22), 553.655 (478), 665,670 
87 (128), 150 

117, 1 I9 (267), 153 
690,691 (70), 842 
25 (60), 61.87 (124). 150 
747 (356), 848 
157, 158 (4), 160 

730 (269c), 846 

681,686 (20). 840 
Sladky. F. 545 (22.5.226.228-230). 557 

I19 (273), 154,308 (lo), 328 
116 (249), 119 (273). 153,154 

697,775,778 (l40d). 843 

541 (21 I ) ,  557 

623 (54,56), 624 (100). 657,658 
132, 134, 143 (303). 154,521 

(31), 553 

651 (423). 664,814816 (606). 

3XI.393 (60).395 
160 (l6), 160 
261 (6l) ,  284 
101 (202). 141 (202.321.322). 

25 ( 5 5 ) .  61 
743,744 (347), 848 

Smith, R. P.  382 (64), 395 
Smith, 2. 87 (130), 150 
Smits, J .  M. M. 
Smyk, B. 289 (23),304 
Smyth, C. P. 519 (16), 553 
Smyth, W. 439,453 (446), 503 
Snagoshenko, L. P.  575 (l26), 614 
Snatzke, G. 667 ( 1  b), 668 (9 ,670  (1 b), 672 

(22), 673 (29), 676 (38), 676,677 
Snyder, L. C. 55 (93). 62 
Snyder, L. E. 72 (56) ,  149 
Sochorcova, M. 650 (371). 663 
Soda, K .  621,622 ( I X ) ,  656 
Soja, P. 630,631 (170), 659 
Sokolov, S. V. 
Sokolova, N .  429 (356,'357), 430 (356). 439 

Sokolova. N.  B. 
Sokolovsky. M. 434 (397,398), 502,527 

Sokov, L. A.  389 (107, 11 I ) ,  396 
Solazzo, L. 407,420 (77). 4Y6 
Solenghi, M. D. 
Soling, H. 94 (166), 151 
Solouki, B. 
Solozhenkin. P.  M. 
Soltani, A. 464 (751),509 
Song, L. C. 808 (574). 852 
Songstad. J .  13 (73.74). 19,360 (56 ,58) ,  361 

(62), 367,382 (65) ,  395,815 (604b, 604c), 
853 

Sonoda, N .  317 (33).329,354 (21-23). 355 
(26),366,403 (35), 4Y5,621.622 (7. 19), 
624 (l9), 634 (l94), 640 (140, 143), 656, 
659,660,762 (401a), 787 (492,494,496). 
789(492). 790 (492,494.496). 849,851 

632.633 (188). 660 

102, 103 (215), 152 

76 (78b), 149 

(442), 501, 503 
587 (196), 616 

(106), 555 

29G292 (31). 304 

1 I (57), 19,403 (46b). 495 
700,701 (154), 843 

Sonoda, Y. 762 (401b), 849 
Sorgi, K .  L. 
Sorokina, L. A. 
Soth,S. 436(411.412),460(412),502 
Sotoda. I .  463,483 (737,738),509 
Soundararayan, N. 439 (450), 503 
Spallholz, J .  E.  162 ( I I ) ,  185 
Spanget-Larsen, J .  247 (28). 284 
Sparatore, F. 487 (1012), 514 
Sparks. R. A. 94 (169). 151,567 (74). 613 
Speca. A. N. 721 (243), 846 
Spcckcr. H. 261 (60). 284.525 (83). 554.699 

Spencer, H. 449.450,463 (556) ,  505 
Spencer, H .  K .  652 (440,441). 665 
Spencer, R. P. 

Spierenburg, J .  522 (54.56). 554 
Spies, H. 
Spinelli, D. 41 1 (136, 139-141), 412 (l59), 

565 (68). 613 

( I5  I ) ,  843 

179 ( 1  12). 187,379 (41). 380 
(48). 388,389(101),392(48),394-396 

393 (l46), 397,448 (537a), 505 

414(141), 416(159),497,541 (202),557, 



Author Index 913 

567-569 (87), 572 (87, 11 I ) ,  578 (145, 
146), 582 (87), 589 (146,216,218), 591 
(145,216,226,227), 613616,675 (31), 
677 

Spiridonov, V. P. 
Spir1et.M. R. 86(114),150,670(15),676 
Sprague, M. J .  

Sprague, R. 481 (952a), 513 
Sprinkle, C .  R. 

Spunta, G .  

76 (SO), 149 

641 (274), 661,728,731,732 
(264,265), 734,735 (265). 846 

806,807 (564), 808 (566). 

472 (885), 478 (885,930), 479 
810 (564,566,582). 852.853 

(885), 512,513,592 (238). 598 (264,267), 
599 (267), 61 7 

Srivastava, P. 442 (472), 503 
Srivastava, R. 
Srivastava, R. C. 

50), 553 
Srivastava, T. 

(837), 499,503,511 
Srivastava, T. N .  

SO), 553,731,732 (280), 846 
Staal, L. H. 
Stach, J .  

Stack, J .  784,789,791 (480), 851 
Stackhouse, J .  

Stadman, T. C.  
Stadtman, T. C.  

Stahr, H. M. 
Stall, D.  R. 
Stanghellini. P. L. 

418 (239), 469 (837), 499,511 
520 (25). 522 (25,40,48, 

418 (239), 442 (472), 469 

520 (25), 522 (25,40,48, 

838 (670c), 855 
786 (504a. 504b). 789 (504a, 504b. 

505-507), 851 

278 (89). 285,477,478 (91 I ) ,  
512,593 (237), 617 

288 (5), 304 
390 (1  17-1 l9), 391 ( 1  17, 

122,127), 396,397 
183 (137). 187 

I57 ( I ) ,  160 
808 (572,573), 811 (595), 

836 (659), 837 (659,662). 838 (663). 852. 
853,855 

Staninets. V. 423 (293,296). 481 (950), 482 
(959), 494 (1074, 1075), 500,513,516 

Staninets, V. I .  
144),531 (147),532(153),533 (159), 534 
(153), 555.556 

Stanner, F. 690,691 ( 1  1 I ) ,  842 
Stark, J .  446 (516), 504 
Stark, J .  C. 340 (38), 341 
Stark, R. A.  
Stec, W. J .  694(125),843 
Steeves, B. H. 
Stefanac, 2. 
Stefko, R. 489 (l045), 515 
Stegel, F. 590 (220-222), 591 (222), 616 
Stegmann, H. B. 641 (272), 661 
Steimecke, G .  789 (506), 851 
Stein, C.  A. 

Steinke, F. H. 
Stejskal, R. 371 (IOa), 394 

832 (655-657,659.662,663), 835 (655). 

528 (125, 126, 133), 530 (143, 

742,758,759 (335), 848 

16 (95), 20.815 (60lb), 853 
177 (125, 126), 187 

102. 103 (213), 152,690 (104). 
7 7 ~ 8 0 , 7 8 4 . 7 8 6  (457). 842, 850 

387,388 (98), 396 

Stella, L. 326 (69), 329 
Stenlake, J .  
Stephenson, T. A. 
Steudel, R. 811 (585a), 853 
Stevens, E. 118 (264), 153 
Stevens, R. A.  J .  381,393 (60),3Y5 
Stevens, W. 408 (102), 496 
Stevens, W . C .  7011705(158b),844 
Stewart, I .  444 (498,499), 504 
Stewart, I. M. 

544), 852 
Stewart, R. F. 

71), 30 (68,71), 33 (27,68.71), 56 (68). 
60,61 

Stievano, B. M. 163 (34), 185 
Stijve, T. 183 (134), 187 
Stirling, I .  622 (39). 657 
Stobart, S.  R. 

Stock. A.  787 (483), 851 
Stock, L. M. 
Stockton. R. A.  
Stojanov, S.  
Stoklosa. H. J .  
Stolle, R. 466 (803), 510 
Stone, A. J .  
Stone, F. G .  A. 

839,848 
Stoppioni. P. 

267a, 267b, 268), 730 (261), 846 
Storm. H. 466 (807). 510 
Stothers, J .  B. 
Stradins, J .  184(164), 188 
Stradyn', Y. P. 
Strandberg, M. W. P .  
Strating, J .  548 (262), 558 
Straub. H. 427 (331). 501 
Strauss, R. 

Streets, D. G. 832 (666b), 855 
Streitweiser. A. 594 (242), 61 7 
Streitwieser, A.  562 (32), 612 
Strelets, B .  

Strickland, R.  W. 
Stricks, W. 184 (155), 188 
Stridsberg, B. 421 (280), 500 
Stringer. 0. D. 
Strom, E. T. 321,323 (57). 329,565 (55). 612 
Stromberg. A. 25,30 (72), 61 
Strouse, C. E. 81 I ,  832,838,839 (589), 853 
Struchkov, Yu. T. 701 (lS6), 843 
Strzelecka, H. 470 (858), 511 
Stukalo, E. A. 

Stulius, W. 681 (30), 841 
Stull. A. 458 (679). 508 

457 (662). 458 (664), 507 
102 (208), 152 

308 (5,6), 328.798.800 (543. 

25 (25,27,68,71), 29 (27,68, 

715 (212,219,220). 716 (212). 
717 (212,219.220), 720 (212,220), 845 

563 (34), 593 (239), 612,617 
162, 165 (13). 185 

261 (60), 284,525 (83), 554 
359 (SO), 366 

324 (63), 329 
680.712 (2). 743,744 (347), 

727 (258-261), 729 (25S261, 

201 (45b), 210 (66). 239.240 

184 (165), 188 
51 (90), 62 

81 1 (S85a). 853 
StrdUSZ, 0. 402 (13). 403 (25). 494 

462 (724-726), 463 (727-731), 
465 (787,788a, 788b). 509.510 

670,671 (17e), 677 

9 (48), 19,624 (148). 659 

537 (183). 539 (189), 540 
(189, 198),541 (198),556,557 



914 Author Index 

Sturgeon.  G. 0. 252.261 (43). 284 Syskova. V. P. 171 (103). 187 
Styrman. K .  468 (833) ,  511 Szantai .  I .  393 (156),397 
Subramanian.  K. S .  165 (50). 186 Szargan, R .  788.792 (502) .  851 
Suchar ,  G .  489 (1044. 1045). 515.580 (161). Szikelv. I .  638 (225). 660 

615 
Suchi. R .  15 (83). 19 
Suchomel.  H. 
Suda. Y. 334,335 (19), 341 
Suemitsu.  R. 6 (23). 18 
Suffolk,  R .  J .  
Suganara. T. 
Sugden. S.  51 (91).62 
Suginome. H. 407,412 (XU). 496 
Sugiura.  Y. 238(148),241.600(284).6/8. 

Suiyama. M. 
Sukach.  Yu. A. 
Sukhai .  R. 

Sukhai .  R. S.  355 (27).366 
Sukh0v .S .  G. 

186 
Sukiasjan,  A .  430 (366.367). 501 
Sukkai .  K. S. 622 (41). 6.57 
Sukurai ,  H. 600 (286). 618 
Summers.  L. 489 (1046). 515 
Sunay.  U.  623 (64), 657 
Sundberg,  M. 79 (96). 92 (157). 150. IS1 
Suprunenko,  P. A.  
Surov. Yu. N .  569(l00).573(116).614 
Suschitzky. H. 401 (8h. lo), 4Y4 
Sutphen.  N. T. 382 (64). 3Y5 
Suttle. J .  F. 
Sutton,  P. W. 
Suzuki.  H. 

(48.49). 641 (294). 642 (309). 657.662 
Suzuki,  K .  623 (61), 657 
Suzuk i ,T .  238(148),241.621.622 (18).656. 

Svaeren,S. E. 147(331). /55.540(191).556 
Svanholm. U.  190,220 (2). 238 
Svanholt .  H .  

Svatek. E. 

Svcc, H. J .  
Svendsen. S .  R. 

(245). 661 
Svensson, S.  117 (268,269), 153 
Svoboda.  J .  J .  
Swain.  C. G. 
Swanberg, S. C. 
Swanson. A .  B. 
Swanson,  C. A. 
Sweigart ,  D. A .  
Svmons. M. C. R. 

16 (96). 20,362 (63). 367 

1 I (%).  I Y  
446 (512c, 512d). 504 

782 (474), 850 
520. 521 (32). 55.7 

573 (1  16). 614 
447 (527). 481 (957,958). 49 1 

(958),505.513 

167. 170-172. 174. 176(88). 

704.705 (l69), 844 

165 (58). 186 
81 I ,  812 (587), 853 

8 (38,39), 18,428 (342), 501.623 

782 (474). 850 

12 (65), I Y ,  65 (18. 19). 148. 

477,478 (913). 490 (lOS4), 512. 

247 (29), 284 

405 (57), 464 (57,753), 495. 509 

515 

166 (79). 186.640.642 

7 (28), 18 
562.571.579 (25). 612 

180 ( I  18). 187.378 (39).394 
389 ( 1  13).396 
387 (94), 396 
838 (670d). 855 

234(122. 123. 125).24/ 

Szmani. H .  H. 9 ( 4 j ) .  18 
Szpcrl ,  L. 427 (327). 501 

Tabcr ,  R. 490 (1056). 515 
Tad ino ,  A .  315 (27).328.471 (868.869). 472 

(868.869.882.886.887), 512,592 (233. 
234), 61 7 

240,562 (24.28). 568 (28). 571 (24). 575 
(123). 612,614 

Taft.  R. W.  194 (30). 202 (54a. 54b). 23Y. 

Taft.  R .  W. J r .  561 (18.20-22). 562 (22). 571 
(21). 612 

847. 848 

~ a g a .  rr. 99. i o i  (192b). 152 
Tainturicr.  G. 

Taira ,  Z. 
Takabayashi ,  F. 87 (125), 150 
Takagi ,  M. 654 (465). 665 
Takahashi .  M. 444,484 (4Y5), 504.642 

Takai. Y .  640(140),659 
Takarada .  M. 621.622 (7). 656 
Takeda. R. 625.628 (125-127). 659 
Takeuchi ,  Y. 

Takeuky.  Y. 571 (107). 614 
Tak i t a ,  S .  644 (324). 662 
Talaty,  E. R .  33 (82). 62 
Talbot .  J.-M. 230.232 ( 1  lo) ,  241,440 (456. 

458). 441 (358.460). 442 (460.464). 443 

741 (331). 742.749 (331.338), 

99, 101 (1Y2b). 1.52 

(305), 662 

623 (69), 632.633 ( I Y O ) ,  639 
(236). 641 (284-287). 657.660462 

(464), 444 (458). 503 
Ta1bot.J. M. 57Y,S80(lS0),584(184, 186). 

