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HISTORICAL SKETCHES-A NEW FEATURE 

UNFORTUNATELY, few chemists seem to have more than a passing interest in the history of 
chemistry. In contrast to the situation in the humanities, where the average student is expected 
to steep himself in the classics, the average chemistry graduate has little knowledge of the 
history of his chosen discipline. We take this situation for granted today, yet this has not always 
been the case. 

The German poet and dramatist, Johann Wolfgang von Goethe, himself an amateur scientist, 
declared “Die Geschichte der Wissenschaft ist die Wissenschaft selbst” (This history of science 
is science itself). Many of the founders of chemistry were well acquainted with its history. The 
first history of chemistry in the English language was written in 1830-1831 by the Scottish 
chemist, Thomas Thomson, an active practicing scientist, and August KekulC spent much time 
reading the classics of chemistry before making any original discoveries of his own. 

Such a lack of historical perspective can result in a distorted view of chemistry. Science is 
more than its usual dictionary definition as “organised or classified knowledge”. In addition to 
its cognitive, factual aspects, science is a process-the search for knowledge carried out by 
struggling and committed practitioners, both successful and unsuccessful, working in the 
context of their scientific, social, and political milieu, i.e. an exciting human activity. In the 
words of Professor John C. Bailar, Jr., “One cannot really understand or appreciate the present 
position of science unless he knows something of the slow and tortuous steps through which it 
developed. The scientist’s ability to help it move forward will be greatly enhanced by an 
understanding of the thinking of the chemists who built the theories which we use today”.’ 

Yet a knowledge and appreciation of history is not limited to its cultural and inspirational 
value. It can also be directly applicable to contemporary research efforts. As a case in point, 
when Lord Rayleigh encountered discrepancies between the density of atmospheric nitrogen 
and that of nitrogen prepared from compounds, he sought suggestions from the readers of the 
journal Nature.’ William Ramsay suggested that Rayleigh read Henry Cavendish’s paper4 of 
1785 on nitrogen, which more than a century earlier had predicted the presence of an unknown gas 
in the atmosphere. Together Ramsay and Rayleigh went on to discover the first of the inert gases, 
argon, in 1894 and thereby to uncover the existence of a completely unsuspected periodic group 
of elements. 

“Historical Sketches” is a new feature that will consist of occasional articles concerned with 
historical aspects of inorganic and organometallic chemistry, including biographies, developments 
of concepts and theories, and the role of inorganic and organometallic chemistry in human affairs. 

Persons wishing to contribute an article to “Historical Sketches” should contact: Professor 
George B. Kauffman, Department of Chemistry, California State University at Fresno, Fresno, 
CA 82740, U.S.A. 

1. 

2. 
3. 
4. 

D. C. BRADLEY 

G. WILKINSON 
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ANNOUNCEMENT 

Executive Editor, North America 

The publisher, Robert Maxwell, and the Editors, are delighted to announce that Professor 
Malcolm Chisholm has agreed to become Executive Editor with responsibility for the 
United States and Canada. Contributions for POLYHEDRON from North American 
authors should be sent to: 

Professor Malcolm Chisholm 
Department of Chemistry 

Indiana University 
Bloomington 

IN 41405 
U.S.A. 

We trust that this new arrangement will reduce delays in mailing of manuscripts and proofs 
and so assist in more rapid publishing. 
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Language has always been a central feature of chemical 
development. As Lavoisier noted in the M&ode de 
Nomenclature Chimique (1787): 

There are . . . three things to distinguish in all phy- 
sical science: the series of facts which form the 
science; the ideas which recall the facts; and the 
words which express them. The word must suggest 
the idea; the idea must depict the fact: these are three 
marks of the same stamp.’ 

Savory has discussed the fortunate way in which 
scientists can invent words merely by defining them so 
that others may know how and when to use them, the 
only criterion being that of intelligibility.2 However, it 
need not necessarily follow that a neologism will be 
automatically adopted by the scientific community, even 
if it does satisfy Lavoisier’s criterion that it should 
suggest the idea of a definite chemical phenomenon. 
Force of habit alone will insure that a system of rev- 
olutionary character will not be accepted. The refor- 
mation of a nomenclature has to proceed step by step. 
For example, Auguste Laurent was responsible for a 
large chemical vocabulary, little of which was sub- 
sequently adopted; similarly, Charles Mansfield’s strange 
language in his Theory of Salts was completely ignored.3 
Are there, therefore, perhaps criteria for the adoption 
and acceptance of scientific words? What makes a suc- 
cessful neologism? 

An examination of the origins, dissemination, and 
eventual adoption of the term iigand, which is used by 
chemists to refer to atoms or groups attached to a central 
atom in the formation of coordination compounds or 
organonietallic compounds,4 throws some light on these 
questions. It will be suggested that it is essential that a 
successful conceptual term should possess an inter- 
national form, i.e. that it is derived from Latin or Greek 
(with Roman transliteration).5 Furthermore, in the twen- 
tieth century it has become necessary for a new term to 
be used in influential papers (i.e. ones which attract 

tReprinted (with corrections by G. B. K.) with permission from 
Ambix, Vol. 28, Part 3, November 1981 by courtesy of the Editor, 
Dr. W. H. Brock and the authors. 

multiple citation), and for the term to be endorsed by 
Chemical Abstracts and leading journals. Since the 
Second World War this process has been assisted by the 
nomenclature commissions of the International Union of 
Pure and Applied Chemistry (IUPAC). In principle, a 
term can be introduced in an English, German, French, 
Scandinavian, or any other language, but the acceptance 
of a new chemical term may be seriously delayed until it 
is adopted in English-language publications. 

While engaged in pioneering experimental work on the 
hydrides of boron during his First World War sojourn at 
the Kaiser-Wilhelm-Institut fib Chemie in Berlin, Alfred 
Stock (18761946) directed his attention to the analogous 
hydrides of silicon. Their highly reactive and volatile 
character, it was thought, might have military ap- 
plications. At a meeting of the Kaiser-Wilhelm-Institut 
on 27 November 1916 Stock discussed the similarities 
between carbon and silicon chemistry first noticed by 
WBhler.6 For Stock, these analogies were made more 
evident and interesting by the deeper knowledge of 
atomic structure that was then becoming available to 
chemists: 

The surprisingly rapid development of our know- 
ledge of the nature of atoms promises that in the not 
too distant future, it will be possible to develop an 
atomic-structural chemistry in which fundamental 
chemical properties of atoms, such as- their affinities 
and valencies, will be explicable from their atomic 
structure.’ 

In the published version of the paper in 1917, the phrase 
“allinities and valencies” was accompanied by a foot- 
note: 

To prevent misunderstandings the meaning of several 
words used here must be explained. AtBnity is the 
expression for the firmness with which one element 
binds other elements or radicals (generally: 
“Ligands” (ligare[L.atin], to bind); the introduction of 
a word hitherto lacking simpliies the manner of 
expression for this immediately clear concept).- 
Valence (Vulenz) means the unit of force which can 
bind a univalent ligand; positive valencies bind nega- 
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tive ligands, negative valencies bind positive 
ligands.-Atomicity (Wertigkeit) is the number of 
valencies which an atom manifests; the highest 
atomicity is the highest number of valencies observed 
for an element.* 

Thus Stock first coined “@and” (Latin gerundive &an- 
dum, “that should be bound”) to fill the gap caused by 
the absence of a general term for the immediately clear 
concept of elements and radicals bound to another ele- 
ment. 