Ta1ham.D.  17(104),20,451 (579),506,651 

Talmi.  Y .  183(136). 187 
Tamagaki ,  S. 

585 (186). 615.616.652 (432). 664 

(417). 664 

404 (48.49.51 I ) .  418 (240). 
446 (48.49,511. 512b), 495.4YY, 504,541 
(204,205), 557 

Tamagawa,  K. 89 (148). 151 
Tamai .  Y .  600 (284), 618 
Tamamushi .  B.  383 (72d),.?YS 
Tamary ,  T. 530 (l4S), 555 
T a m b a ,  M. 289(16).290(31,32),291 (16, 

31,32,35.37), 292 (31,35-37), 293 (35, 

(42.56). 299 (hO), 301 (66), 302 (35-37), 
36.42.43.45). 296 (42). 297 (42.49). 298 

304,305 
Tamelen. E. E. van 378,386,387 (38b), 394 
Tamura ,  N .  644 (324), 662 
Tanaka .  H. 195 (31), 239,536 (167), 556,600 

(284.286). 618.621.622 (18). 656 
Si rova ,  G 'P. 565 (53). 566 (70). 612.613 Tanaka .  K. 312 (l9), 328,356 (3S), 366,762 



Author Index 915 

(391-394.396-4003,763 (391-394.396 

394,397,400), 785 (391-393), 787,790, 
398), 764 (396-400). 765 (399). 784 (393. 

794,795 (396), 849 
Tanaka, S. 334,335 (19). 341 
Tanaka ,T.  312(19),328.356(38),366.487 

(1014),514,721,722(241), 762(391-394, 
396-400), 763 (391-394.396-398), 764 

(393,394,397.400). 785 (391-393). 787 
(396-400), 765 (399,407). 766 (407). 784 

(396,491,492.494-496). 789 (491.492), 
790 (396.491.492.494,496), 794.795 
(396), 846,84Y,85 1 

Tappel, A. I .  
Tappel, A. L. 234(119),241,288(7-10).291 

(7,8), 304,390 ( 1  ISa, 115b), 396 
Tarantelli, T. 

(60), 841 
Tarver, H. 
Tasmurtseva, N.  A. 
Tassi, L. 

848 
Tatewaki, H .  

(47,61,69).54(61,69),60(69),61 
Taticchi, A 44,54 (86,87), 62,221.222 

(1 l4), 230,232 (109), 233 (1 14, 117), 241, 
246 (17, IS), 264 (69), 283,284,378,383 
(37b), 385 (75), 394.395,406 (75), 409 

(134. 135, l37).414 (75. 112, 113). 416 

171, 179, 181 (115), 187 

686 (4749.51). 688 (49), 689 

379 (43). 388 (43, 102b), 3Y5,396 
541 (203), 557 

262,263 (67), 284,759-761 (383), 

25 (47.61,69), 30 (47,61). 34 

(112,113),410(127-129, 131, 132),411 

(113.211-213.215,216).419(241).442 
(465,466). 4Y&40Y. 503.560.563 (4). 

91).573(117).577(117.143).578(117). 
567.568 (85.88.89) .  569 (91.92). 572 (4, 

579.580 (153. 154). 581 (143. 165. 174). 
582.589.591 (165, 176). 593.594(117), 
597 (91.260). 611.613-615.617 

Taube, B.  488(1038),515 
Taube, D. 485 (995), 514 
Taube, H. 690 (104), 842 
Tavaarwerk, G. J .  M. 
Tavouktsoglou, A. N.  25 (45),61 
Tayim, H. A.  
Taylor, A.  
Taylor, D. M. 
Taylor, J .  407 (89), 496 
Taylor, N. J .  
Taylor, P. 523,537,545 (65), 554 
Taylor, R. 144 (323), 155 
Taylor, S. E. 
Tebbe, F. N. 
Tebbe, K .  199 (52), 240 
Teranishi, A. Y .  
Terem , B . 623 (54), 657 
Terent’ev, P. B. 261 (63),284 
Terrier, F. 411 (142-145), 497,590 (223, 

381,393 (53), 395 

681 (26), 840 

392 (134,135), 397 
408 (103), 469 (853), 496,511 

102 (207). 152 

586 (192), 616 
546 (243), 557 

629,630 (154), 659 

224), 591 (224,225), 616 

Testaferri. L. 621-623 (6), 656 
Tezuka. T.  428 (342). 501 
Thavornyutikarn, P. 165 (60), 186,520,542 

(23), 553,567 (77). 613 
Thayer, J .  S. 

(278,281), 734 (139,281), 735 (281). 843, 
846 

ThCpot, J .  Y .  715.720 (222). 845 
ThCwalt, V. 808 (567), 852 
Thibaut, P. 479 (932). 513,652 (430,431). 

664 
Thibaut, Ph. 268 (74,75), 285.422 (283, 

285), 423 (285), 424 (306). 425 (285, 
309a), 442 (473), 475 (283). 476 (473). 
500,503 

261 (61),284.697 (139). 731 

Thiele, G. 109, 110 (237), 153 
Thiers, M. 641,650 (262), 661 
Thohas .  A.  466 (794). 510 
Thomas. C. H. 
Thomas. E. J. 624 (97), 658 
Thomas. 1. L. 372,393 (18),394,651 (408), 

664 
Thomason, R. 482,483 (961), 513 
Thomassen, Y. 165 (48,62), 186 
Thome, C. 655 (183), 665 
Thompson, M. 483 (971), 514 
Thomson, C. D. 387 (78), 396 
Thornton. C. J .  521 (31), 553 
Thorstad. 0. 246 (20-22), 283,284,415 

(203), 498 
Thorstand, 0. 599 (268,271). 617 
Thorup, N.  94 (166), 151 
Tideswall, N .  481 (949),513 
Tidwell, T.  T. 319 (44,45),329 
Tiecco, M. 621-623 (6), 656 
Tiemann. E. 64 (9) ,  148 
Tiethof, J .  A.  
Tihange, G. 458,461 (683), 508 
Tilak, B. 420 (268), 499 
Tillay, E. W. 
Timm, U.  311,312(15),328,451 (584), 

506 
Timofeev, S. A. 

174, 176 (81), 186,187 
Timofeeva, T.  465 (788b), 510 
Tingoli, M. 621-623 (6), 656 
Titov, E. V. 
Titova, 2. 
Titus, D. 470 (860), 511 
Titus, D. D. 

70,72 (40), 149 

693,696 (123), 843 

741,745,749 (327), 847 

166, 171 (81). I72 (81,94), 

565 (43), 612 
419 (247), 481 (952b), 499,513 

8 (34), 18.106 (228), 107 
(228-231,233), 124 (228,229), 132 (302, 
303), 133 (302), 134 (303), 143 (302,303), 
153,154,520 (30), 521 (31), 553 

Tobiason, F. 465 (793), 510 
Toder, B. H. 623 (68), 657 
Todres, Z. V. 
Todres-Selektor, 2. V. 

184 (170-174), 188 
586 (21 1), 616 



916 Authoi r Index 

Toei, K.  164, 165 (44), I83 (130. 131, 133). 
186.187 

Toelg, G. 163 (33), 185 
Tolles, W. M .  126 (283), 154 
Tolley, M. 469 (854a),5/1 
Tolmachev. A. 469 (847), 470 (855),472 

Tolmachev. A. 1. 567,568 (86), 613 
Tolstay?. T.  P. 601,602 (290). 618 
Toma, S .  569,592 (101). 614 
Tornasik, P. 561 (l6),611 
Tornaskovic, M. 177 (125,126), 187 
Tomirnatsu, K. 478 (928,929). 513 
Tomkiewicz, Y .  449 (566), 505 
Tomoda, S .  632,633 (190), 639 (236), 641 

(284-287), 66M62 
Toncheva, V. 165 (53), 186 
Topiol, S. 25,33,34 (49), 61 
Topsom, R. D. 565 (62), 613 
Torii. S .  627 (149), 659 
Toropova, M .  A. 

(883),511,512 

167, 170 (88). 171, 172 (88, 
95), 173 (98-100). 174 (88,95.98), 175 
(98-100). 176 (88.95.9C;lOO). 186.187 

Torre, M. 569 (93), 594 (240). 613.617 
Torres, L. 542 (217), 557 
Toscano, P. J .  
Toshimitsu, A. 403 (33), 481,489,491,493 

(951), 495,513,530,533 (l42), 555,632, 
633 (187, 189), 636,638 (217), 639 (187. 
235), 641 (296,302,306-308,311), 
660-662 

739 (317). 847 

Tosi, G. 262 (66,67), 263 (67), 284,707,708 
(177), 759,760 (371-387), 761 (371-374. 
38 I ,  383), 844,848,849 

Totsch, W. 545 (225,226,228-230), 557 
Toussaint, J .  95 (175), 151 
Town, K. G. 715,718,719,765,766 (217), 

845 
Traetteberg, M. 72 (67), 149 
Tran, 0. M. 
Tran-Viet, D. 90 (152), 151 
Traverso, G. 44.5 (502,503), 504 
Treffurth, H. 786,787 (486), 851 
Trege, L. 407 (82a), 496 
Tregnoghi, C. 163 (34), 185 
Treibs, W. 460 (704), 508 
Trend, J .  
Trend, J .  E. 220 (82),240,624 (117), 625 

Trenta, A. 234(120),241,288(14, 15),289 

Treppendahl, S. 459 (687), 508 
Trierweiler, M. 233 (117), 241 
Trierweiller, M. 221,222,233 (114), 241 
Tripathy, S .  334,341 (18),34/ 
Trofirnov, B.  
Trofimov, B.  A. 

621,622 (27), 656 

403 (36), 420 (272), 495,500 

(1 l6,117), 627 ( 1  17), 658 

(15, 17, 18),291 (14,15),304 

407 (93). 493 (1068c), 496,516 
563 (36-38). 612 

Trogu, E. F. 
851.852 

Trop, H. S .  
Troshenko. E. 458 (665), 507 
Trost, B. M. 603 (298). 608 (330), 618 
Trot ter ,J .  93(163), 151,519,543(13),553, 

Trotter, P. J .  356(36),366,701.705(157a, 

794 (522,524,529). 795 (529), 

736 (307), 847 

721 (234), 845 

157b), 844 
Troup, J .  M. I14 (243,244), 153.518 (lo), 

553.839 (673). 855 
Truce, W. 490 (1055). 515 
Trueblood, K. N .  94 (169), 151 
Truesdale, L. K. 16 (94), 20,541 (208), 557 
Trushule, M. A. I84 (165), 188 
Tschmutova, G. A. 202,203 (53). 210 (67), 

240 
Tschmutowa. G. 78 (90). 86 (1 18). 150.245 

(14),283 
Tseimakh, I. D. 

Tsibris, J .  C. M .  

Tsintsadze, G. V. 
Tsipis, C. A. 
Tskalobadze, L. A. 
Tsoi, L. 457 (659). 507 
Tsoi, L. A. 
Tsuchiya, S. 70,72,90 (51), 149 
Tsuda, K .  338 (32), 341 
Tsukerman, S. V. 

116), 613,614 
Tsuno,Y.  565,571 (104),614 
Tsurkan, A. 455 (621). 458 (665,666,669), 

Tsurkan. A. A. 
Tsurkan, T.  S. 
Tsutsumi, S. 
Tsveniashvili, V. S. 
Tsveniashvili, V. Sh. 

Tudor, R.  373,393 (19),394 
Tullius, T.  D. 

848 
Tully, C. 409 (l16), 496 
Tully, C. R. 265 (70),285,378.386,387 

(38a), 394 
Tumakova, Zh. A. 
Tupistin, I. F. 
Tupitsyn, I. F. 
Turco, A. 

(287). 847 
Turley, M. 
Turnbo, R. G. 523 (74). 554 
Turner, C. J .  
Turner, D. C. 390 (118),397 
Turner, E. 

522 (44), 553,577,601,603 

238 (144, 145), 241,382, 

730 (296c. 272), 846 

184 (167, 175), 188 

(138). 614 

392 (66a, 66b), 395 

794 (523), 851 

624 (77-79). 657 

569 (94. 100). 573 (115. 

490 (666), 507,508 
164 (39), 186 
164 (39), 186 

762 (401a, 401b), 849 
184 (167-175), 188 
700 (154), 701 (154, 

159, 160). 843,844 

102 (219), 152,742,750 (334), 

781 (472), 850 
569 (97), 613 
562,569 (31), 612 

732 (287), 735 (287,297), 737 

163-165, 183 (18), 185 

220 (83), 240 

482 (968), 483 (971), 514 



Author  Index 917 

Turner. E .  S. 

Tuve, T .  W. 
Tvedten, 0. 84.85 (106), 150 
Tweed, W. T. 
Tyerman, W. 
Tyler, A. N. 
Typke, V. 128 (290), 154 
Tysseland, M. 

841 

623 (54,56). 624 (98), 642 
(243), 657,658,661 

387,388 (100). 396 

563,565,608 (39), 612 
402 (12a, 12b, 13), 494 

245 (10). 283 

102 (21 I ) .  152,684-686 (41). 

Uamaguchi, H.  563 (167), 556 
Uchida, H. 164, 165 (44), 186 
Uddrich, P. 420 (266), 499 
Uden, P. C. 165, 167 (73), 186 
Udupa, M. R. 806 (560), 852 
U-Eda, K. 762.764.784 (400), 849 
Ueda, T. 453,486,487 (595), 506 
Uemura, S. 10 (51), 19,403 (33). 481,489. 

491,493(951),495,513,528(131, 132). 
530(142),532(156),533(142),534(156), 
537 (l76), 551 (28>285), 555,556,558, 
621,622(18),632,633 (187,189),636, 
638 (217), 639 (187,235), 641 (296,302, 
306-308,31 I ) ,  650,651 (421,422). 653 
(451,461), 654 (464), 655 (480), 656, 
66&662,664,665 

Uggla, R. 
Ugo, R. 
Uhlemann, E. 

786 (481), 788,792 (502). 850.851 
Uhlig, E. 
Ujjainwalla, M. 528,533 (l30), 555.635 

Ukai, T. 459 (698), 508 
Ulman,A. 409(117,118a),496,497 
Umbreit, M. A. 
Umemura, Y. 622 (31), 657 
Umezaki, N. 393 (155),397 
Umezawa, S. 

Umizaqa, S. 383 (72d), 395 
Undheim, K. 246 (2C-22), 283,284,415 

(203), 498,599 (268,271), 617 
Unerstenhofer, G. 462 (718). 508 
Uneyama, K. 627 (149). 659 
Unger, S. H. 570 (103), 614 
Unverferth, K. 

614 
Uppstrom, B. 591 (228), 616 
Uppstrom, P. 412 (166). 497 
Urabe, H.  625,628 (128), 659 
Urch, D. S. 
Usachev, A. I. 

(138), 614 
Usiatinsky, A. Ya. 
Usmanov, A. 88 (137), 151 

79 (96). 92 (157). 150,151 
754 (364,365), 755.756 (365), 848 

779,781 (461). 784 (461,481). 

767 (413), 801 (547). 849,852 

(203), 660 

642 (241). 661 

407,412 (80,81), 413 (81), 419 
(246), 433 (388), 496,499,502 

385 (76). 395,569,581 (98). 

744747 (348), 848 
522 (44), 553,577,601,603 

347 (7), 366 

Ustingov, A. N .  
Usuki. M.  642 (309), 662 

Vafai, M. 419,420,426 (260), 499 
Vafina, A. A. 
Vahrenkamp, H.  

565,566 (50), 612 

565.566 (50). 612 

(144,363), 757 (363), 753 (144,363.370), 
759,804 (370), 81 1 (592), 825 (363), 843, 
848,853 

Val, J .  A. F. 
Valeev, R. B. 

Valle, G. 

Van Allan, J .  
Van Bekkum, H. 
Vancea, L. 546 (242), 557 
Van Cleave, W. C. 
Van Coppenolle, J .  

(871), 473,476 (287), 481 (289), 500,512, 
651 (398), 664 

600 (279,280), 617 

699 (l44), 753 (363), 754 

6 (19), 18 
194, 195,210 (28), 222,223. 

225,230,233 (100). 239,240 
96 (176-181), 100, 102 (203). 118, 

119 (262), 151-153,487,488 (1022), 515 
459 (691). 508 

561,575 (19), 612 

601,602 (288). 618 
423 (287-289). 471 

Van Dam, W. 
Van den Bossche, G. 
Van den Hende, J .  
Van Der Kelen, G. P. 
Van Der Linden, J.  G. M. 
Van der Puy, M. 
Van DeVondel, D. F. 
Van Dormael, A. 
Van Duijneveldt, F. B. 
Van Ende. D. 

658 
Vanhare, E. 421 (277), 500 
Vanier, N .  R. 
Vanino, J.  332 (4). 341 
Vanino, L. 487 (1025), 515 
Van Koten, G. 
Van Lare, E. J .  
Van Sickle, D. E .  
VanWazer. J .  R. 
Varshavskii, S. Yu. 
Vasella-A. 639 (124), 658 
Vasilev, V. V. 
Vasiliu, G. 482 (963-965), 514 
Vaskowskii, V. 413 (169), 498 
Vaughan, D. 488 (1040b),515 
Vaughan, J .  575 (131), 614 
Vdovin, V. 

Vdovin, V. A. 
Vedejs, E .  11 (62), 19 
Veillard, A. 25 (23,52), 60,61 
Veillon, C. 387 (94), 396 
Vekris, S. L. 196,199,205 (33), 239 
Velicescu, M. 281 (90), 285,832,836 (658). 

855 
Venanzi, L. M. 690 (64-66,81-83), 841,842 

86 (1 14). 150 
445 (507b), 504 

565 (66,67), 613 
762,763 (395), 849 

565,604 (61), 613 
565 (66), 613 

456 (647), 507 
25 (34). 60 

402 (19). 4%. 624 (104. 105), 

565,604 (61), 613 

838 (670c), 855 
315 (24),328 

594 (242), 617 
694 (125). 843 

814,820 (620), 854 

624 (91), 658 

419 (256,257), 421 (256), 424 
(256,301), 427 (319), 499-501 

88 (137), 151 



918 Author Index 

Veracini, C. A. 710,712.814,8l9 (191b). 

Verani, G. 457 (658). 507,707.708 (177). 
759-761 (371,372). 844.848 

Verboom. W. 
513 

Vereshchagin, A. N. 
Vereshchagin. L. I .  
Vergoni, M. 177 (128). 187 
Verkade, J .  G. 247 (26).284 
Verkade, P. E. 
Verkruijsse. H. 

955.958). 491 (958). 497.513 
Verkruysse. N. 423 (290b). 500 
Verlinden. M. 164. 165 (47). 186 
Vermeer, P. 481 (953.954.956). 513 
Vermeire. M. 77 (85). 91 (154). 92.93 (164). 

Verneuil, A. 5 (14). 18 
Verneuil, M. A.  
Vernon. J .  453.465 (592-594). 506 
Vernon, J .  M. 
Vernon. M. 459 (684). 508 
Vernon. R. H. 

470). 665 
Vernon, W. D. 191. 192(14).239 
Verschoor. G. C. 
Verschuere. C. 426 (317).501 
Verweij. J .  522 (57). 554 
Vialle. J .  

823,825). 510.511 
Vicens. J .  
Vicentini. G. 

472). 655 (158). 659.665 
Vicenzi. C. 423 (290a). 500 
Vickrcy, T. M. 
Vidal, J .  L. 
Vidpni, N. E. 
Vidoni Tani. M.  E. 
Viehe. H. G. 
Viervoll. H. 139 (313). IS4 
Vigneaud, V. du 
Vikane. 0. 

844 

447 (527), 481 (955.957),505. 

642 (291). 662 
651 (403,404), 664 

561,575 (19). 612 
409,414 (1  18b). 481 (954, 

149.151.454(606).506 

680.683.686 (3). 839 

9 I (1%). 151.700 (147). 843 

550 (276). 558.654 (469. 

736 (308). 847 

271 (79). 285.467 (818. 819.822. 

403 (32). 495.632,633 ( I O I ) ,  660 
629,652.653 (158). 654 (471. 

165, 177 (74). 186 
839 (671-674). 855 

295 (47). 305.683 (33). 841 
84. 85 (105). I50 

326 (69.71). 327 (73). 329 

676 (36a). 677 
15 (83). 19. 102 (210). 119 (210. 

277-280). 120 (277-280). 121-123 (278). 
124 (210.277-280). 152.154.684 (42). 
685.686 (42.43). 688 (54-56.59). 689 (55. 
56.59). 730 (271). 841.846 

70 (46.47). 74 (46). 75 (46.47. 
75). 76 (46.75.78b). 78 (46). 87 (126, 
128). 149. I50 

Villadsen. B.  196.208.222.232 (36). 239 
Villares. P. 101 (198), 152 
Vincenzi, C. 

856). 472,473 (881). 511.512.598 (266). 
61 7 

Vilkov, L. V. 

469 (838.839). 470 (838.839. 

Viorel, D. 297-299 (51).305 
Vitali. D. 710,712 (189. 190. 191b). 714 

(195).814(190,19lb),819(191b).844, 
845 

Vlasakova. V. 167-169 (86), 186 
Vobetsky. M. 

Vodden, A. 11 (58). 19 
Vogel. H. 
Voicu, V. 
Voigt. E. 464 (758). 509 
Volashchuk. V. G. 
Volchenok. S. A. 
Vo1kov.M. 411 (133).497 
Volkov. M. N.  
Volodina. G. F. 
Volodina. M. A .  
Voloshchuk. V. G. 

Von Niessen. W. 
Von Zelewsky, A. 709 (182), 844 
Vordank. P. 721,722 (237). 845 
Voronin. S. 408 (106), 496 
Voronkov, M. G. 624 (99), 658 
Voronov. M. A .  781 (473). 850 
Vorster. W. 5 (13). 18 
Vos. D. de 
Vos. G. 736 (308). 847 
Vosooghi. M. 

280 (54). 284.448 (536), 461 (713), 505, 
508 

167. 170. 171 (87), 172, 173 
(87.96). 174, 175 (87). 186,187 

527.528,533 (1 19). 555 
184 (159, 160). 188 

565 (44), 612 
567 (82). 613 

582 (178). 615 

164 (40). 186 
684-686 (40). 841 

547.548 (259), 558.566 
(70). 567 (82). 613.622 (34). 657 

25 (57). 61 

522 (53). 554 

255.278 (54.55.57). 279 (57). 

Voss, E. 829.832 (646). 854 
Voss. 1. 237 (140). 241 
Vouros, P. 272 (80). 285 
Vovsi. B. 
Vrjbel, V. 730 (274), 846 
Vrcshova. E. 419 (249). 499 
Vtyurina. N. N. 
Vyazankin. N. S. 

366.7 16 (202), 845 
V’yunov, K .  458 (669). 508 
Vzazankin, N. S .  356 (33).366 

Wabnitz. C. H. 
Wachter. J .  804.805 (555). 852 
Wade. K .  467 (826b), 511 
Wadsworth. D. 473 (894), 512 
Wadsworth. D. H. 
Wagner, G. 

656 
Wahlgren. IJ. 25.30 (72). 61 
Wakamatsu, T. 622 (38). 657 
Wakasugi. M. 654 (464). 665 
Walatka. V. 449 (565). 505 
Walker, A.  765.807 (404). 849 
Walker, B. J .  387 (92). 396 
Walker, G. L. 601.602 (287). 618 
Walker. H. 401 (2). 4Y4 
Walker. R. 467 (827a).511 

485 (995). 488 (1038). 514.515 

245 (15). 283 
183 (143). 188,353 (19). 

179. 180 (1 1 I ) .  187 

624 (76). 657 
454 (600). 506.621.622 (17). 



Author Index 919 

Walker, W. E. 839(671,672),855 
Wallmark, I. 427 (326). 501 
Walrand, J .  64 (10). 148 
Walsh, R. 157,159 (3). 160 
Walter. E.  D. '387 (99.396 
Walter, R. 86 (120), 150,17&181 (l07), 182 

(124). 187,670 (16). 676 (36a, 36b), 676, 
677 

Walter, W. 
Waltman. R. 407 (82b), 496 
Walton, E. D. 
Walton, J .  C. 325 (66). 329 
Walton, R. A. 
Wang, J.  T .  
Wang, K.-C. 392 (131).397 
Wanzelburger. J .  485 (1000a). 514 
Wardlaw. W. 335 (21),34/ 
Warner. N.  L. 381,393 (58),395 
Wartewig. S. 

851 
Wasson, J .  R. 359(50).366 
Watanabe, K. 
Watanabe, N .  641 (296), 662 
Watanabe, S. 444,484 (495). 504 
Waterhouse, J .  158 ( 1  I ) ,  160 
Waters. A. J.  184 (179). 188 
Waters, J .  M. 768.829.830 (419), 849 
Watkins, P. M. 
Watkinson, J .  H. 163, 183 (20). 185 
Watson, D. 462 (723b). 509 
Watson, D. G. 364 (69),367 
Watson, K. 403 (47). 4Y5 
Watts. H. G. 393 (159). 397 
Watts, W. E. 576(135),614 
Wautier. H. 319(43),320(50).32Y,605 

Wazewsda-Czyzewska, M. 289.291 (22). 304 
Weary, D. K. 
Weast, R. C.  201 (42),239 
Weatherill. T.  D. 747.753.825,832,834 

Weaver, A. 380,392 (48), 3Y5 
Weaver. J .  L. 
Weavers, R. 404 (54). 495 
Webb, J .  670,671 (17e), 677 
Webb. R. L. 202 (46). 239 
Webb, R. R. I1 642 (259), 661 
Weber, J .  429 (352.353), 501 
Weber. J.-V. 439 (438,439), 503 
Weber,J. V. 586(191).616 
Weber. K. L. 710.712,713.814,819 (191a). 

Wcber, R. 

622 (45). 642 (255), 657,661 

69S696 (124), 843 

680,782,815 (12f), 840 
235 (128, 129), 241 

786 (504b). 789 (504b. 505). 

317 (37). 329,642 (242), 661 

545 (237), 557 

(324). 618 

376.377.384 (28). 3Y4 

(353), 848 

524 (80). 554 

844 
17 (105). 20,268 (74), 276 (86). 

285.422 (283). 438 (424.425), 446 (597). 
452 (424.425,591), 453 (425,591,597), 
454 (597,602,604. 605) ,  458 (605). 475 
(283), 491 (602). 500.502,506.586.590. 

597 (208), 616 
Webert. J .  M. 439 (438,439), 503,586 (19l), 

616 
Webster, D. 467 (827a),5/1 
Webster. R. 

Weger, M. 449 (568), 505 
Wegler. R. 462 (718), 508 
Wegscheider, W. 163 (33), I85 
Wehrung, T. 87 (129), 150 
Wei, K. H. 261 (62),284 
Wei, K.-T. H. 
Weibust. G. 165 (62). 186 
Weichmann, J .  768,770 (421), 804,805 

444 (500). 445 (506a). 475 
(500) , 504 

107-109, 124 (234), 153 

(556a, 556b), 829 (421,646), 830 (421). 
832 (556a, 556b, 646). 833 (556a, 556b). 
849.852.854 

Weichsel. C. 355 (30). 366.446 (512a), 504 
Weidenhammer, K. 742,751,825,827,828 

Weiler. T.  483 (983), 514 
Weinstock, L. 466 (796). 510 
Weis,J. C. 703(167),704(167, 168),844 
Weis, R. 714.814.820 (l96), 845 
Weisenfels, M. 469 (840b), 511 
Weiss, E. 806,832,833 (559), 852 
Weiss, K. 722 (245e), 846 
Weiss, R. 

(337), 848 

314 (21-23), 328,446 (508). 451 
(583), 454 (599,603). 477 (912,915), 504, 
506,512,513.547 (253), 558 

483 (982), 514,521 (34), 553 Weiss,-T. 
Weiss, U.  455 (624). 507 
Weiss. W. 528,530,532,533 (l23), 555 
Weissflog, E. 

515 
Welch, A. 750 (361). 848 
Welcman. N. 

487 (1023. 1030), 492 (1023). 

87 (129), 150, 281 (90). 285, 
362 (65). 367,640 (248.249), 661.743. 
749 (344), 832,836 (658). 848,855 

Wellman, K. M. 
Wells,E. J .  234(118).24/ 
Wells, P. R. 
Wells. R. R. 
Welter. A. 425 (308), 454 (601). 500,506 
Wendclborn. D. F. 