Having made this clarification in the context of silicon 
chemistry-not, it should be stressed, in the context of 
Werner’s coordination theory or in a discussion of in- 
organic complexes, Stock made no further use of the 
term ligand in the paper. Nor did he use it frequently in 
later experimental papers.9 Although Stock’s paper of 
1917 was reviewed for the British Chemical Society in 
1919,” the reviewer, E. C. C. Baly, drew no attention to 
the footnote; perhaps rightly, he was far more interested 
in Stock’s preparation of, and proposed nomenclature 
for, the silanes. 

Indeed, the word ligand seems to have been totally 
ignored by English-language chemists until the 1940s. It 
does not occur, for example, in either the first (1917) or 
second (1924) editions of the German-English Dictionary 
for Chemists by the American chemist and abstractor, 
Austin M. Patterson.” Furthermore, its adoption by 
coordination chemists in the 1950s evidently suggested to 
some of them that it was a term of recent vintage. In a 
monograph on chelating agents published in 1964, the 
Australian chemist D. P. Mellor dated “its introduction 
about 20 years ago,” i.e. to about 1944.” As we shall see, 
Mellor was partly right. Similarly, although it does not 
purport to refer to the first recorded use of words, the 
Oxford English Dictionary cites a paper by Leslie E. 
Orgel published in 1952 as containing the word @and.” 
Recent textbook writers are either content to define 
ligands as molecules coordinated to a central metal 
atom14 or to use the term without any explanation. 

How then did the word ligand come to be introduced 
into the English language? And how did it become a 
term particularly associated with Werner’s chemistry of 
coordination compounds? 

The classical textbooks of coordination chemistry by 
Werner, Urbain and SCnCchal, and Weinland” had no 
term corresponding to ligand (although Werner 
occasionally used “Addend”), probably because Wer- 
ner’s distinction between primary and secondary valen- 
ties made it difEcult to consider all coordinated atoms or 
groups as equivalent. The widespread dissatisfaction 
with Werner’s Hauptualenz and Nebenualenz acted as a 
strong deterrent to his entire theory for a number of 
years. A clear distinction between the two types of 
valence was not always possible, and a number of chem- 
ists considered the notion of primary and secondary 
valence bonds vague and unfounded.” Stock’s proposal 
was not followed in the second edition of Weinland’s 
book (1924) or in the 6fth and 6nal edition of Werner’s 
Ncucre Anschaumgen edited by Paul PfeilIer (1923). 

However, during the 1920s the distinction between 
primary and secondary valencies disappeared-in Ger- 
many, through the elaboration of Walther Kossel’s 
theory of electronic shells” by A. Magnu~,‘~ and in 
America and England through the atomic theories of G. 
N. LewisI and N. V. Sidgwick.m In Germany a com- 
mission of the Deutsche Chemische Gesellschaft com- 

posed of R. Lorenz, R. J. Meyer, S. Meyer, P. PfeifIer, 
A. Rosenheim and A. Stock was appointed to deal with 
the nomenclature of inorganic chemistry which had 
become confusing and troublesome. Its published rules” 
recommended that use of a Roman numeral (the Stock 
number? to designate the “valence” (oxidation state) of 
an element. The complete German proposal, which was 
not published in German but is known from a French 
trans1ation,23 probably contained the term ligand to 
designate atoms, groups or molecules attached to a cen- 
tral atom-although it is absent in the preliminary ver- 
sion.% The proposal was submitted by Stock at the 
Hauptversammlung des Vereins deutscher Chemiker at 
Nllrnberg in 1925, and one can deduce from the ap 
pearance of ligand in German literature since 1927 that 
the term was included in his report. The fourth edition of 
Ephraim’s distinguished textbook, Anorganische Chemie 
(1929), adopted the word when introducing the elements 
of Periodic Group IV and referred to Stock explicitly as 
its originator.2s According to Ephraim, echoing Stock, 
“Grganic chemistry owes its diversity principally to the 
equal binding forces of the carbon atom towards the 
most dissimilar ligands”. By 1930, therefore, the word 
ligand had become widely used in German publications,26 
including the monographs on stereochemistry by Stefan 
Goldschmidt and Freudenberg,27 and was even adopted 
by the Japanese coordination chemist, RfitarG Tsuchida, 
when writing in English on spectrochemical series in a 
Japanese joumaLzs Due to the demonstration by Wer- 
ner’s former student and colleague, Paul Pfei!Ter (1875- 
1951), that there was a close relationship between Wer- 
ner’s coordination theory and the structure of crystals as 
revealed by the then new experimental technique of 
X-ray diffraction,” one might have expected that geo- 
chemists and crystallographers would have used ligand at 
an early date. However, to take one example, the crys- 
tallographer, V. M. Goldschmidt, used instead the 
phrase “niichste Nachbam” (nearest neighbours).m 

Meanwhile, however, the international chemical 
community had moved along a different path. After the 
First World War the Union Intemationale de Chimie 
Pure et AppliquCe (UIC) was established, without Ger- 
many as a member, and with French as its official lan- 
guage. In 1921 the UIC appointed a Commission (with 
the Dutch chemist, W. P. Jorissen, as chairman) to deal 
with the nomenclature of inorganic chemistry.3’ At a 
meeting in 1926 the Commission discussed Werner’s 
proposa?* to use the endings -a, -o, 4, -e, -an, -on, -in, 
-en, to designate eight different valencies. Although this 
proposal had already been adopted officially by the pre- 
vious international union (Association Intemationale des 
Soci6tbs Chimiques) at a congress in 1913, it was rejec- 
ted because grammatical and phonetic ditllculties made 
it unacceptable in several languages, including English. 
Instead the Commission adopted the use of Stock num- 
bers.33 Following a further conference at Washington in 
1926, a definite proposal was drawn up by Marcel Del+ 
ine and published by Jorissen in a Dutch joumaLy The 
proposal contained detailed rules for naming coordina- 
tion compounds by the use of Stock numbers; the term 
ligand was, however, not used. 

After 1930, when Germany had been re-admitted to the 
UIC, a collaboration between the International and 
German Commissions on nomenclature was initiated, 
and a French translation (by Deltpine) of the German 
proposal was published by R. J. Meyer.35 In this there 
occurs the expression “ordre des constituants li& Z+ 
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I’atome central)‘% as a rendering of the original “Rei- 
henfolge der Liganden”. Clearly, ligand was not accept- 
able as a French term. 

At a further meeting in 1936, the International Com- 
mission, which now comprised H. Remy from Hamburg 
as the German representative, Jorissen, Delkpine and 
Fichter (the English member, Clarence Smith, was ab- 
sent), drafted a proposal which was finalised at a meeting 
in Berlin in 1938 and adopted at the Tenth Congress of 
the UIC at Rome in the same year. (Here A. Damiens 
and H. Bassett’had replaced Del&pine and Smith.) The 
German version was published in 1940 by Remy, who 
mentioned that Stock had been active in the German 
chemists’ deliberations.” However, in translating this 
German report, Bassett, of the University of Reading, 
who perhaps showed a lack of linguistic instinct, ren- 
dered ligands as “attached atoms or group~“,~ just as 
the French had done in 1937. Although Bassett was not a 
coordination chemist, it is astonishing that he did not 
adopt ligand, the derivation of which from Latin &are 
seems obvious.R No doubt he was tiected by the out- 
break of the Second World War, and the absence of the 
word in English textbooks,” Patterson’s German-Engl- 
ish Dictionary for Chemists,4’ and Chemical Abstracts.” 
Since Bassett’s translation was used in the American 
version43 with only minor amendments of spelling and 
footnotes, not surprisingly the word was omitted in 
Janet Scott’s review of inorganic nomenclature pub- 
lished in 1943.” Similarly, the French version of the 1938 
Rules avoided the term by rendering ligands as “radi- 
caux”.45 The reluctance of English chemists to employ 
ligand is underlined by the use of the word groups in the 
English translation of Walter Hiickel’s important text, 
Anorganische Strukturchemie.& 