658 
Wensky. A.  
Wepster.B. M. 561.575(19).612 
Werchan. H. 465 (768), SOY 
Werner. H. 9 (45),18,715.717.720 (224). 

671 (20b). 677 

561,562 (22). 612 
202 (54a), 240 

624,625.627 ( I  17), 

281 (91), 285.748 (360). 848 

754,757 (368). 765 (224,408). 766 (408), 
767 (224,408,412,414.415), 768 (414, 
420), 770,778 (422). 796-798 (224), 829. 
830 (420,648), 831 (648), 845,848, 849, 
854 

Werner. R. L. 641 (261). 661 
West, K. W. 806,807,810 (564).852 



920 Author Index 

West, R. 
846 

Westerlund, C. 411,412 (151b), 436 (413), 
437 (414,417), 438 (430,432), 497,502, 
503,586 (195). 588 (201), 616 

850 

8 (40), 18,355 (28), 366,731 (278), 

Westland, A. D. 690 (85,86), 774 (453). 842, 

Westland, L. 774 (453), 850 
Weswig, P. H. 
Whalley, E. 335 (22), 341 
Whanger, P. D. 391 (123),397 
Wharf, I .  

Wheeler, G. L. 
Wheeler, 0. H. 
Wheland, R. 450 (5754,506 
Whewell, R. J .  
Whistler, R. L. 
White, A.  469 (854c), 511 
White, A. H. 97.98, 132,143 (186), 152,525 

(87), 554,747 (356), 779 (466b, 469), 848, 
850 

162 (9), 185,391 (123),397 

731 (294,295), 732 (294), 733 
(295), 734 (294), 847 

183 (139). 188 
166 (83), 186 

565,574,575,608 (60), 613 
641 (268), 661 

White, F. 455 (611),506 
Whiteford, R. A.  245 (13),283 
Whitehead, E. I. 
Whitehouse, R. D. 
Whiteside, R. A. 
Whitesides, T. H. 
Whitfield, H. J .  
Whitman, D. R. 
Whittle, A. J. 
Wicha, J .  673 (27), 677 
Widdowson, D. A.  
Wieber, M. 

Wieczorek, J .  703,704 (167). 844 
Wiegers, G. A. 
Wiegert, P. E. 371,392(12b),394 
Wienand. H. 825 (639). 854 
Wijekoon, W. M. D. 675 (35), 677 
Wijers, H. E. 651 (395,396), 664 
Wilckens, R. 90 (152). 151,465 (786), 510 
Wildera, R. 792 (509). 851 
Wiley, G. R. 571,572 (106), 614 
Wilhelm, I.  650 (363,364), 663 
Wilke, G. 

Wilkins, C. 405,469 (60a), 495 
Wilkins, C. J .  

(122). 843 
Wilkinson, G. 

205). 7 19 ( 1 ) ,721 ( 1,2), 81 1 ( I ) ,  839,845 
Wilkinson, L. 455 (630). 507 
Willadsen, T. 89,90 (142). 151 
Wille, F. 
Willfroth, E. 787 (483), 851 
Williams, B. L. 

163,183 (25), 185 

25,33,34 (49), 61 
378,386,387 (38b). 394 

668,669 ( l l ) ,  676 

774 (448). 850 
25 (26). 60 

642 (258), 661 

16 (90), 19 
488 (1035). 489 (1047,1048), 

515,537,540 (171), 556 

810 (580). 853 

779,781 (461), 784 (461,481), 786 
(481). 850,851 

525 (86), 554,693,695-697 

680 (1,2), 681 ( l ) ,  716 ( I ,  

452 (590), 506,641 (276), 661 

114, 115 (246), 153,727,729 

(257), 771 (437), 773 (257,437-439), 774 
(437-439,446), 775 (437,438), 776 (446), 
846,850 

Williams, D. J .  542 (217), 557,624 (97), 647 
(338), 658,663 

Williams, D. M. 808 (577), 853 
Williams, E. 642 (289), 662 
Williams, F. 235 (126, 128, 129), 241,325 

Williams, F. D. 829 (649), 854 
Williams, H. H. 179,181 (114), 187,387,388 

(IOO), 396 
Williams, L. E. 732,735-738 (283), 847 
Williams, P. 495,479 (60a), 495 
Williams, P. P. 525 (86). 554 
Williams, R. F. 575 (130), 614 
Willis, W. 444 (490b), 504 
Willis, W. W. Jr. 599 (273). 604 (315,319), 

617,618,622 (42), 625 (118), 626 (135), 
657-659 

(64), 329,488,491 (1034), 515 

Williston, C. 519,543 (13), 553 
Willner, H. 
Willson, P. D. 
Willson, R. L. 301 (64,65),305 
Wilson, D. R. 
Wilson, L. G. 
Wilson, L. J .  794,795 (529). 852 
Wilson,M. K. 371(14, 15),382(15),394 
Wilson, R. C. 573 (1 14), 614 
Wilson, S. R. 518,545 (5), 553,636 (228), 

660 
Wilzbach, K. E. 380 (45). 395 
Winfield, J .  M. 690 (95), 842 
Winnewisser, G. 65 (16). 148 
Winnewisser, M. 65 (17), 148 
Winter, H. 

495,504 
Winter, H. J .  
Winter, M. 814 (607,617), 819 (617), 854 
Winter, W. 414 (195), 430 (360), 442 (468, 

469), 443 (360,481,482), 498,501,503, 
504,595 (255), 617 

11 (61), 19,71,72 (59,149 
72 (64), 149 

624 (96). 658 
388,389 (103), 396 

404 (51). 444 (490a), 493 (51), 

548 (260), 558 

Wintergerst, H. 804,805 (559,852 
Wipff, G. 25,28,30,33,34 (67), 61,604 

(313), 618,624 (87), 658 
Wiriyachitra, P. 652 (433). 664 
Wid, A.  810 (581), 853 
Wirtz, P. 454 (601), 506 
Wiseman, G. 428 (344,347), 501 
Wiseman, G. E. 
Wisl0ff Nilssen, E. 
Wittig, G. 
Wiygul, F. 
Wobschall, D. 449 (564), 505 
Wohler, F. 
Wojcicki, A. 

642,649 (281), 661 
82 (99), 150 

534 (162), 556,655 (482), 665 
449 (557), 450 (572a), 505,506 

5 (8, 1 I ) ,  18 
697,734 (137). 737,738 (311). 

739 (137,311), 740 (137). 843,847 



Author Index 92 1 

Wojciechowski, P. 451 (581,582),506 
Wojciechowski, P. S. 
Wojnowska, M. 

Wojnowski, W. 
Wojtowski, R. 731,732,734 (294), 847 
Wolf, H. 670,671 (18b), 677 
Wolf, J .  829-831 (648), 854 
Wolff, M. 491 (1057), 516 
Wolfram, B. 673 (29), 677 
Wolfram, E. 629 ( I S ) ,  659 
Wollowitz, S. 

Woltermann, G. M. 
Wolters, E. 

Wolters, J .  522 (53,56), 554 
Wong, C. K .  

(218,219,221), 651 (425), 660,664 
Wong, P. T. S .  
Wong, S. F. 766 (41 I ) ,  849 
Wong, S. H. 380,392 (48), 395 
Wong, T. C. 194 (24,26), 196 (26), 208 (24), 

209 (24,26), 220 (24,26,85), 239,240 
Wood, R. J.  l94-199,203,2O5,207,211, 

218,219 (22), 239,690 (lOO), 842 
Woodard, C. 428,443,484 (340), 501 
Woodard, C. M. 
Woodbridge, D. T. 

794 (515), 851 
Woodgate, P. D. 
Woods, T. 461 (709), 508 
Woody, R. W. 
Workman, M. 0. 

849,853 
Wrackmeyer, B. 815 (601p), 853 
Wright, A. H. 

845,849 
Wright, L. J .  
Wright, M. 402 (17), 494 
Wright, P. L. 
Wright, W. B.  
Wudl, F. 

336 (24), 341 
8 (40), 18,355 (28), 356 

8 (40), 18,355 (28), 366 
(34), 366 

599 (273), 617,624,625 ( 1  17), 
626 (135), 627 (117), 642 (146), 658,659 

359 (50). 366 
469 (841), 471 (872),511,512, 

641 (271), 661 

636 (218,219,221,222), 638 

165, 167-169 (65,66). 186 

85 (107). 150 
642,643 (246), 661,793, 

641 (295), 662 

670,671 (17c, 17d). 677 
771.772 (432). 815 (603a), 

718 (226), 768,829,830 (419), 

715,717,814,821 (216), 845 

387 (85,86), 396 
69 (34). 148 

13 (68), 19,94 (170), 128 (294, 
295), 130 (294), 151,154,406 (65). 446, 
447 (521), 448 (544,547, S O ) ,  449 (564), 
450 (544,547), 451 (577,578). 462 (723a), 
495,506506,509,526 (103, 104), 555, 
650 (387). 651 (415.416). 663,664 

Wuyts, L. F. 565 (66), 613 
Wynberg, H.  624 (72). 657 
Wynne, K .  J.  229 (108), 241,523 (58.59). 

542 (215,217), 554,557 
Wyssbrod, H. R. 

Xyazankin, N.  S. 

Yadav, D. S. 737 (313),847 

86 (120), 150 

356 (32), 366 

Yagubskii, E. B. 
Yagupol’skii, L. M. 

95 (173), 151 
565 (43,44,53), 566 (70, 

71), 567 (82,83,86), 568 (86), 612,613, 
622 (34), 657 

Yagupolskii, L. M. 
Yakhoontov, L. 565 (62). 613 
Yakobson, G. G. 

Yakovlev, Yu. V .  
Yakovleva, 0. G. 
Yalpani, M. 

547,548 (259). 558 

197 (37,38), 204,205 (27). 

699 (152b). 843 
565,566 (50), 612 

239 

377,386 (35). 394,406 (68). 409 
(107, 108), 447 (68.532). 463 (739-741). 
464 (l07,108,532,740,741,760,761), 
495,496,505,509,581,595(162),615, 
621,622 (254,656 

Yamagata, S. 392 (133). 397 
Yamaguchi, H.  

Yamaguchi, I .  70,73,81 (44), 149 
Yamahira, A. 446 (518), 504 
Yamakawa, K .  644 (323,324), 662 
Yamamoto,Y. 165 (49,51), 186,519 (17b), 

Yamashita, M. 6 (23), 18 
Yamidagni, R. 202 ( S O ) ,  239 
Yan,C.F .  634(195),660 
Yaneff, P. V. 
Yanilkin, V. V. 
Yano, K .  393 ( I S ) ,  397 
Yano, T. 316 (30). 329,333-336.339.340 

Yao, A. N. 
Yao,H. 371,392(12a),394 
Yarilin, A. A. 392 (142),397 
Yarno, T. 623 (51), 657 
Yashin, Y. I. 
Yasuhara, T. 762 (401a), 849 
Yatlova, L. E. 
Yazdany, S. 447,464 (531), 505 
Yerga, I .  740 (321), 847 
Yokota, K .  497 (1017),515 
Yokoyarna, A. 
Yokoyarna, Y. 

290), 645 (328,329), 662 
Yokozeki. A. 83 (103), 150 
Yonezawa, T. 25 (46), 61 
Yorovenko, N, N .  

659 
Yoshida, M. 321,323 (62), 329 
Yoshida, T. 

541 (201). 557,642 (310), 
652 (439). 662,665 

553 

716,765 (204), 845 
565 (68), 613 

(15),341,651 (389),664.747(357),848 
603 (297), 618 

I83 (143), 188 

681,686 (23b), 840 

195 (31), 239,600 (286), 618 
604 (312), 618,642 (289, 

629 (160). 632 (160, 176), 

574,576 (136), 577,601 (137), 
614,741 (326,330,332), 742 (332), 745 
(350), 749 (330), 825 (330,332), 847,848 

Yoshida. Y. 762 (401b), 849 
Yoshida. Z .  314 (20), 328 
Yoshii, E .  623 (69), 657 
Yoshikoshi, A. 624 (74), 657 
Yoshimoto, H. 623 (52,53), 657 



922 Author 

Yoshimoto. Y. 370 (3a. 3b),393 
Young, M. W. 630 (169), 659 
Young, V. R .  387.388 (98). 3Y6 
Youngs, G .  R. 393(158),397 
Yu-Gwan Chen 586 (210). 616 
Yukawa, Y. 565.571 (104): 614 
Yu’rev. Y. K .  
Yur’ev, Y. K .  

395 
Yur’ev. Yu. 407(86.88).408(105).411 

(146, 147, 150. 151a), 412 (86.88. 152. 
154. 157. 162. 164. 165). 41.3 (86. 157. 
16X-170. 172. 177-181. I87).414(lSO. 152. 
157, 162). 416 (l57), 418 (105). 419 (249). 
4 9 w 9 9  

Yur’ev, Yu. K .  407 (84), 496,573 ( 1  18), 578 
(144). 581 (144. 168-172, 175). 593 ( 1  18). 
595 (169.247).614.615.617 

I84 (164). 188 
377 (33a). 383 (69a. 69b),3Y4. 

Yureva, E. M. 
Yur’eva, V. S. 

Yureva, Y. L. 

539,540 ( I X Y ) ,  556 
565 (51), 566,567 (51,69), 

522,523 (42), 553 
574 (69). 612,, 613 

Zaidi, S. A.  A .  
Zaitsev, B.  E. 
Zaitseva, E. 

(150). 497 
Zaitseva, E. L. 
Z ik ,  2. 

(372), 663 
Zakowski, J .  J .  390(115a. 115b),396 
Zanati, G. 491 (1057),5/6 
Zankowska-Jasinska, W. 487 (1019). 515 
Zannini, P. 

Zanotti, G. 
Zaripov, N .  M. 

522 (49). 553 
700 (155). 701 (1.56). 843 

41 1 (146, 147, 150. 151a). 414 

581 (172, 175),615 
547 (256,257). 558,650 (365.366). 

262 (66), 284,759.760 (379. 

96 (IXO),  100, 102 (203), 152 
384387). 848,849 

70 (46,47), 74 (46.74), 75 
(46,47.74,75), 76 (46,75,78b), 78 (46). 
106 (226), 149,153 

Zatsepina, N .  N.  
Zborovskii. I .  423 (295.296), 500 
Zdansky, G. 
Zefirov. N .  

569 (97). 613 

671 (21), 673 (25), 677 
404 (59 ,406  (73). 418 (238). 423 

(297), 481 (238, 950), 494 (1070. 1075). 
495,496.499,500,513,516 

(147, I48), 555,556 
Zefirov, N.  S. 

Zeil, W. 66,67 (26), 148 
Zellers, E.  T. 
Zemlyanskii, N. I .  
Zeuner, S. 726,727,729 (256), 814,823 

Zhdanov. S. I .  
Zhetar, B. 458 (668), 508 
Zhidomirov, G. 434 (396), 502 
Zhiryakov, V. 