On the other hand, there seems to have been less 
reluctance to take ligand into other languages either 
directly from German usage or from the German version 
of the 1938 Rules. For example, around 1935 K. A. 
Jensen introduced ligand into Danish, having learned the 
term from Pfetier’s chapter on coordination chemistry 
in Freudenberg’s Stereochemie.47 After fist using it in a 
paper on platinum complexes,” which he published in 
German, Jensen subsequently used it in Danish papers?9 
On Jensen’s suggestion, Jannik Bjerrum (who became 
Jensen’s colleague at the University of Copenhagen in 
1936) adopted the word in 1941 in the context of dis- 
cussions of stepwise equilibria, e.g. a “step system con- 
sisting of a central group M and n ligands A” and “l&and 
effect”.M Although the two chemists used ligand freely 
in Danish and German conversations on coordination 
chemistry, Bjerrum was initially in doubt whether he 
could use ligand in English. However, Jensen assured 
him that because Stock’s term was of Latin origin it 
could be used in any language. In this way, together with 
Tsuchida, Bjerrum became the tirst to use ligand in an 
English publication. His use of the term was also im- 
mediately accepted by some Swedish chemists5’ who 
were working in the same field. 

Although in Brazil the German chemist Heinrich 
Rheinboldt, who was a Professor of Chemistry in Sb 
Paulo, introduced ligante into Portugese as a translation 
of ligandz2 there seems to be no other language into 
which ligand has been taken from the German. The 
German version of the 1938 Rules was not translated into 
Russian. The word addend, which was in use in Russian 
chemistry around 1950, was obviously derived from 
Werner’s Neuere Anschauungen. A little later the 

expression “addends or ligands” was used, for example 
in a book on coordination chemistry by Golovnya and 
FedorovT3 The Russian term “teoriya polya ligandov” 
has been used for “ligand field theory” since at least 
1%2.- Similarly, ligand did not appear in the huge Czech 
and Polish 6-language dictionaries published in the 
1950.9.” The former cites the German version of the 1938 
Rules but uses the term “koordinovanC molekuly” for 
ligands. However, after 1960 ligand is psed in Czech, 
Polish and Croatian. Clearly, its introduction into Slavic 
languages was due to the impact of the huge quantity of 
papers on coordination chemistry which were published 
in English during the early post-war years. 

How then did ligand suddenly become so widespread 
in English? A decisive factor was undoubtedly the first 
post-war meeting in London in 1947 of the revived 
International Union, which was retitled the International 
Union of Pure and Applied Chemistry (IUPAC). Once 
again, nomenclature discussions were reopened by a 
Commission on the Nomenclature of Inorganic Chem- 
istry, using the 1938 Rules as a starting point.” Although 
Bassett (who had replaced Jorissen as chairman) was not 
very happy with the proposal to adopt the continental 
nomenclature for coordination compounds, Niels Bjer- 
rum” and K. A. Jensen, seconded by Bassett’s secretary, 
R. V. G. Ewens, argued vigorously that the primary work 
of the Commission had to be an expansion of, and a 
more precise formulation of, the 1938 Rules. It followed 
that ligand should be used instead of expressions such as 
“attached groups and molecules”. On the basis of this 
discussion Bassett and Ewens published a review paper’* 
in 1949 in which ligand was used and which also con- 
tained the proposal (due to Ewens) to use the charge of 
the entire ion (later known as the Ewens-Bassett number) 
in cases where the central atom had no well-defined 
oxidation state. 

Following further meetings of the Commission, a con- 
siderably extended set of rules for the nomenclature of 
inorganic chemistry was prepared and presented as 
“Tentative Rules” at a conference in Stockhohns9 in 
1953. The contents of the new Rules were therefore 
known four years before they were finally adopted by 
the Council of the IUPAC at the conference in Paris in 
1957 and published as “Nomenclature of Inorganic 
Chemistry 1957”.” 

The adoption of ligand into English by the IUPAC 
commission became immediately known to many chem- 
ists from the review paper by Ewens and Bassett” and 
by verbal information. However, the word ligand was 
already familiar to some English chemists-to those who 
worked with equilibria in solution from Bjerrum’s 
thesis6’ and to those who worked with the preparation of 
coordination compounds of platinum and other transition 
metals from the German literature.63 The effect of the 
IUPAC decision was primarily to reassure chemists that 
ligand would be an acceptable word in an English text. 
This is clearly demonstrated by the following fact: Bjer- 
rum’s English thesis exerted a great influence on coor- 
dination chemists working with the determination of 
stability constants. As has already been mentioned, the 
thesis induced Swedish chemists to use ligand, but 
chemists using En@sh as their mother tongue accepted it 
only around 1949. 

The explosive dissemination of ligand during the 1950s 
can be explained .& the result of a sort of branched chain 
reaction, the traces of which it is impossible to map out. 
It is reasonable to assume that the initiators were those 



4 W. H. BROCK et al. 

to whom the term was already familiar and who used 
ligand in their lectures and discussions. The foci for the 
dissemination of ligand in English were apparently Uni- 
versity College, London, The Butterwick Research 
Laboratories, Welwyn, and the laboratory for inorganic 
chemistry at the University of Oxford. By com- 
munication between supervisor and student and between 
authors, referees and editors, the term became employed 
in a great number of English and American papers, in 
what Nyholm described as “The Renaissance of In- 
organic Chemistry”,65 and from these it spread into other 
languages. The first two coordination chemistry con- 
ferences, at Welwyn in September 1950& and Copen- 
hagen in August 19537 undoubtedly did much to make 
the term familiar. In a lecture for the American Chemical 
Society in 1951 Fernelius stated “The coordinated ions 
or molecules have been referred to as ligands or ligates, 
addenda, and adducts”, but his preference is evident 
from the text that follows where he employs ligand 
(together with “coordinated group”).@ Thus the term 
ligand was in widespread use even before the Stockholm 
conference in 1953. 

At this time, too, ligand became frequently used in the 
context of “ligand field theory”-an expression first ap- 
pearing in print in 1954 in the published version of the 
paper delivered by L. E. Orgel and L. E. Sutton at the 
Copenhagen meeting.@ At the Solvay meeting in Brus- 
sels in May 1956, J. Bjerrum, C. K. Jlbrgensen, R. S. 
Nyholm and L. E. Orgel discussed the advantages of 
using “ligand field theory”, and under what conditions.” 

After Jannik Bjerrum had been appointed a full Pro- 
fessor in Copenhagen in 1948, he had a great number of 
American and Danish chemists working very intensely 
on. coordination chemistry, and several important pub- 
lications in English” combined to make the term ligand 
known, and his American students brought it to the 
U.S.A. R. S. Nyholm, who attended the Welwyn Con- 
ference as an ICI Fellow, probably brought the term 
ligand to Australia on his return there the same year. At 
a meeting on coordination chemistry in Sydney’* in 1953, 
Nyholm read a paper entitled “Nature of the Metal- 
Ligand Bond in Complex Compounds”, leading his 
countryman, D. P. Mellor, to comment that “The use of 
the anything but euphonious term ‘ligand’ to designate 
the atom, group of atoms, or molecule attached to the 
central metal atom has now become so widespread that it 
is not likely to be abandoned.” 

CONCLUSIONS 

As Crosland has noted in connection with organic 
nomenclature, “The establishment of any system of 
nomenclature presupposes the authority of an individual 
or group to impose such a system.“73 Partly because the 
phenomenon of isomerism forced attention on the prob- 
lems of indexing compounds very early, organic chemists 
seem to have found international co-operation com- 
paratively straightforward. (The Geneva Rules of 1892 
were revised at Li&ge in 1930.) Conversely, as Femelius 
has noted, since inorganic chemistry lacked “the barrier 
to mutual understanding” which the large numbers of 
compounds raised for organic chemistry, the inorganic 
nomenclature commission set up in 1919 “had to pioneer 
for such co-operative effort”,” its communications and 
authority being hampered by the aftermath of the First 
World War and the disruption caused by the Second 
World War, when agreement might otherwise have been 
reached.” 

By expressing in a non-committal way that something 
is “bound” to a central atom, ligand could be used in 
abstract papers without implying adherence to mislead- 
ing metaphorical images. Its strength lay in its ready 
extension into combinations such as “ligand field”, 
“@and effect”, or transformations such as “ligancy”. 
Moreover, as we have seen, the term’s Latin origin 
meant that it could be used in most Indo-European 
languages with no, or only minor, changes (see Ap- 
pendix). Hence its adoption in influential post-war papers 
and its acceptance by the IUPAC Nomenclature Com- 
mission in 1947 were probably momentous for its ac- 
ceptance by languages other than German. 
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see Egon Wiberg, Chem. Ber. 1950,83, XIX&XVIII. 
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*Stock, op. cit. (7), p. 170, footnote. Translations by W.H.B. 
‘For a later example, see A. Stock, Borwasserstoffe, XI. Struk- 
turformeln der Borhydride. Ber. dtsch. them. Ges. 1926, 59, 
2226-2229, esp. p. 2228: Augenscheinlich kann es such 
dreiwertig seini sowie es negativen Liganden gegeniiber (BzO3, 
RF,. B,(NH)3 u.s.w.) und such in den B-Alkylen (B(CH&) ~..,, _\ 
dreiwertig is;. Stock’ did not use the word in- Alfred Stock, 
Ulrra-Strukturchemie, Berlin, 1920 (The structure of Atoms, 
trans. by S. Sugden, London, 1923). 

‘OAnnual Reports of fhe Chemical Society (for 1918) pp. 36-37. 
London (1919). 

“A. M. Patterson, A German-English Dictionary for Chemists, 
New York (1917); 2nd Edn. New York (1924). The word is 
entered and defined in the 3rd Edn. New York (1950). 
However, since there were innumerable printings during the 
1930s and 194Os, each containing small amendments, there is a 
possibility of an earlier definition. We thank Dr. Leslie E. 
Sutton and Prof. J. Chatt for this reference. 

‘ID. P. Mellor, Historical background and fundamental concepts. 
In F. P. Dwyer and D. P. Mellor (Eds), Chelating Agents and 
Metal Chelates, p. 2. New York and London (1964). Dwyer died 
prior to publication, Curiously the term “chelate” (Greek, 
chela, a crab’s or lobster’s claw) for complex compounds in 
which the central metal atom is attached to a single organic 
molecule by two (later, more) bonds, which was introduced by 
Morgan and Drew in 1920, was quickly adopted internationally. 
See G. T. Morgan and H. D. K. Drew, J. Chem. Sot. 1920,117, 
1456. 

130xford English Dictionary. Supplement, Vol. 2, p. 669 (Oxford), 
referring to L. E. Orgel, The effect of crystal fields on the 
properties of transition metal ions. J. Chem. Sot. 1952, 4756- 
4761, 4757. 

14E g. F. Basolo and R. Johnson, Coordination Chemistry, p. 9. 
‘New York and Amsterdam (1964)” B. E. Douglas and D. H. 

McDaniel, Concepts and Models of Inorganic Chemistry. New 
York and London (1965)!C. S. G. Phillins and R. J. P. Williams. 
Inorganic Chemistry, Oxford (1965)?F.‘A. Cotton and G$Wilk: 
inson, Advanced Inorganic Chemistry. New York (1962); K. M. 
MacKay and Ann MacKay, Modern Inorganic Chemistry. 

‘t London (1968); L. E. Orgel, An Introduction to Transition 
Metal Chemistry. Ligand Field Theory. New York (1960). 

;A. Werner, Neuere Anschauungen auf dem Gebiete der anor- 
ganischen Chemie. Braunschweig (1905) (Werner often uses the 
verb “addieren” and the noun “Addition”, and occasionally the 
term “Addenden”. en. D. 45@G. Urbain and A. SenCchal. 
Introduction d la dhimie hes Complexes. Paris (1913)$. Wein: 
land, Einfiihrung in die Chemie der Komplex-Verbindungen 
(Werner Koordinationslehre) in efeme tarer Darsteflung. Stutt- 

$ gart (1919) 2nd Edn. Stuttgart (1924). ote also the absence in 
P. Pfeiffer, Grganische Molekiiloerbindungen, 2nd Edn. Stutt- 
gart (1927);%.-Urbain, La Coordination des Atomes dans la 
Molecule et la Svmboliaue Chimiaue. Paris (1933). 

16Werner was never satisfied with his artificial valence di- 
chotomy, which he always regarded as tentative (vorliiujig) and 
purely formal, and he sometimes wrote formulae without dis- 
tinguishing the two types of valence. In an address before the 
British Association for the Advancement of Science at Lei- 
tester. he stated: 

If.. the distinction between principal and auxiliary bonds 
and principal and auxiliary valencies is kept up, it is 
because it seems necessary, in view of the present tran- 
sitional state of the doctrine of valency, to construct shar- 
ply defined partial conceptions which can afterwards serve 
as the foundation stones of a more comprehensive con- 
ception of valency (“Valency”, Chemical News 1907, 96, 
128-131). 

See G. Schwarzenbach, Die Entwicklung der Valenzlehre und 
Alfred Werner, Experientia 1966, 22, 633-646 and Alfred Wer- 

‘~ ner and his accomplishments. In Fasciculus Extraordinarius 
Alfred Werner 1866-1919, pp. 38-63. Base1 (1967). 

-_ “W. Kossel, Ann. d. Phys. 1916.49, 229-362. 
‘*A. Magnus, Z. Anorg. AI&g. Chem. 1927, 124,289-321. 

19G”. N. Lewis, Vale.nce and tautomerism. J. Am. Chem. Sot. 
1913, 35,,l44&1455fhe atom and the molecule. ibid. 1916,33, 
762-785; ValenceAnd the Structure of Afoms and Molecules. 
New York (1923); reprinted 1966. 

i’%. V. Sidgwick, Co-ordination compounds and the Bohr atom. 
J. Chem. Sot. 1923. 123,725-730bFor an annotated version of 
this article see G. B.‘Kauffman, Classics in Coordination 
Chemistry, Part 3: Twentieth-Century Papers (1904-1935) pp. 
132-142. New York (1968).%ee also2idgwick’s The Electronic 
Theory of Valency. London (1927). Sidgwick’s systematic ap- 
plication of Lewis’ “dative bond” to coordination compounds 
made chemists realize its widespread importance. Sidgwick 
never used l&and either at this time or later (but see note 66 
below), referring instead to “groups” and “co-ordinate links”, 
the term “link” meaning “bond” and having no linguistic con- 
nection with ligand through the Latin. We thank DLL. E. Sutton 
for confirming that Sidgwick did not use liganfiee Sutton’s 
notice of Sidewick in C. C. Gillisnie (Ed.), Dictionary of Sci- 
e tific Biograihy, Vol. 12, pp. 418220: New York (1975). 