527 (lO5), 530 (144. l46), 531 

128 (294,295), 130 (294). 154 
787 (488), 851 

(623), 846,854 
184 (168, 17CL174). 188 

437 (420,421), 438 (436), 472 

Index 

(875). 502.503.512 
Zhizhin. G .  N.  
Zhuravlev. V .  E. 

loo), 174 (95.98). 175 (98-100). 376(94, 
98-100). 187 

88 (137), 151 
171, 172 (95). 173 (98- 

Ziegler. E. 
Ziegler. M. 

845 
Ziegler. M. L. 

(336.351). 751 (336.337.351), 752 (351, 
362). 759-762 (390a, 390b). 768.770 
(421), 825 (336,337,351.390a, 390b. 
639). 827,828 (337), 829, 830 (421,647). 
832,833 (647). 848,849,854 

Zilverschoon. A.  481 (953). 513 
Zima. G.  621 (8). 622 (8. 21). 624 (21). 632 

461 (71 I ) ,  475 (901). 508,512 
699,700 (l45a), 721 (240). 843, 

9 (43), 18.742 (336.337). 746 

(173. 182.). 633 (1x2). 634 (192. 193). 
636.637 (212).656.65Y. 660 

Zimmer, 0. 464 (756). 509 
Zimmer. R. 357,358 (40,43,45), 366 
Zimmer-Gasser. B. 72S725 (248), 804,805 

Zimmermann, H. W.  

Zimmermann, R. 523,525 (72), 554 
Zingaro. R. 

Zingaro, R. A.  

(557), 846,852 

814,825 (108), 842 
690,69 I ,  754.757, 

455.457 (626), 483 (975), 484 
(989,990.991a),507,514 

17,18.20,64(2a).77(84). 100(195,201). 
1 0 1  (193. 195, 196.200-202). 141 (202), 
144. 145 (325), 148,149,152,155, 162 (4, 
14). 163 (4), 185,227 (106), 231 (112). 

2 (2). 7 (27), 9 (44), 16 (95), 

232-234 (106), 241,360 (53.55.57), 365 
(71-73). 366,367.518 ( I  I ) ,  546 (246). 
553,558,656 (374). 663,681 (17a, 20), 

(141a. 367). 796 (532.533). 797 (533), 
815 (601a-d). 840.841.843.848.852. 
853 

686 (20.46d). 607 (14la). 754 (367). 755 

Zinn, J .  87 (127), I50 
Ziolo, R. 442 (471). 503 
Ziolo, R. F. 8 (34), 18, 106 (228), 107 (228, 

23@233), 114 (243,244), 124 (228), 132 
(302,303). 133 (302). 134 (303), 140 
(317), 143 (302,303,317), 153,154,518 
(lo),  519 (15), 520 (30), 521 (31). 553,668 
(7,8), 676 

Ziriakus, W. 469 (843),511 
Zirkle, C .  487 (IOlO), 514 
Zlatarov, S. 289,291 (21),304 
Zobel, D. 431 (380), 502 
Zoellner, W. G. 165 (59), 186 

Zoller, U.  425 (309b), 500 
Zoller, W. H.  
Zolotova-Zolotukhina, L. 465 (776,782), 

510 

Zolk, R. 829-831 (648), 854 

165, 167, 170 (72), 186 



Author Index 923 

Zoretic. P. A. 240.445 (501), 504,651 (423). 664,701, 
Zountsas, J .  464 (759), 509 705.736( 158n). 814,815,817 (605). 836 

Zumbulyadis. N. 222,223 (98,99). 231 (98). Zylber. J .  668,669 (12). 676 

630.631 (170). 659 

Zozulin. A.  J .  218 (76). 221 (88) ,  240 (669). 844.853.855 



Subject Index 

A b  initio computational methods 30-33 
Acetylacetone complexes, with SeCI, or 

TeCI, 97 
Acyclic diselenides, 

geometry of 82-86 
isotopically labelled 371,372 

Acyclic disulphides, geometry of 83-85 
Acyclic ditellurides, geometry of 86 
Acyclic selenides, 

geometry of 70-82 
isotopically labelled 371-374,392 

Acyclic sulphides, geometry of 72 
Acyclic tellurides, 

geometry of 72,76-78 
isotopically labelled 373-376 

Addition reactions, directing and activating 
effects in 591-593 

Aldimine chelates 781 
Alkyl aryl selenides, 

mass spectra of 249-25 1 
77Se-NMR chemical shifts for 202-204 

Alkyl aryl tellurides, mass spectra of 249-251 
Alkylideneseleniranium ions 321,322 
Alkyltellurium trihalides 403 
Allyl alcohols, synthesis of 627 
Allyl selenides 634 

Aluminium methylselenolates 348 
Ambidentate ligands 700,701,713 

cyclization of 402,420 

dithizone 779 
1,4-oxastlenan 706 
PhSSePh 729 
R:ESeR2(E = As,P) 711,714 
R:ETeR* (E= As,P) 820 
Se(CN), 726,728 
seleninate 760,761 
selenocyanate 730,734 
selenosemicarbazone 726,728 
selenoxide 721 
-Se(O),CH,CH,NH, 781 
tellurocyanate 815 

thiazolidine-2-selenone 707 
Aminoselenazoles, radiation chemistry 

of 290,291 
Aminoselenoazolines, radiation chemistry 

of 289-291 
Appearance energies 248 
Arsine selenides 364 
Arsinous acid esters 365 

Basis sets 23-30 
3-21G/LWD 34,36,41-45.49-60 
MINI-1 34,36,39,40,43-45,47,48,51-60 
STO-3G 29,30,33-35,37,38,43-47. 

51-60 
Beckmann rearrangement 458 
Benzene ring deformation 

Benzeneselenenyl derivatives. geometry 

107, 109, 121, 
136, 145 

of 75-77 
Benzenesulphenyl derivatives, geometry 

of 75.76 
Benzenetellurenyl derivatives, geometry 

Benzoanthracene, Se analogues of 429 
Benzodichalcogenazolium salts 462.463 
Benzodioxatelluranes 488 
Benzoisoselenazoles 458 

directing and activating effects in 
Benzoisoselenazolinones 453,454 
Benzoisoselenazolinthiones 454 
Benzoselenadiazoles 426,453,463,465,483 

592,597. 

of 77 

586.590 

complexes of 699-701 
directing and activating effects in 

598 
Benzoselenadiazolium salts 465 
Benzoselenazaboroles 460 
Benzoselenazepines 454 
Benzoselenazines 459,485,486 
Benzoselenazoles 458460.486 

chemical shifts in 573 
complexes of 703-705 

925 

The Chemistry of Organic 
Selenium and Tellurium 
Compounds Volume 1 
Edited by S. Patai and Z. Rappoport 
0 1986 John Wilev & Sons Ltd 



926 Subject Index 

directing and activating effects in 586, 590, 
592 

Benzoselenazolines 460 
Benzoselenazoliurn ions 459.460 
Benzoselenazolopyridines 461 
Benzoselenepins 489,490 
Benzoseleninoindoles 479 
Benzoseleninones 477,478 
Benzoselcninopyridinones 47X 
Benzoselenolobenzothiophenes 432 
Benzoselenoloindoles 438,439,453 
Benzoselenolooxazoles 438 
Benzoselenolopyridines 439 
Benzoselenolopyrroles 438 
Benzoselenoloselenadiazoles 438,464 
Benzoselenolothiazoles 438 
Benzoselenolothiepins 436 
Benzoselenolothiins 436 
Benzoselenolothiophenes 431 
Benzoselenophenes 532 

as reaction products 454.472.473 
complexes of 771.772 
detection and determination of 
directing and activating effects in 

geometry of 92.93 
mass spectra of 265-269 
metalated 425 
reactions of 424-427 
77Se-NMRchemical shifts for 212.214. 

synthesis of 419-423.426 

177, 183 
584,585. 

591.592.597 

215 

Benzoselenophenones, mass spectra of 268 
Benzotelluroloindoles 444 
Benzotellurophenes 4391142,532 

directing and activating effects in 584.585. 
590.597 

Benzotellurophenones. mass spectra of 268 
Benzothiaselenins 481 
Benzothiaselenolthiones 446 
Benzothiepinoselenazoles 461 
Benzoxepinoselenazoles 461 
Bernthsen synthesis 426 
Beyer-Combes synthesis 426 
Biopolymers. Se-containing, chiroptical prop- 

2-Biphenylyltellurium trihnlides. geometry of 

Bischalcogenopyranylidenes 470 
Bis(dicha1cogeno)tetracenes 446 
Bis(dise1eno)anthracenes 446 
Bis(diselenocarbninato)selenium( 1 1 )  

Bis(dise1eno)naphthalenes 446 
I .3-Bis( methylselcnoethy1seleno)propane 

Bis-phosphine selenides, complexes of 698 

ertiesof 676 

135- I37 

compounds 406 

complexes 801,802 

Bis(P-(2-pyridyl)ethyl) selenide 

Bis(se1eno)carbenium ions 320,321 
complexes 801 

Bis-selenophenes, chiroptical properties 
of 674.675 

Bis(se1enourea) cation 84 
Bondlbond interactions 134 
Bond configuration, 

ofSe 77.102 
ofTe 77, 102 

Bond dissociation energies 15SI60 
Borolanes 345,346 
Bradsher reaction 428 
Brain-imaging agents 392 

Carbene complexes. 
Se-functionalized 722-725 
Te-functionalized 814,823 

Carbenium ions. Se-stabilized 308-321 
Carbonate analogues, mass spectra of 263, 

Carbon dioxide analogues 11 

Carbon monoxide analogues, geometry of 64 
Carbonyl compounds -see also Aldehydes, 

264 

geometry of 64 

Ketones 
a$-unsaturated -see a$-Unsaturated car- 

bony1 compounds 
Carbonyl difluoride analogues, geometry 

Carbyne complexes 723.823 
Catalysts. for the hydrogenation of non- 

aromatic olefins 681 
Chalcogen-arsenic compounds 16 
Chalcogen-chalcogen bond lengths 117.118 
Chalcogen-halogen compounds 15. 16 
Chalcogen-nitrogen compounds 16 
Chalcogen-phosphorus compounds 16 
Chalcogen sulphides 539 
Charge distribution 35,45-50.55,56 
Charge localization theory 247 
Charge-transfer salts 95 
Chemical shift anisotropy mechanism 193 
Chemical shift referencing 196 
Chemical shifts. 

for Se compounds 193-220 

of 66.67 

isotope effects on 217-220 
mcdium effects on 1941% 

medium effects on 222.223.228.229 
for Te compounds 221-233 

Chemical vapour deposition 681 
Chromium complexes. geometry of 65. 105 
Circular dichroism, general considerations 

Claisen rearrangement 421 
a-Cleavage, in mass spectral 

fragmentation 249,251 

of 667.668 



Subject Index 

Cluster compounds. 
ofAu 811 
ofCd 813 
of Co 81 1.832,837,838 
ofFe 811,812,832.834-837 
o f M n  747,750 
of Nb 808,809,813.832 
ofNi 811.813 

ofPt 834 
of Rh 81 I ,  837,838 
of Ru 81 I ,  832.839 
ofZn 813 

of 0s 747,754,811-813.832 

Cobalt complexes, geometry of 69, 104 
Comproportionation 625 
Concentration effects. on 77Se-NMR chemical 

Conformational stabilities 34,45,55 
Copolymerization 426 
Copper complexes, geometry of 103-105 
Correlation energy 22 
Cotton effects, general considerations 

Coupling constants. 

shifts 195 

of 667.668 

for Se compounds 220,221 
for Te compounds 233,234 

CSe2 complexes 717,765-767 
CSSe complexs 767.768 
Cyanine dyes 460 
Cycloalkenylselenodiazoles. complexes 

Cyclodehydration 428 
Cyclodehydrohalogenation 428 
Cyclofunctionalization 636-638 
Cyclohexan-1.3-diones 525.526 
Cyclopentan-l,3-diones 525 
Cycloreversion. in mass spectral 

fragmentations 275 

Decarbonylation reagents 835 
Se-Demethylation 772,782 
Determination, 

ofSe 16F165 
ofTe 165 

of 702 

Dialkoxytellurides 491 
Dialkyl selenides. 

complexes of 690.691 
mass spectra of 249 
reactions of 403 
77Se chemical shifts for 19Pr202 

complexesof 814-818 
mass spectra of 249 
radiation chemistry of 303 
reactions of 403 

erties of 86 

Dialkyl tellurides, 

Diaryl dichalcogenides, conformational prop- 

927 

Diaryl selenides 
mass spectra of 252 
77Se-NMR chemical shifts for 204,205 

complexes of 814-818 
mass spectra of 252 
radiation chemistry of 303 

Diaryl tellurides, 

Dibenzoselenapyrilium ions, equilibrium con- 
stants for 598 

Dibenzoselenazocines 492 
Dibenzoselenepins 490 
Dibenzoselenophenes 428.429 
Dibenzoselenophenium halides 428 
Dibenzotellurophenes 442,443,484 

directing and activating effects in 585 
Dibromotellurides, chiroptical properties 

Dichalcogen dihalides 527 
1,3-Dichalcogenolylium ions 309-312 
Dieckmann condensation 420 
Dihalicles 15 

of 675 

detection and determination of 

mass spectra of 252,260,261 
preparation and properties of 519-528. 

"'Te-NMR chemical shifts for 228,229 

171, 174, 
175 

530. 542.654.655 

Dihaloaryltellurates 543 
Diimides 540,541 
Dimethyltellurium compounds, geometry 

Diorganotellurium dicarboxylates, mass spec- 

Dioxaselenanes 487 
Dioxaselenolan oxides 462 
Dioxides, 

of 129-131 

tra of 261,262 

radiation chemistry of 291-293.302 
reactions of 529.532 

complexes 782 
Diphenyl-o-selenatophenyl phosphine 

Dipole-dipole relaxation mechanism 191 
Dipole moments 45,51,55-57 
Directional effects 129 
Diselenadiazocanes 488 
Diselenadiazocines 492 
Disclennfulvenes 447.448.464 
Diselenanes 480.481 

Diselenaneselones 480 
Diselenans, complexes of 705,706 
Diselenates, complexes of 798 
Diselenatetrastannanes 357 
Diselenatristannolanes 357 
Diselenazines 488,492 
Diselenazolium ions 463 
Diselenepanes 491 
Diselenetanes 405,469,525 

chiroptical properties of 671 



928 Subject Index 

Diselenetenes 798 
Diselenides, 

acyclic -see Acyclic diselenides 
chiroptical properties of 670-672 
complexes of 709-714 
detection and determination of 166168, 

mass spectra of 253-255 
organometallic 759 
reactions of 402,405,406,444,625,626, 

748-750,753 
77Se-NMR chemical shifts for 204-206 

184 

Diselenins 464,481 
Diselenoacetylacetonates, complexes of 798, 

a&-Diselenobisformamidinium ions 295 
Diselenocarbamates, complexes of 765,793, 

Diselenocyanatoalkanes, complexes of 775 
Diselenodiphosphines, complexes of 798 
Diselenolanes 444 
1,3-Diselenolan-2-ylium ions 312,314 
Diselenolates, complexes of 796,797 
Diselenoles 445-447 
Diselenoleselones 464 
Diselenolethiones 464 
Diselenolium ions 800 
Diselenolones 444 
Diselenoloquinolines 446 
Diselenolothiopyranones 435 
Diselenolylium ions 308-312,444,448,451 
Diselenophosphates, complexes of 796 
Diselenophosphinates, complexes of 796 
Diselenothiocarbonates, complexes of 728, 

Diselenoxanthates, complexes of 796 
Dispersion effect 225 
Disproportionation reactions 627 
Dissociative electron capture 275 
Disulphides, 

acyclic - see Acyclic disulphides 
chiroptical properties of 670 

800 

794 

796,797 

Ditellurafulvenes 406,447 
Ditelluretanes 406 
Ditellurides. 

acyclic -see Acyclic ditellurides 
chiroptical properties of 670-672 
complexesof 814,8l8,8l9,83l 
detection and determination of 171 
mass spectra of 253-255 
reactions of 818,819,824,826 
'*'Te-NMR chemical shifts for 224-227 

Diielluroles 446,447 
Ditellurolylium ions 451 
Ditelluroncs 552 
Dithiaselenoloquinoxaline oxides 472 
Dithiocarbamates. detection and determina- 

tion of 183 
1,2-Dithiolylium ions 308,309 
Dithizone complexes 779 
Doebner-Miller reaction 460 
Dual Substituent Parameter equations 202 

Electroless plating solutions 681,686 
Electron density distribution I14 
Electron diffraction techniques, in structure 

determinations 66, 67,74-76,80,82,83, 
87,88,96, 106, 113-119 

Electronegativity, 
effect on chemical shifts 
effect on ionization potentials 245 

198.21 1 

Electronic delocalization 427 
Electronic energies 22 
Electronic transmission, 

through chalcogen atoms 574-577 
through heterocyclic systems 572-574 

Electron-pair repulsions 64 
Electrophilic aromatic substitutions, directing 

Electrophilic cyclization 521 
Enzymatic synthesis 379 
Episelenides 402 
Episelenuranes 403 
Equilibrium reactions, directing and activating 

effects in 593 
ESR spectroscopy, of Se compounds 234- 

238,292,301.32 I ,  323-327 
N .  N'-Ethylencbis( monoselenoacetylaccton- 

imine) complexes 801 
a,a'-(Ethvlenedinitriloldi-o-tolueneselenolate 

and activating effects in 581-589 

.~ 
complexes 801 

Exchange reactions, in ditellurides 
Exponential-type functions (ETF) 

Fatty acid analogues, isotopically 

Fermi contact term 220,233,234 
Fiesselmann-Hauptmann reaction 

labelled 392 

226 
24 

429 
Fiesselmann reaction 408.409 
Fischer indole synthesis 426,439,444 
Fischer reaction 438 
Flash photolysis 402,403 
Folate derivatives, 7sSe-containing 393 
Free radicals, Se-stabilized 321-328 
Friedel-Crafts reactions 41 1,413,428 
Furans, 

chiroptical properties of 674 
reactions of 409 

Gamma effect 201,225 
Gaussian-type orbitals (GTO) 24,25,28-30, 

Gel permeation chromatography 835 
33 



Subject Index 929 

Geometries, 
calculated 37-42,59 
experimental 56-59 

Glycerine triethers, isotopically labelled 373, 
392 

Hantzsch reaction 455,457,458 
Hartree-Fock energy 22 
Hartree-Fock limit 25,31 
Heats of formation 157, 158 
Hemetsberger cyclization 436 
Heterocyclic compounds 17 

chemical shifts for 212-217,230-232 
complexes of 699-709,814,819,820 
isotopically labelled 376-378,383-387,392 
mass spectra of 252,253,264-281 
radiation chemistry of 288-292,299-301 
structural chemistry of 86-102 

Hexamethylcyclotristannatelluranes 358 
Hinsberg ring-closure reaction 408 
HMO calculations 324 
Homochromans 490 
Homochromenes 490 
Homoselenochromanols 490 
Homoselenochromanones 489 
Hot-atom chemistry 287,303 
Hybrid ligands 773,774,831 
Hydrogenation, energies of 35,42,52-54 
Hydrogen bonding, 

effect on chemical shifts 198 
in selenides 79 
in selenosemicarbazones 69,70 
in selenourea 68 

P-Hydroxyselenides 624-627 
Hyperfine coupling 235 
Hyperfine coupling constants 321,323-325, 

327 

Imaging elements, thermally processed 681 
Imidazoloselenatriazoles 468 
Immunological investigations 393 
Insertion compounds 8 ,9  
Insertion into a metal-alkyl bond, 

of SeO, 759,761 
ofTeO, 827 

Insertion into a metalkarbon bond, of 

Interactions, 
elemental Te 829 

non-bonded 64,72,76,78,87,111, 112, 
143, 144 

Se...C 106 
Se...CI 143 
Se...N 106 
Se...O 76 
Te...C 136.137 
Te...I 136,140. 142 
Te...N 91 

Te...O 76 
Te...S 132 
Te...Te 97.98 

Ionization energies 245-248 
Ionization potentials 22,35,44,54,55 

Iron carbonyl compounds. mass spectra 
of 281 

Iron complexes, geometry of 113 
IR spectroscopy, 

for dimethyl chalcogenides 245 

of 1.2-dichalcogenolylium ions 308, 309 
of isotopically labelled compounds 382, 

383 
Isodesmic reactions 34.35.43 
Isoindolobenzosclenazoles 460 
Isoselenazoles -see also 

Benzoisoselenazoles 452,453,458 
geometry of 91 
mass spectra of 276,277 

Isoselenazolium ions 453,454 
Isoselenazolopyrimidines 453 
Isoselenochromans 476 
Isoselenochromylium ions 477 
Tsoselenocoumarins 476 
Isoselenocyanates, 

complexes of 730,734,735 
geometry of 66 

Isoselenocyanic acid. geometry of 65 
Isoselenothiadiazoles. mass spectra of 279 
Isoselenouronium salts, radiation chemistry 

of 289,291 
Isotellurazoles 454 

geometry of 91 
Isotellurazolium salts 454 
Isotellurochromans 476 
lsotellurocoumarins 476 
Isothiocyanates, geometry of 66 
Isothiocyanic acid, geometry of 65 
Isotope effects, on Se-NMR chemical 

Isotopic exchange 385,386 

Kaufmann reaction 414 
Ketene selenoacetals 320 
Koopman’s theorem 35,44,54 

Librational motion 64, 112 
Ligand clectronegativity 71,83, 124, 133, 

134, 147 
Linkage isomers, 

shifts 217-220 

of benzoselenazole 705 
of (CF,),AsTeMe 820 
of CSSe 717,767 
of selenocyanates 737,739,740 
of thiocyanates 815,817 

Lone electron pairs 70,86,89,97,98, 114, 
125, 126, 13F135, 140-145, 147 
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Lone-pairlbonding-pair interactions 126. 134 

Manganese carbonyl compounds, 
gcometryof 111, 112 
mass spectra of 281 

Markownikoff and anti-Markowni koff 
adducts. of selenenyl halides to 
olefins 633 

Mass spectrometry 243-283 
McLachlan calculations 324 
Meisenheimer complexes 41 I .  590.59 1 
Mercury complexes 104. 105 
Metalation, 

of selenolothiophenes 431 
of selenophenes and tellurophenes 415. 

Metalation reactions, directing and activating 

Metal tellurides, reactions of 409 
Methyl group, t i l t  of 70,72,73 
Microwave spectroscopy, 

88-90,92. 119, 128 

416,425,428 

effects in 595-597 

in structure determinations 64-67,7&73, 

of isotopically labelled selenophenes 383 
Molecular orbital theory 24 
Molecular vibrations 64,66,71 
Molybdenum complexes 104 
Monohalides 15 

addition to alkencs 403 
"'Te-NMR chemical shifts for 228,229 

Monoselenocarbenium ions 315-319 
Monoselenodibenzoylmethane 

Mossbauer isomer shift values 234 
Mossbauer spectroscopy 795,818.826 
Mulliken Population Analysis 35.45-50,55. 

Myocardial imaging agents 392 

Naphthoselenazoles 460 
Naphthoselenophenes 420: 428 
Naphthotellurophenes 442 
Neutron activation analysis 378 
Nickel complexes, geometry of 
NM R spectroscopy, 

complexes 786 

56 

103, 104 

of isotopically labelled compounds 383- 

of Se compounds 191-221,310-313,320. 

of Te compounds 221-234,815,817-820, 

Nomenclature of chalcogen compounds 3-5 
Non-haemeiron proteins 382.391.392 
Non-Relativistic Limit (NRI,) 31 
NOR spectroscopy 736 
Nuclear Overhauser Enhancement 191 
Nucleophilic aromatic substitutions, directing 

385 

625,736,789 

835-837 

and activating effects in 589,590 
Nuclcosides. chiroptical properties of 669 
Nucleotides. "Se-labelled 372.393 

Octahedral configuration 

Optical activity, general considerations 

Organometallic complexes. structural chem- 

Organometallic compounds, 

Va 343-365 

13X. 140, 141. 143. 
144 

of 667.668 

istry of 103-I06 

containing elements of Groups IIIa, IVa and 

containing transition metals 281 
Ortho effects 265-267 
Oxadiselenanes 462.487 
Oxaselenanes 480 

complexes of 113 
Oxaselenans. complexes of 706,707 
Oxaselenazines 488 
Oxaselenepanes 49 1 
Oxaselenetanes 404 
Oxaselenoles 447 
Oxaselenolones 446 
Oxaselenolylium ions 444.445 
Oxatellurolylium ions 444,475 
Oxathiane complexes 113 
Oxidative addition reactions, 

of HzSe 754,755 
of Se complexes 807-809 
of Se ligands 738-740.748-750,753,758. 

of Te complexes 834,835 
ofTe ligands 818.819.824.826 

Oxygen atom transfer reactions 257,258 
Oxyhalides, reactions of 527,528 
Oxyselcnation 626,641 
Oxyselenenylation 640 

Paal-Knorr synthesis 407.433 
Pancreas-imaging agents 392 
Pentagonal bipyramidal configuration 145 
Pentahalides, reactions of 405 
Pentalenes -see also Selenapentalenes. Tel- 

798 

lurapentalenes 

Pentaselenecanes 492 
Peptides, Se analogues of 78 
Perselenanes 517,518 
Pertelluranes 517,518,544-546 
pH effects, on 77Se-NMR chemical shifts 
Phenanthroselenadiazoles 464 
Phenetole rearrangement 250 
Phenoselenazines 486,487 
Phenotellurazines 487 
Phenothiatellurins 483 
Phenoxaselenins 482,483 

geometry of 116-1 19 

195 
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Phenoxatellurins 482.483 
geometry of 141, 142 

Phenyl migration. in mass spectral 
fragmentations 257 

a-Phenylselencnyl carbonyl compounds 629 
632 

Phenylselenium compounds, detection and 
determination of I67 

Phenyltellurium compounds, 
detection and determination of 167 
geometry of 

147 
119-123. 132. 133. 144. 145. 

Phosphidoselenides. complexes of 699 
Phosphines, geomctry of 66 
Phosphine selenides 349.360 

Phosphine tellurides 360 
Phosphorotellurates 402 
Phosphoruslselenium ligands 727 
Phosphoselenothioates 360 
Photoelectron spectroscopy 245 
Phthalide analogues, mass spectra of 276 
Piazselenols 164. 177 

Platinum complexes, geometry of 

Polarizability 201 
Polarography, in determination of Se and Te 

Poly(diselenoalkylene)s 336-338 
Polymers, 

0- and Se-containing 333,334 
Se-containing 332-340 
Te-containing 340,341 

Polyselenoalkylenes 332.333 
Poly-Wurtz reaction 416 
Pomeranz-Fritsch cyclization 438 
Proton affinities 43.45.52 
Protophilic reactions, directing and activating 

effects in 594,595 
Pschorr reaction 428,439 
Pulse radiolysis 292, 302 

reactions of 402 

detection and determination of 183 
105, 113, 

1 I4 

compounds 163, 164 

of selenoamino acids 298,299 
of selenourea 294 

Pummerer rearrangement 316318,427 
Pyrroloquinoxalines 426 
Pyrroloselenazoles 460 

Quadruple average angle 
Quasiequilibrium theory 248 
Quinoxalines 426 

Radiation chemistry, 

126, 129, 140 

of Se compounds 287-302 
of Te compounds 302,303 

Radiation damage 287 
Radical anions, ESR spectroscopy of 237. 

321,323.324 
Radical cations, ESR spectroscopy of 235. 