*I# .I. Meyer and A. Rosenheim, Z. Angew. Chem. 1925, 38, 
7 3-7153. J. Meyer, 

‘* B 
ibid. 1929, 42, 1059-1062. b 

Stock, Angew. Z. Chem. 1919, 32, 373-374; ibid. 1934, 47, 
568. 

*rSee note 35 below. 
*%ee note 21. 
25F. Ephraim, Anorganische Chemie, 4th Edn, p. 651. Dresden 

a$d Leipzig (1929). 
“Notablv through the frequently-cited paper by W. Biltz, 

“. Natur de>-Lute 
+ 

komplexes,” Z. Anorg. Allg. Chem. 1927, 
164. 245-255. 251. n this oaoer Biltz distinguished between 
normal and penetration complexes. See also-W. Klemm, H. 
Jacobi and .W. Tilk, Uber den magnetismus eininger carbonyle 
und anderer komplexverbindungen der eisengruppe. Z. Anorg. 
Allg. Chem. 1931, 201, l-23, p. 2. We thank Professor Jannik 
Bjerrum for these references. 

*‘S?Goldschmidt, Stereochemie, Leipzig, 1933 (chapter headings: 
“Elemente mit zwei und drei Liganden”, etc.);?‘. Pfeiffer, 
Komplexverbindungen. In K. Freudenberg (Ed.), Stereochemie: 
Eine Zusammenfassung der Ergebnisse, Grundlagen und Prob- 
leme, pp. 1200-1377. Leipzig and Wien (1933). 

“R. Tsuchida, Absorption spectra of co-ordination compounds. 
Bull. Chem. Sot. Japan 1938, 13, 388-401. See also note 90 
below. In a footnote (p, 388) Tsuchida stated: “the word ligand 
will be used in its original German sense, i.e. an ion or a 
m&ecule co-ordinated in a complex radical”. 

29P. Pfeiffer. Die Kristalle als Molekillverbindunaen. Z. Anon. 
Allg. Chem. 1915, 92, 376-3803nnotated and-translated bi 
George B. Kauffman, J. Chem. Educ. 1973, 50, 279-28O%ee G. 
B. Kauffman, Crystals as molecular compounds: Paul Pfeiffer’s 
application of coordination chemistry to crystallography. J. 
Chem. Educ. 1973, 50,277-278. 

“9. M. Goldschmidt, Kristallographie und Stereochemie anor- 
ganischer Verbindungen. Chap. II of Freudenberg, op. cit. (27) 
17-82fq. M. Goldschmidt, Kristallbau und chemische Zus- 
ammensetzung. Ber. dtsch. them. Ges. 1927,60, 1263-1296. 

“Comptes Rendus de la Deuxieme Conference Internationale de 
la Chimie. Bruxelles (1921). 

‘*A. Werner, Neuere Anschauungen (note 15) 5th posthumous ed. 
(Edited by Paul Pfeiffer), p. 83. Braunschweig (1923). 

33Rapport du Comite de travail de reforme de la nomenclature de 
chimie minerale, Paris (1926). English translation in Chem. 
Weekbl. 1926, 23, 86-93. 

%ommission de rtforme de la nomenclature de chimie minerale. 
Rapport de M. Marcel Delipine, Reel. Trau. Chim. Pays-Bas 

29,48,652-663. 
35 J. Meyer, Rapport sur la nomenclature des combinations 

inorganiques. He?;. Chim. Acta 1937, 20, 159-175PEnglish 
version Chem. Weekbl. 1936. 33.722-729. 

36Helo. Chim. Acta, 1937, 20, 171.’ “Reihenfolge der Liganden” is 
added in parenthesis after “ordre des constituants lies a l’atome 
entrap’. 

/; 3 I’.U.C. Kommission fib die Reform der Nomenclature der 
anorganischen Chemie: Richtsatze fiir die Benennung anor- 
ganischer Verbindungen. Ber. dtsch. Chem. Ges. 1940, 73A, 
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53-70. Remy also published an historical account of the 1938 
Rules in 1942. See his “Die Richtsiitze fiir die Benennung 
anoraanischer Verbindunaen. Die Chemie 1942. 55. 267. 

“W. P. Jorissen, H. Bass&t, A. Damiens, F.‘Fichter and H. 
Remy, Rules for naming inorganic compounds: report of the 
committee for the reform of inorganic chemical nomenclature, 
1940. .I. Chem. Sot. 1940,1404-1415. Because of the publication 

te, these are often called the 1940 Rules. 
‘9’ h her, later, derivations were ligancy (see Linus Pauling, The 

Nature of the Chemical Bond, 3rd Edn, p. 2. Cornell University 
Press (l%O) ant R. S. Cahn, Sir Christopher K. Ingold and V. 
Prelog, Specification of molecular chirafity. Angew. Chem. 
Intern. Ed. 1%6,5,386); knd ligate (Cahn, Ingolb and Prelog, p. 
386). 

’ 
?n H. .I. Emeleus and .I. S. Anderson, Modem Aspects of 

Inorganic Chemistry, which was first published in 1938 and 
which in its several later unrevised impressions exerted a 
tremendous influence .on oost-World War II British chemistrv 
students, the term ligand was not used until the 1960 edition. 
This refers (p. 115) to “so-called ligands”. We owe this in- 
formation to Professor .I. Chatt, who adds: It seems that the 
name ligand was not familiar to main group chemists even 
then”. Ligand was also notably absent in the work of American 
coordination chemists, e.g. John C. Bailar, Jr., The stereo- 
chemistry of complex inorganic compounds. Chem. Reo. 1936, 
19, 67-87, and Symposium on complex inorganic compounds: 
introduction to the symposium, Ibid. 1937, 21, 1-2; M. J. 
Copley, L. S. Foster and J. C. Bailar, Jr., The stabilization of 
valences by coordination. ibid. 1942, 30, 227-238; N. F. Hall, 
The acid-base properties of complex ions. ibid. 1936,19,89-99; 
H. Diehl, The chelate rings. ibid. 1937, 21, 3!&111. Diehl writes 
only of “unidentate” and “bidentate groups” (dentate from 
Latin dens = tooth). 

Finally, despite the fact that directions for the preparation of 
coordination compounds occur fairly frequently in the first five 
volumes of the journal of procedures, Inorganic Syntheses 
(Vol. I, Ed., H. S. Booth, 1939; Vol. 2, Ed., W. C. Fernelius, 
1946; Vol. 3, Ed., L. F. Audrieth, 1950; Vol. 4, Ed., J. C. Bailar, 
Jr., 1953; Vol. 5, Ed., T. Moeller, 1957) the term ligand does 
not appear until Vol. 6, 1960 (see pp. 67,74, 176, 198). 

?See note 11. 
,,fij4?hat the term was still not used in the Fifth Decennial Index 

(1947-56) is perhaus more an indication that abstracts are better 
for locating‘compounds than concepts. The word finally ap- 
peared in the Sixth Collective Index (1957-61). See, however, 
note 62 below. 