237.238.321.323-325 
Radical scavenging 536 
Radioactivc equilibrium 374 
Radioprotectors 287 
Radiosensitizers 288 
Raman optical activity 676 
Raman spectroscopy. of isotopically labelled 

chalcogen compounds 382,383 
Reductive elimination, in mass spectral 

fragmentations 251.260.268 
Relativistic energy 22 
Relaxation times. 

for Se compounds 191-1Y3,234 
for Te compounds 221 

Retro-Diels-Aldcr reactions 268 
Rieche formylation 424 
Ring-closure reactions 402-410,419-494 
Ring-contraction, of benzochalcogcn- 

Ring-opening, 
azines 459 

by selenols 623.624 
of isoselenazoles 453 
of selenadiazoles 464,465,467 
of selenetanes 404, 406 
of selenolothiophenes 431 
of sclenophenes 41&4IX. 425 
of tellurophenes 442,443 

Ring-opening-ring-closure reactions 420 
Ring-puckering 86,87,96, 138 
t-RNA, Se-containing 391 
Robinson-Stork annelation 429 
Rotational barriers, 

in acyclic selenides 72,73 
in bis(se1eno)carbenium ions 320 

RSeCH,SR ligands 727 
Ruthenium complexes 105 

Sandmeyer reaction 459 
Sandmeyer-Schiemann reaction 456 
Scintiscanning 392.393 
Se(CN)Z complexes 726,728 
Se=C(SeEt)2 complexes 726 
Se(EMe,), (E = Ge,Sn,Pb) ligands 
SeER?- (E = Ge. R = Ph: E = Sn. R = Me) 

ligands 758,759 
SeH- ligand 754758 
Selenaadamantanediones 673 
Selenaazapentalenes 467.468 
Selenabenzenes 477 

Selena-bridged heterocycles 493.494 
Selenabutanolides, geometry of 128 
Selenacyclohexanes 363,468,518,546,547 

714,716 

mass spectra of 278 

geometry of 96, 128, 138, 139 
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isotopically labelled 376,384,385 
mass spectra of 252 
polarographic reduction of 184 

Selenacyclopentanes 363 
isotopically labelled 376 
mass spectra of 252,255 
polarographic reduction of 184 

Selenadiazepines 491 
Selenadiazines 488,489 
Selenadiazoles -see also Benzosclena- 

diazoles, Benzoselenoloselenadiazoles, 
Phenanthroselenadiazoles, Selenolosele- 
nadiazoles 

directing and activating effects in 

geometry of 90 
isotopically labelled 377,378,386,392 
mass spectra of 274.275 
polarographic reduction of 184 
reactions of 403,405,409,447,449,462, 

464-467,48 1 
synthesis of 463-466 

581.584, 
595 

Selenadiazolidinediones 465 
Selenadiazolines 467 
Selenadiazolopyrimidinones 466,467 
Selenadiborolenes 347 
Selenadigermanes 488.489 
Selenadiphosphoranes 362 
Selenadisilanes 489 
Selenaferrole complexes 703 
Selenaferrole ring 114 
Selenafulvalenes 449,450 

coupling constants for 221 
geometry of 93,94 
mass spectra of 269.270 

Selenahydrindanes, chiroptical properties 
of 672,673 

Selenals 11, 12 
geometry of 67 

Selenametacyclophanes 492,493 
Selenanes (conventional nomenclature) --see 

Selenanes (Musher's nomenclature) -see also 

Selenanols 469 
Selenanones 469 

mass spectra of 253 
Selenanthrenes 483,484 

geometry of 99-101 
Selenaoxazines 542 
Selenapentalenes 445,449 

geometryof 116-119 
mass spectra of 271,272 
radicals produced from 325 
77Se-NMR chemical shifts for 216 

Selenacyclohexanes 

Selenuranes 517-519.537.538 

Selenaphthalides, geometry of 128 
Selenapurines 465 

Selenapyrylium ions 523 
Selenates, radiation chemistry of 289. 291 
Selenathietans 530 
Selenation 68 

of a coordinated phosphido ligand 699 
Selenatriazoles 468 
Selenazaphospholines, geometry of 90 
Selenazepines 454,491 
Selenazine carboxylates. mass spectra 

Selenazines 459,484488,492 

Selenazinium dyes 315 
Selenazinium ions 485 
Selenaziridines 404 
Selenazoles - see also Aminoselenazoles. 

of 278,279 

complexes of 708,709 

Benzoselenazoles, Benzothiepinoselena- 
zoles, Benzoxepinoselenazoles, Naph- 
thoselenazoles. Pyrroloselenazoles, 
Thienoselenazoles 413,452,455,456. 
458-46 I ,  486 

directing and activating effects in 
mass spectra of 272-277.279.280 
radiation chemistry of 290.291 

583 

Selenazolidines 456-458 
Selenazolines 456,457,460 
Selenazoloazepines 461 
Se!enazolopyrimidines 461 
Selenazolotriazines 461 
Selenenamides 640 
Selenenic acid anhydrides, 

generation of 624-626 
reactions of 626-628 

Selenenic acids 14,599 
generation of 624-626 

electrochemical 627 
reactions of 626-628 

Selenenic esters 639,640 
Selenenoyl radicals 237 
Selenenyl compounds. detection and deter- 

mination of 166 
Selenenyl halides, 

geometry of 70,75-77 
reactions of 403,421,428,626,629-639 

with alkenes 632-635 
with alkynes 635 
with allenes 635 
with carbonyl compounds 629-632 
with nucleophiles 639 

"Se-NMR chemical shifts for 21 1,212 
synthesis of 629 

Selenenyl sulphides, 77Se-NMR chemical shifts 
for 206,207 

Selenepanes 489,491 
Selenepins 489-491 
Selenetanes 404,405,444,469,525 

geometry of 86,87 
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Selenetanols 404 
Selenic acid 13 
Selenides 6.7 

acyclic -see Acyclic selenides 
alkyl aryl -see Alkyl aryl selenides 
ally1 -see Ally1 selenides 
arsine -see Arsine selenides 
bis-phosphine -see Bis-phosphine sele- 

chiroptical properties of 672-675 
detection and determination of 

dialkyl -see Dialkyl selenides 
diary1 -see Diary1 selenides 
directing and activating effects in 603409 
phosphine -see Phosphine selenides 
triorganophosphine -see Triorganophos- 

vinyl -see Vinyl selenides 
Selenienyl compounds 414,415 
Selenienylethyl acetates 572,593,594 
Selenienylpropenoic acids 430 
Selenimides 541 
Seleninates 548 

complexes of 759-762 
Seleninic acid anhydrides, 

as oxidizing agents 643-648 
deprotection by 648,649 
epoxidation of olefins using 645,646 
a-hydroxylation of ketones by 644.645 
synthesis of 643 

Seleninic acids 14 
as radiolytic products 296 
detection and determination of 
dissociation constants of 599401 
mass spectra of 262,263 
properties of 642 
reactions of 626,643-649 
substituent effects in 580 
synthesis of 643 

Seleninic esters 548 
Seleninium ions 470 
Seleninopyrazoles 472 
Seleninopyridines 472 
Selenins 464,469,476,478. 481-483 
Seleninyl halides, geometry of 106, 128 
Seleninyl radicals 237 
Seleniranes 402,404 
Seleniranium ions 403,632,633 
Seleniren ions 403 
Selenirenium ions 403,424 
Selenites 183 

nides 

167, 169, 
170, 177, 183 

phine selenides 

166, 184 

cyclic organic 462 
geometry of 106 
isotopically labelled 387-391,393 
radiation chemistry of 289,291 

Selenium, 

colloidal, radiation chemistry of 288.290- 
292,296 

coordinated, 
alkylation of 691 
protonation of 757 

as radiolytic product 296,297 
radioactive 370.371 
reactions of 406,407,419,428 

elemental, 

five-coordinated 143 
four-coordinated 125-130, 139, 140.517- 

metabolism of 387-389 
one-coordinated 64-70 
red form of 292 
six-coordinated 546-550 
three-coordinated 106-121. 124, 125 
two-coordinated 7C-106 

542 

Selenium bond angles 70,72-77.79.85.86, 

Selenium-carbon bond lengths 64-67,69, 
88-96.99-102, 107, 108. 113-1 16. 127-129 

70,75-83,85-96,9%103, 107, 108. 11 I .  

Selenium-carbon double bonds. 77Se-NMR 
115-118, 121, 124, 128, 139,320,321 

chemical shifts for compounds 
containing 208,209 

fragmentations 249 
Selenium extrusion, in mass spectral 

Selenium ligands. 
bidentate, 

anionic 778-801 
neutral 765-778 

incorporating Sen 803-814 
monodentate 

anionic 730-765 
neutral 683-730 

tetradentate 802,803 
tridentate 801,802 

Selenium-oxygen compounds, 77Sc-NMR che- 
mical shifts for 212,217,218 

Selenium-selenium bond lengths 83-86.95, 
103, 104, 118 

Selenoacetals 346 

Seleno alcohols 348 
Selenoalkanoic acids, 77Se-NMR chemical 

Selenoalkyl radicals 235,236 
Selenoallylcarbenium ions 321,322 
Selenoallyl cations 321,322 
Selenoaluminates 349 
Selenoamides 13,355 
Selenoamines, geometry of 80 
Selenoamino acids 457 

kekne -see Ketene selenoacetals 

shifts for 198,200 

chiroptical properties of 671,673 
detection and determination of 171, 177- 

182, 184 
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ESR spectroscopy of 238 
isotopically labelled 378-382. 388-390. 

radiation chemistry of 288-291.293.296 
392.393 

299 
Selenoanisoles. 

eometry of 70,74.75 
'7Se-NMR chemical shifts for 202.203 

Selenoarsines 362 
Selenoaryl esters of amino acids. chiroptical 

Selenoaurones 421.429.440.474 
Selenoazolidines. radiation chemistry of 292 
Selenoazolineselones 456 
Selenobenzamides 454 
Selenobenzofurans. mass spectra of 268 
Selcnobenzoic acids 477 
Selenobenzoyl halides 454 
Sclenobenzyl halides 477 
Selenobenzyl ketones. cyclodehydration 

Selenoboranes 344.345 
geometry of 70.81.82 

Sclenocarbamates 356.448 
complexes of 762-764.784.785 

structure of 103-105 
Selenocarbazides. radiation chemistry 

of 290. 291 
Selenocarbazones. complexes of 778.779 
Selenocarbenes 719 
Selcnocarbcnium ions. 

aliphatic 315-321 
cyclic 308-315 

properties of 673 

of 422 

Selcnocarbonyl complexes 715-721 
Selenocarbonyl compounds. coupling con- 

Selenocarboxylates 639.640 
Selenocarboxylic acids 12 
Selenocarboxylic esters 12 
Selcnochromanols 471 
Sclcnochromanones 470.471.479 
Selenochromans 472 
Selcnochronienes 423.470-473 
Selenochromones 423.473-475 

radiation chemistry of 288. 291 
Selenochromylium ions 315.423.472 

directing and activating cffects in 
equilibrium constants for 598 

stants for 220 

592 

Selenocinnaniic acids 419.474 
Selenocoumarines 423.473 
Selenocoumarins 475.476 
Selenocyanate complexes 103. I16.697,73(k 

Selcnocyanates. 
734.736740 

detection and dctcrinination of 
geometry of 70.73.74,XO. 86. 120 
mass spectra of 249.262.263 

166. 167 

radiation chemistry of 291-293.302 
reactions of 402,404 
77Se-NMR chemical shifts for 209-21 1 

Selenocyanides 641,642 
Selenocyanine dyes 315 
Selenocyclopropenylium salts 314.315 
Selenocysteamines 782 
Selenodialkanoic acids. mass spectra of 249 
Selenodihydroarsanthrenes 364 
Selenodithiocarbamates. complexes of 791. 

Selenodithiocarbonate anion. reactions 

Seleno esters 622 

Seleno ethers. 

792 

of  402 

77Se-NMR chemical shifts for 

complexes of 680.691 
reactions of 444 

Selenoflavones 472-474 
Selenoformaldehyde complexes 768-770 
cu-Scleno free radicals 321-328 

addition to olefins 326-328 
conformational effects in  326 

Selenogermanes 349-351.354.356 
Selenoindigoid dyes 421 
Sclenoindoxyls 421.474.475 
Selenoisocyanates, "Se-NMR chemical shifts 

f o r  210. 219 
Selcnoisothiocyanatcs. 77Se-NMR chemical 

shifts for 210. 219 
Selenoketenes 12,403.405.464 

Selenoketocarbene complexes 703 
Selenoketocarhene moiety 113 
Selenoketones. 

chiroptical properties of 675 
complcxcs o f  726,729 
reactions of 408 
synthesis of 628.634 

Selenolactoncs 433 
chiroptical properties of 673 

Selenolactonization 422 
Selenolanes 444 
Selenolatcs 348.409.4l0.621.623 

Selenolntoethylamine complexes 780 
Sclenol complexes, 

207. 208 

geometry of 65 

77Se-NMR chemical shifts for 196198 

bridging bonding in  743-748.750-754 
structure of 103- 105 
terminal bonding in 741.742.749-751 

Selenol esters 348 
Selenolobenzofurans. mass spectra of 279 
Selenolobenzothiophenes 431.432 
Selenolofurans 429.430 
Sclenoloindoles 438. 439.453 
Selenoloisoselcnazoles 437.438 
Sclenoloisothiazoles 437 
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Selenoloisoxazoles 437 
Selenolooxazoles 438 
Selenolopyrans 435 
Selenolopyrazoles 437,439 
Selenolopyridazines 438 
Selenolopyridines, 

mass spectra of 266,267 
synthesis of 438,439 

Selenolopyrimidines 438 
Selenolopyrroles 436.438.439 
Selenolopyrylium ions 420,435,438 
Selenoloquinolines 439 
Selenoloselenadiazoles 438,464 
Selenoloselenophenes 43W35 
Selenolothiadiazoles, mass spectra of 
Selenolothiazinones 437 
Selenolothiazoles, 

mass spectra of 280 
synthesis of 437.438 

Selenolothiophenes 430-433 
Selenolothiopvranones 435 

278 

Selenols s ,X ,  355.356 
detection and determination of 

dissociation constants of 600 
geometry of 70.73,74 
isotopically labelled 371,372,382 
properties of 620.621 
reactions of 622-625 
77Se-NMR chemical shifts for 196-198 
synthesis of 621.622 

165. 166. 
184 

Selenomalonates 475 
Selenomethionines, mass spectra of 249 
Selenomorpholines 485 
Selenones 9, 10. 183,546-550 

complexes of 707,708 
directing and activating effects in 
mass spectra of 258-260 
radiation chemistry of 301 

609-61 1 

Selenone-seleninate rearrangement 259,283 
Selenonic acids 14.547 

detection and determination of 166 
directing and activating effects in 
reactions of 650 
synthesis of 649.650 

Selenonium ions 7 , 8  
chiroptical properties of 668 
detection and determination of 

directing and activating effects in 
geometry of 106. 107 
radiation chemistry of 301 
"Se-NMRchemical shifts for 217, 219 

Selenonium ylides 418.602.603 
Selenophenes - see also Benzoselenophenes. 