43J. Am. Chem. Sot. 1941, 63, 889-897. 
“J. D. Scott, Notes on the nomenclature of inorganic com- 

vounds. Inoraanic Svntheses 1946. 2. 251-267 (“Attached 
groups”, p. 262). Her-earlier, lengtdier’report, The need for 
reform in inorganic chemical nomenclature. Chem. Reo. 1943, 
32, 73-97 also avoids the term (“coordinating groups”, p. 88), 
though she hailed the 1940 Report as a “giant stride towards 
improved and internationally standized nomenclature”. Both 
reports arose from an interest in nomenclature at Ohio State 
University where Chemical Abstracts were produced and 
where Fernelius was editing Inorganic Syntheses, Vol. 2 (letter 
W. Conrad Fernelius, 9 February 1981). See W. C. Fernelius et 
al., Chem. Eng. News 1948, 26, 52&523. 

I 

45BuII. Sot. Chim. Fr., 1941, 814-830. 
/VW. Htickel, Anorganische Strukturchemie, Stuttgart, 1948; 

’ ’ _,A Htickel’s English translator, L. H. Long of Exeter University 
College, used the terminology of groups in Structural Chemistry 
of Inorganic Compounds, I-II, New York, AmsteIdam, London 
and Brussels, 2 Vols., 1950, Vol. 1, pp. 54-55Note also F. 
Heid, Chemische Koordinationslehre, Zurich, 1950, p. 11. The 
latter was known to R. G. Wilkins (see note 66). 

47Pfeiffer (note 27). 
“8K. A. Jensen, Dipolmessungen an isomeren platokomplexen. Z. 

Anorg. Allg. Chem. 1935, 225,97-141 (p. 97). 
49E.g. K. A. Jensen, Om de Koordinatiut Jiregyldige Metallers 

Stereokemi (Stereochemistry of coordinatively Cvalent metals), 
Copenhagen (1937): 

‘“J. Bjerrum, Metal Ammine Formation in Aqueous Solution: 

Theory of Reversible Step Reactions, Copenhagen (1941); 2nd 
Edn. appeared in 1957. 

“L. G. Siiltn and B. Liljequist, Suen. Kern. Tidskr. 1944, 56, 
85-95 (p. 85); I. Leden, ibid. 1946,58, 129-144 (p. 132). 

‘*H, Rheinboldt and H. Vieira de Campos, Nomenclatura e 
Notaccio de @‘mica Inorganica, Sao Paulo, 1954. However, in’ 
the translation of the IUPAC Rules of 1957 into European 
Portuguese, ligand was rendered as ligando. See Rev. Port. 
Quim. 1965, 7, 32-63. 

53V. A. Golovnya and I. A. Fedorov, Osnounye Ponyatiya Khimii 
Kompleksnykh Soedinenii. Moscow (1961). 

“?. B. Bersuker and A. V. Ablov, Khimicheskaya Suyaz u Kom- 
pleksnykh Soedineniyakh, Kishinev (1962). (Teoriya polya 
hgandov, pp. 58-85.) 

??E. VotoEek. Chemickv’ Slounik. Praaue (1952):“z. Sobecka. W. 
” Choinski and P. Majorek, Dictiona& oi Chemistry and Chem- 

ical Technology. Oxford (1%6).!However, in an English-Polish 
Chemical Dictionary, edited by D. Kryt (Warsaw, 1964), the 
Polish word for ligand is given as “ligand, addent”. 

“At the meeting in 1947 the only member present from the old 
commission was Bassett. Some new members had been ap- 
pointed by national delegations, but only A. Silverman and A. 
Olander continued as members. The young British chemist, R. 
V. G. Ewens (who was killed in a railway accident in 1948) 
served as secretary. Niels Bjerrum and K. A. Jensen, who were 
present only as observers, were elected titular members at the 
following meeting (Amsterdam, 1949), together with J. Benard, 
E. H. Buchner and G. H. Cheesman. At subsequent meetings 
between 1951 and 1955, W. Feitknecht, L. Maiatesta and H. 
Remy became members of the commission which was finally 
responsible for the 1957 Rules. 

57G. B. Kauffman, Niels Bjerrum (1879-1958): a centennial 
evaluation. J. Chem. Educ. 1980,57,779-782,863-867. 

“R. V. G. Ewens and H. Bassett. Inorganic chemical nomen- 
clature. Chemistry and Industry 1949, 131-139. 

“Comptes Rendus de la Dix-Septilme Cor#rence, Stockholm, 
1953 (English text, pp. 98-119, with ligand, pp. 108-109). The 
Dutch member, E. H. Buchner, published a Dutch translation in 
Chem. Weekbl. 1955, 51, 295-310. Ligand also appears in the 
“Editorial Report on Nomenclature, 1953”, J. Chem. Sot. 1953, 
Part IV. p. 42014205, without comment, although it had not 
been used in earlier reports. 

yhis is often called “The Red Book”. International Union of 
Pure and Applied Chemistry. Nomenclature of Inorganic 
Chemistry, 1957, London (1959); 2nd ed. (1970 Rules), 1971. 

6’Ewens and Bassett, op. cit. (58). 
‘*Bjerrum’s thesis was abstracted for Chemical Abstracts 1941, 

35, 6527-6534, by J. P. McReynolds at Ohio State University, 
where it attracted much interest (letter from W. Conrad Fer- 
nelius, 9 February 1981). The term ligand is used repeatedly in 
the abstract. 

63E.g. R. S. Nyholm, Studies in coordination chemistry, Parts 
I-IV, J. Chem. Sot. 1950,843-859. 

aE.g. from the Inorganic Chemistry Laboratory at Oxford, H. 
Irvina and R. J. P. Williams. On the order of stabilitv of metal 
complexes. Nature 1948,16i, 746, which is the first use of ligand 
in a British paper known to us. According to Prof. R. J. P. 
Williams, Prof. Irving adopted the term from Bjerrum’s thesis. 

6JR. S. Nyholm, The Renaissance of Inorganic Chemistry, an 
inaugural lecture, University College, London (1956). Reprinted 
in Aaron J. Ihde and W. F. Kieffer (Eds.), Selected Readings in 
the History of Chemistry, pp. 181-184, Easton, Pa. (1%5), from 
.I. Chem. Educ. 1957,34, 166-169. 

@Imperial ChemicaI Industries, A Discussion on Coordination 
Chemistry. Butterwick Research Laboratories Report No. 
BRL/146, The Frythe, Welwyn, Herts., 1951 (typescript pre- 
pared by J. Chatt and R. G. Wilkins). Ligand was used in six of 
the eleven lectures as well as in discussion. The participants 
included N. V. Sidgwick, H. Irving, G. Schwarzenbach, A. F. 
Wells, R. S. Nyholm, J. Chatt, R. G. Wilkins, K. A. Jensen, L. 
E. Orgel and L. E. Sutton. Sidgwick’s remarks in discussion, in 
which ligand is used, were probably the subject of editing. See 
note 20. 

67Proceedings of the Symposium on Co-ordination Chemistry, 
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CoDenhanen, 1953. Danish Chemical Society, 1954. The word 
ligand was used in 17 of the 34 papers presented at this 
meetina: Danish: J. Bierrum (DD. 35 and 51). J. Koefoed (II. 41). 
and K.-A. Jensen (p: 119); &man: 0. Ghmitz-Du M&t (p. 
55), W. Klemm (p. 97), and K. Gleu (p. 126); Swedish: Sture 
Fronaeus (p. 63), I. Leden (p. 79), and D. Dyrssen (p. 133); 
Dutch: van Panthaleon van Eck (p. 67); Austrian: Nelly Kono- 
pik (p. 108); English: L. E. Orgei and L. E. Sutton (p. 21), P. 
Georee CD. 56). R. J. P. Williams (D. 68). N. N. Greenwood CD. 

I ._ 

lOl), and J. dhatt (p. 115); American: A. W. Adamson (p. 49). 
@‘W. Conrad Fernelius, Nomenclature of coordination com- 

pounds and its relation to general inorganic nomenclature. 
Chemical Nomenclature, p. 9. Advances in Chemistry Series, 
American Chemical Society (1953). The term “aducts” was 
Werner’s Despite Fernelius’s support for Jigand in his review 
it was not adopted in the influential college text, T. Moeller, 
Inorganic Chemistry. New York and London (1952). Pauling 
did not use the terms ligand or ligancy in print before 1945. J. C. 
Bailar, Jr. used terms like “donor molecule” (e.g. J. Am. Chem. 
Sot. 1953, 75, 4574-4575) and “coordinating agent” (e.g. ibid. 
1952. 74. 3131-3134. 3535-3538). adopting ligand only in 
1954’(ibid. 1954,76,4051-4052). _ - - 

69L. E. Orgel and L. E. Sutton, Factors determining the stability 
of complexes. Proceedings (note 67), pp. 17-24. As the report 
of the “Discussion” (p. 24) makes clear, the paper was revised 
for publication by Sutton, and papers published by Orgel during 
1955 continued to use the term “crystal field”. (See Spectra of 
transition-metal complexes. J. Chem. Phys. (June 1955), 23, 
1004-1014 which was submitted 11 October 1954; and Elec- 
tronic structures of transition-metal complexes. ibid. (Oct. 
1955), 23, 819-823 which was submitted 28 December 1954). In 
an important paper entitled Ligand field theory, J. S. Griffith 
and L. E. Orael stated: “We regard them both [i.e. crystal field 
and molecular orbital theory] adexpressing ce;ain aspects of a 
more complete theory which we call ligand field theory. Quart. 
Rev. 1957, 11, 381-393. 

“Quelque Probllmes de Chimie MinCrale, 10. Conseil de Chimie 
Solvay, Bruxelles, 1956, p. 233, Nyholm’s recommendation 
citing Orgel and Sutton’s Copenhagen paper (note 67). Ap 
proval of the term came from Orgel himself (p. 314), J. Bjerrum 
(p. 339) and C. K. Jdrgensen (p. 348). According to C. K. 
Jflrgensen, Comparative ligand field studies. Acta Chem. Stand 
1957, 11, 53-72 submitted August 1956, “Orgel, Nyholm, J. 
Bjerrum and the present author proposed at the Xth Solvay 
Conference, Bruxelles, May 1956, to use the word ‘ligand field 
theory’ to denote the crystal field theory extended with the 
molecular orbital theory for partly intermixing with the orbitals 
of the ligands, when applied especially to the action of the first 
coordination sphere on the partly filled d-shell in a transition 
group complex” (p. 53, note). Hence it was at the Solvay 
meeting that the use of the term was defined. 

“J. Bjerrum, Tendency of the metal ions towards complex for- 
mation. Chem. Rev. 1950, 46, 381-401; J. Bjerrum and C. G. 
Lamm, Metal ammine formation in solution. VIII. Cupric pen- 
tammine formation with n-butylamine. Acta Chem. Stand. 
1950, 4, 997-1004; C. K. Jplrgensen, Comparative crystal field 
studies of some ligands aid the lowest singlet state of 
naramaanetic nickel (III comelexes. Acla Chem. Stand 1955,9, 
i362-1377. Bjerrum’b Ameriian visitors included F. A. Cotton, 
G. Wilkinson, A. W. Adamson and F. Basolo. 

“A Conference on coordination chemistry, Sydney, May 1953. 
Reu. Pure Appl. Chem. 1954, 4, l-110. (R. S. Nyholm, pp. 
15-40; D. P. Mellor, p. 47). For Nyholm (1917-71), see Chem. 
Brit., August 1972, p. 341. 

73M. P. Crosland, Historical Studies in the Language of Chem- 
istry. London, Melbourne, Toronto (1%2), p. 338; reprinted, 
Dover Books (1978). 

74Femelius (ref. 5), pp. 15&151. 
“Jensen (ref. s), p. 38. 
76Chem. Listj, 1972,66, 1049-1089; 1973,67,44-85, 197-208. 
“Donsk Kemi, P&6,47,97-109. 
“Mededel. VIaam. Chem. Ver. 1%2,24, 107-166. 
“Bull. Sot. Chim. Fr., February 1975, numtro sp&ial. 
BORichtsiirze fiir die Nomenklalur der anorganischen Chemie. 

Verlag Chemie, Weinheim (1970). 
“A Magyar kCmiai elneuesls is helyesirds szabdlyai, Budapest, 

1972, Vol. 1, pp. 17-109. 
“Annali di Chimica 1959.49.663-701: Gazz. chim. ital. 1959.89. 

1243. 
83Title, with Japanese Ideographs (read: Muki Kagaku Meineiho). 

1957 Rules (l%l). 1970 Rules (1977). 
“Norwegian Chemical Society; Reiningslinjer for norganiskk- 
*jemisk nomenklafur (1966). 

See Ref. 52. 
86Nomenclatura chimiei anorganice dupd regulite elabotate de 

Uniane Inlemationale de Chimie Purd si Aplicatci, Bucharest 
(1977). 

*‘Rev. Sot. Quim. Mex. 1%7, 11, 4248; 1%8, 12, 265A-27OA; 
l%9,13,139B-143B, 277B-279B. J. Rodriguez Femandez et al., 
Nomenclature de Compuestos Inorganicos, Oviedo, 1972. 

**Suem. Kern. Tidskr. l%O, 72,419-486. 
s9Nomenklatumye Praoila IYuPAK po Khimii, Tom. 1, Polutom 

1, Neorganicheskaya khimiya, Fizicheskaya khimiya, Analiti- 
cheskaya khimiya, Moscow, 1979. 

?ersonal communication from Professor Kazuo Yamasaki. See 
Ryiitarii Tsuchida, Nippon Kagaku Kaishi 1938,59,586. 

9’Terminoldgia anorganickej a fyzikdlnej chlmie, Slovenski 
AdakCmia Vied, Bratislava (1956). 

92J. Hanzlik and J. Klikorka, Chem. Listj, 1972,66, 1045-1048. 

APPENDIX 

The adoption of ligand in other languages 
The 1957 Nomenclature Rules and/or the revised 1970 Rules 

were translated into several languages: Czech,76 Danish” 
Dutch,” French,79 German,80 Hungarian,8’ Italian,** Japanese? 
Norwegian,84 Portugese,8’ Romanian,” Spanish,87 Swedish,” and 
Russian.@ The respective national committes had, therefore, to 
make a decision which word they would use for ligand in their 
languages. In most cases ligand was used with only small changes 
(often only of the plural form). In Japanese the word “hai-i sh?’ 
(coordinating entity or body) was retained for ligand. Yuji Shi- 
bata (1882-1980). who had studied under Werner at Ztirich in 
1911-1912, introduced the term “hai-i ki” (coordinating radical) 
in 1929. This was altered to “hai-i shi” by Shibata’s student, 
Tsuchida, in 1938.w Examples are: 

ligand (lids) English, French 
ligand (liganden) Dutch, German 
liiand @gander) Danish, Norwegian, Swedish 
ligand (ligandy) Czech, Polish, Russian 
ligando (ligandos) Portuguese, Spanish 
liindum (liindumok) Hungarian 
ligante (ligantes) Spanish, Brazilian Portuguese 
legante (leganti) Italian 
ligand (liganzi) Romanian 