Bis-selenophenes. Dibenzoselenophenes. 
Naphthoselenoplienes. Selenoloscleno- 

599 

167, 171. 
I76 

601, 602 

phenes, Tcllurolabenzoselenophenes, 
Telluroloselenophenes 17 

chiroptical p r o p e r k  of 674,675 
detection and determination of 

directing and activating effects in 

geometry of 88,89, 92,93. 128-130 
ground-state aromaticity of 410 
hydrogenated 418.419 
isotopically labelled 377,383,385 
mass spectra of 264269,279 
metalated 414418 
photolysis of 265.386 
reactions of 410-414 
77Se-NMR chemical shifts for 212-215 
substituent electronic effects in 572-574, 

synthesis of 407-409.464 
tautomerism of 246 

Selenophenols 419,475 
radiation chemistry of 288,29 I 

Selenophenopyridines 586 
Selcnophenothiophenes 587,588,597 
Selenophosphates 359 

complexes of 785,786 
Selenophosphinates. complexes of 785 
Selenophosphinic acids 676 
Selenophosphoranes 463 
Selenophthalic anhydrides 427 
Selenophthalides 427 
Selenopropionic acids 471 
Selenoproteins 381,382,389.390 
Selenopyranones 471 
Selenopyrans 469471 
Selenopyrones 469 
Selenopyrylium ions 266,315,445,470 
Selenosalicylideneamine chelates 781 
Selenosemicarbazides 13 

complexcs of 770 
Selenosemicarbazones 455 

complexes of 726.727 
radiation chemistry of 290.29 I 

Selenosilanes 349-352,354.355 
Selenostannanes 349,350,35&358 
Selenosultones 482 
Selenothiocarbamates, 

complexes of 765,789,790 
mass spectra of 264 

Selenothio complexes 786-793 
Selenothiophosphates. complexes of 789 
Selenothiophosphinates, complexes of 789 
Selenoureas 13,448 

structure of 69,70. 103, 104, 115 

177, 183, 
184 

581,582, 
587-589.591,594-597,599 

578.579 

complexes of 683-689,786.792 

detection and determination of 107. 177. 
184 
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geometry of 67-70,84,85, 119, 120 
isotopically labelled 382 
mass spectra of 264 
radiation chemistry of 288-295,297 

as radiolytic products 297 
isotopically labelled 371,374 

Selenous acids, 

Selenoxanthates, complexes of 786,787 
Selenoxanthenes 478,489 

Selenoxanthenols 478 
Selenoxanthones 477,478 

Selenoxanthylium dyes 315 
Selenoxanthylium salts 478 

radiation chemistry of 288,291,299-301 

radiation chemistry of 288,291 

directing and activating effects in 588,589 
equilibrium constants for 598 

Selenoxide elimination 631 
Selenoxides 9,10,536,537 

chiroptical properties of 668-670 
complexes of 721,722 
detection and determination of 177 
directing and activating effects in 
geometry of 127 
mass spectra of 255-257 
reactions of 421.427.428.624.62s 
synthesis of 419 

Selenoxide-selenate rearrangement 256, 

Selenoxobenzothiazoles 402 
2-Selenoxo- 1,3-diseleno-4,5-diselenates, com- 

Selenoxodiselenoles 448 
Selenoxodithioles, mass spectra of 280 
Selenoxoselenazolidinones 456 
Selenuranes -see also Selenanes (Musher's 

609,610 

257,262,282,639 

plexes of 798 

nomenclature) 403,566,567 
geometry of 107, 108 

Selenuranyl-type radicals 325 
Selones 11,  12,403 
Se(Ph)(SPh) complexes 726 
Se(SR), 539 
Side-chain reactions, directing and activating 

Sigma constants 319 
Silanes, geometry of 66 
Simonis synthesis 473 
Skraup synthesis 426 
Slater determinant 31 
Slater's rules 25 
Slater-type orbitals (STO) 24-28 
Solvent effects, on ' Se-NMR chemical 

Spin densities 321 
Spin-orbit coupling constants 324 
Spin-orbit line broadening mechanisms 326 
Spin-rotation mechanism 326 

effects in 593,594 

shifts 194, 195 

Spin-rotation relaxation 193,238 
Spiroselenium heterocycles 493 
Square pyramidal configuration 132 
Steroids, isotopically labelled 372-375 
Structural chemistry, 

of five- and higher-coordinated Se and 

of four-coordinated Se and Te 125-143 
of one-coordinated Se and Te 64-70 
of three-coordinated Se and Te 
of two-coordinated Se and Te 70-106 

Substituent Chemical Shift values 202 
Substituent constants 560-563 

Te 143-147 

106-125 

for chalcogenazidinium salts 569,570 
for heterocyclic groups 567.568 
for Se(rr)- and Te(ii)-containing 

lor Sc(iv)- and Tc(iv)-containing 

hydrophobic 570 
replacement 568,569 

by NMR spectroscopy 579,580 
in aromatic electrophilic and nucleophilic 

groups 563-566 

groups 566,567 

Substituent effects, 

reactions 577 
Sugar diselenides, chiroptical properties 

of 672 
Sulphenyl halides, geometry of 75,76 
Sulphides 6 ,7  
Sulphonium salts 7 , s  
Sulphoxides 9 
Sulphur bond angles 72,76,83,85,89-93, 

Sulphur-carbon bond lengths 64-67,76,78, 

Sulphur-sulphur bond lengths 83-85,95, 117 
Sulphur tetrafluorides, geometry of 126 

Te(ArS), 540 
Te(EMe,), (E = Ge,Sn,Pb) ligands 814-820 
Tellones 11,12 
Tellura-bridged heterocycles 494 
Telluracycloheptanes 491 
Telluracyclohexanes 468,469,526 

geometry of 97,98, 132, 138, 139 
isotopically labelled 377,384 

Telluracyclopentanes 519 
geometry of 140 

Telluradiazoles 467 
directing and activating effects in 

Tellurafulvalenes 450,451 
Tellurals 11, 12 
Telluranes (conventional nomenclature) -see 

Telluranes (Musher's nomenclature) 517- 

Telluranthrenes 484 

95,96, 101,113, 126 

81-83,85,89,90,92-96, 101,103, 117 

584 

Telluracyclohexanes 

519,537,539,540,566,567 
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geometry of 99-101 
Tellurapentalenes 445 

mass spectra of 272 
Tellurasilanes 480 
Tellurathiaporphyrines 409 
Tellurazines 487 

Tellurazoles 461 

Tellurenic acid derivatives 14 
Tellurenyl halides 440,651,652 
Tellurenyl tellurinyl selenides, '"Te-NMR 

chemical shifts for 232,233 
Tellurepins 491 
Telluric acid 14 
Tellurides 6,7 

complexes of 820 

directing and activating effects in 583 

acyclic -see Acyclic tellurides 
alkyl aryl -see Alkyl aryl tellurides 
chiroptical properties of 672-675 
detection and determination of 

dialkyl -see Dialkyl tellurides 
diary1 -see Diary1 tellurides 
directing and activating effects in 
metal -see Metal tellurides 
phosphine -see Phosphine tellurides 
'"Te-NMR chemical shifts for 222-225, 

167, 171- 
173, 183 

609 

233 
Tellurienylethyl acetates 573,593,594 
Tellurimides 540,541 
Tellurinic acids 14,655 
Tellurins 475,482,483,489 
Tellurinyl trihalides 651,653,654 
Telluriranes 402,403 
Tellurium, 

elemental, 
as radiolytic product 303 
radioactive 371 

five-coordinated 107, 144146,534,535, 

four-coordinated 125, 129-143,517-542 
metabolism of 389 
one-coordinated 64 
seven-coordinated 145, 147 
six-coordinated 107, 145, 146,517,518, 

three-coordinated 106, 107, 114, 119-124 
two-coordinated 72,77,78,86,89-93,95, 

Tellurium bond angles 72,77,89-91,93,95, 

Tellurium-carbon bond lengths 64,72,77, 
78,86,89-91,93,95,97,101, 106, 107, 
114, 120, 121, 124,131, 139, 142-145, 147 

542-544 

540,544-546,55@552 

97-101,105, 106 

97, 101,107,114, 131-135,138, 142, 143 

Tellurium ligands, 
bidentate 828-831 
incorporating Ten 831-839 

monodentate, 
anionic 824-828 
neutral 814-824 

Tellurium-tellurium bond lengths 86,95 
Tellurium tetrahalides 403 
Telluroalkanoic acids, isotopically 

labelled 375 
Telluroamides 13 
Telluroamino acids, isotopically 

Telluroarsines 362 
Telluroaurones 440 
Tellurocarbonyl complexes 814,821, 

Tellurocarboxylic acids 13 
Tellurocarboxylic esters 13 
Tellurochromanols 471 
Tellurochromanones 470,471,474 
Tellurochromans 472 
Tellurochromenes 470,471,473 
Tellurochromones 474,475 
Tellurocoumarins 476 
Tellurocyanates 13 

reactions of 823 
Tellurocyanides 652 
Tellurocyclopropenylium salts 315 
Tellurodesulphonation 442 
Tellurodihydroarsanthrenes 364 
Telluro ethers, complexes of 680 
Telluroflavones 475 
Telluroformaldehyde complexes 827.829, 

Tellurogermanes 353,356 
Tellurohydrazides 13 
Telluroindigoid dyes 441 
Telluroindoxyls 440,443,444 
Telluroketenes 12,406,462 

complexes of 829,830 
Telluroketones, complexes of 814,823 
Tellurolates 353,650,651 

Tellurol ligands 824-828 
Tellurolobenzofurans 443 
Tellurolobenzoselenophenes 443 
Tellurolofurans 443 
Tellurolopyridazines 443 
Telluroloquinolines 443 
Telluroloselenophenes 443 
Tellurolothiepins 443 
Tellurolothiophenes 443 
Tellurols 5,6 

labelled 381,392 

822 

830 

reactions of 409 

detection and determination of 165,166 
properties of 650 

Telluromethylidyne complexes 822 
Tellurones 9, 10,55U-552 
Telluronium ions 7,8 

chiroptical properties of 668 
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detection and determination of 

geometry of 107. 114 
Telluronium ylides 602.603 
Telluronyl compounds 656 
Tellurophenes - see also Benzotellurophenes. 

167. 171. 
176 

Dibenzotcllurophcncs. Naphthotelluro- 
phencs 17.528 

complexes of 820 
detection and determination of 177 
directing and activating effects in 581,582. 

593,595-597 
geometry of 89.92.93 
ground-state aromaticity of 410 
hydrogenated 418.419 
isotopically labelled 378.383, 38.5 
mass spectra of 264,265 
metalated 414418 
photolysis of 386,387 
reactions of 416414 
substituent electronic effects in 572-574. 

synthesis of 409,469,484 
'"Te-NMR chemical shifts for 230,232 

580 

Tellurophosphinous anhydrides 361 
Tellurophthalic anhydrides 442 
Telluropyrones 469 
Telluropyryliuin ions 470.480 
Tcllurosilancs 353-355 
Tellurostannanes 353 
Telluroureas 13 

complexes of 814,821 
structure of 106 

Telluroxanthenes 479.480 
complexes of 820 

Telluroxanthones 479 
Telluroxides 9, 10.419.537 

complexes of 814.824 
Temperature effects, on NMR spectra 

320 
Template reactions 781 
Te(SR), 539 
Tetracenes, geometry of 95 
Tetrahalides. 

195. 

geometry of 129, 130 
radiation chemistry of 303 
reactions of 405.409.423,519,520,522, 

533-535,540,544.653 
with alkenes 526-531 
with alkynes 532 
with carbonyl compounds 523-526 

Tetrahaloorganyltellurates 542-544 
Tetraorganyltellurium compounds 534-536 
Tetraselenocanes 492 
Tetraselenooxalates 766 
Tetratellurins 489 
Tetratellurofulvalenes 651 

Thiadiazoles 278.279.426 
Thials 11.  12 

Thianes. 
geometry of 67 

geomctry of 96. 138. 139 
mass spectra of 252 
NMR spectra of 384,385 

Thianones. mass spectra of 253 
Thian threnes. geometry of 99- 10 1 
Thiaselcnafulvenes 448 
Thiasclcnanes 480 
Thiasclenazines 488 
Thiaselcnctanes 404 
Thiaselenins 481 
1,3-Thiaselenolan-2-ylium ions 312, 314 
Thiaselcnoles 444,445,453 

Thiaselenolethioncs 448.449 
Thiaselcnolylium ions 45 1 
Thiatelluranes 481 
Thienoselenazoles 452.460 
Thienoselenoxoselenoles 449 
Thietanes, geometry of 87.88 
Thiirancs, desulphurization of 402 
Thiiranium salts 403 
Thiirenium salts 403 
Thioamines, geometry of 82 
Thioanisoles, geometry of 74,75 
Thiocyanates. 

mass spectra of 278.280.281 

geometry of 86. 120 
rotational barriers in 73 

geometry of 65 
Thioketencs 12 

Thiols 5. 6 
Thiones 11.  12 
Thiophcnes. 

chiroptical properties of 674 
geometry of 88.89.92,93 
synthesis of 408.409 

Thiourea, geometry of 119-123 
Topomerization 5 18 
Trans effect 103 
Triarylselenium halides 520.521 
Triaryltellurium halides 520,521 
Triaryltellurium pseudohalides 520 
I ,  l,l-Trifluoro-3-(2-thienyl)-4-seleno-3- 

butene-2-one complexes 786 
Trigonal bipyramidal configuration 125, 129, 

132. 135. 142. 147 
Trihalides 15 

detection and determination of 166, 171 
geometry of 143, 144 
reactions of 403,523,526,527,529,530. 

s nthesis of 521,522,653 
IY5Te-NMR chemical shifts for 228 

Triorganophosphine selenides, complexes 

533.654 
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of 891-899 
Triorganyltellurium compounds 655 
Triselenadihorolanes 345 
Triselenanes 487 
Triselenocarbonates. complexes of 728.796, 

Triselenocyanate anion I16 
Triselenolancs 462 
Triselenoles 462 
Tris(o-methylse1enophenyl)phosphine 

complexes 801,803 
Tris(se1cnourea) cation 115 
Tritelluranes 488 
Tritellurolcs 462 

Ullmann-Fetiadjan cyclization 426 
Ullmann reaction 414 
Unimolecular dissociation 247 
qP-Unsaturated carbonyl compounds, 

797 

reactions of 632 
synthcsis of 629-631 

UV spectroscopy, of 1.2-dichalcogenolylium 
ions 308.309 

Valence-shell electron-pair repulsion 
(VSEPR) model 63,67.71.129. 134. 
147 

Van der Waals' radii 78 
Vaska'scomplcx 718 
Vibrational amplitudes 140 
Vilsrneier-Haack formylation 4I0,41 I .  413. 

424,431.434.437 
Vinyl selenides 319,635 

XPS spectroscopy 736.795 
X-ray diffraction crystallography. in structure 

determinations 67-70.75-82,8486.90- 
98, 107-124. 127. 129-147,320 

Ylide resonance structures 107 
Ylides -see also Selenonium ylides, Tellur- 

oniurn ylides 8 
mass spectra of 261 

Zinc complexes 103. 105 
Zwitterions 544 
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