Most languages (including Japanese) have also adopted Stock 
numbers, the only exceptions being Czech and Slo~ak,~’ where a 
very old system devised by J. S. Presl in 1828 has been 
retained.” In this system various valences are expressed by 
suffixes (manganity, manganisty, manganovy, etc.). 
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Abstract-The kinetics of dissociation and racemization of [Fe(phen)j]*’ have been studied in aqueous methanol 
solutions containing perchlorate, chloride, and thiocyanate ions. The racemization rate was decreased by ClO; and 
increased by SCN-, while the. dissociation rate was decreased by ClO; and increased slightly by Cl- and 
remarkably by SCN-. The effect of anions on the reaction rates became remarkable with the increase in methanol 
content of the solutions. The results were reasonably explained in terms of ion association. The dissociation rate of 
the complex ion in the ion-pair increased in the order, ClO; < Cl- < SCN-, of associated anions, suggesting the 
ion-pair interchange mechanism for the dissociation. The ion-association constants were determined to be 11 + 4, 
18 f 4, and 25 f 15 (I = O.l,25”C) for CIO;, Cl-, and SCN-, respectively, in 0.64 mole-fraction (0.8 volume-fraction) 
aqueous methanol. 

INTRODUCTION 

The kinetics of dissociation of [Fe(phen)#’ and 
[Fe(bpy)J*+ have been studied extensively, and the 
effect of added salts on the reaction rates has been 
discussed in terms of ion-pair formation in aqueous’ and 
non-aqueous2’3 solutions. Blandamer et al.“ studied the 
kinetics of the reactions of [Fe(bpy),12+ with cyanide and 
hydroxide ions in binary aqueous solvent mixtures. On 
the standpoint of associative mechanism they have con- 
cluded that the chemical potential changes of anions with 
the change in solvent composition were dominant in 
determining reactivities in their reaction with 
[Fe(bw)312’. 

We previously studied the effect of various inorganic 
anions on the rates of dissociation and racemization of 
[Fe(phen)3]2’ in aqueous solutions.’ We analyzed the 
experimental results considering the ion-pair formation 
of the complex ion with an anion, and found the follow- 
ing trends. (1) The dissociation rate constant of the 
complex existing in the ion-pair increases with the in- 
crease in proton affinity (basicity) of the anion: I- < Br- 
< Cl- < NO; < OCN- < N; < F- < OH- = CN-. (2) 
The intramolecular racemization rate constant, given by 
apparent racemization rate constant minus dissociation 
rate constant, increases with the increase in polarizability 
(softness) of the anion: OH- = CN- = F- = Cl- < Br- = 
NO; < OCN- < I- < N;. We thought it desirable to 
extend the study to include the systems containing 
perchlorate, which is one of the hardest, least basic 
anions, and thiocyanate, which is a very soft anion. 
However, the effects of these anions were diicult to 
measure in aqueous solution because of the low solu- 
bility of [Fe(phen)3]2’ in the presence of these anions; 

*Author to whom correspondence should be addressed. 

only the effect of the thiocyanate ions on the racemiza- 
tion rate were measured in supersaturated solutions. 

In the present study, the effects of perchlorate and 
thiocyanate ions on the dissociation and racemization of 
[Fe(phen)3]z’ were investigated in aqueous methanol 
solutions. It was also our object to study the solvent 
effect on the rates of dissociation and to see whether or 
not the reactions in aqueous methanol solutions can be 
explained by the same mechanism as in aqueous solu- 
tions. 

EXPERIMENTAL 

The dissociation and racemization rates were obtained respec- 
tively from the changes in absorbance (SlOnm) and optical 
rotation (546 run) of the solution containing 5 x 10-j mol dmd3 
[Fe(phen)s] (ClO& in a thermostated ( f O.l’C) quartz cell. In 
measuring the dissociation rate of the complex, 3.1 x 10m4 mol 
dm-’ nickel(U) perchlorate was added to the sample solution 
except for the cases where the concentration of the nickel(U) salt 
or perchloric acid is explicitly described; nickel(U) and hydrogen 
ions are effective as scavengers of liberated phenantbroline 
molecules.’ The absorbances at 510 nm of the complex-salt solu- 
tions containing nickel(U) or hydrogen ions became negligible 
after a sufficient time, indicating that the complex ions com- 
pletely dissociated to give solvated iron(U) ions. All the reactions 
were followed for four half-lives, and were found to be lirst 
order in the metal complex concentration in the time range 
studied. The dissociation and racemization rates obtained were 
reproducible within *2 and +5%, respectively. Methanol, a 
guaranteed reagent of Wako Pure Chemical Indistries, Ltd., was 
purified by fractional distillation. Mixed solvents were prepared 
by mixing appropriate volumes of the methanol and water; 0.6 
and 0.8 volume fractions of methanol corresponds to 0.40 and 
0.64 mole fractions (m.f.), respectively. The racemization and 
dissociation experiments were carried out mainly in 0.40 and 0.64 
m.f. aqueous methanol solutions, respectively. Solutions of 
higher methanol concentrations are not suited for investigating 
the effect of SCN- ions on the rates because the reactions 

9 
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proceed too fast. Other reagents and techniques were the same *d 

as those described in our previous paper.’ [Fe(phen)#’ +[Fe(phen)$+ + phen 

RESULTS AND DISCUSSION 
As shown in Table 1, both the dissociation and in- 

tramolecular racemization rates increased in the 
presence of SCN-, and they are decreased by ClO; in 
0.40 m.f. aqueous methanol solutions. The results extend 
the previous findings in aqueous solutions that the in- 
tramolecular racemization rate increased with the in- 
crease in the polarizability of the anion, while the dis- 
sociation rate increased with increasing basicity of the 
anion.’ The same order of the effect of the added anions 
was also observed in 0.64 m.f. aqueous methanol and in 
pure methanol (Tables 2 and 3). The retarding effect of 
ClO; on the racemization rate were also reported in 
several solvent systems by Van Meter and Neumann5 

[Fe(phen)#’ u X- --) [Fe(phen)#’ . X- t phen 

+ Fe*+ t 3phen t X-. 

Then the thermodynamic ion-association constant for 
rtt$on (l), K& and the dissociation rate constant, 
kd , are given by: 

For the analysis of the experimental results, the fol- 
lowing reaction processes were assumed: 

K~= [Fe(phen:‘*X-1 1 
DWh&I[X-1 z’ 

kzm = kc, + k~xJC&fdX-1 
1-k K &.f*Kl 

UJ 

[Fe(pher&]*+ + X- “g [Fe(phen)J2’*X- (1) 

(3) 

Table 1. Dissociation and racemization rate constants of [Fe(phen)$+ in 0.40 m.f. aqueous methanol at 2O.o”C 

Added Salts 
kobsd 
d 

kobsd 
r 

ki * 
r 

mol dm 
-3 

10-3 s-l 10-3 s-l 10-3 s-l 

NOlIe 0.0797 2.75 2.67 

N&104 0.51 0.0482 1.95 1.90 

KSCN 0.51 0.608 5.32 4.71 

* Intramolecular racemization rate constant (k~bsd-k~bsd). 

Table 2. Dissociation rate constants of [Fe(phen),]*’ in 0.64 m.f. aqueous methanol at 25.WC 

Added Salts/moldm 
-3 kzbsd,10-3 s-1 k~lcd*,10-3s-1 

Ni(C104j2 0.00019 0.243 0.246 

0.00032 0.243 0.245 

0.00039 0.243 0.244 

0.00075 0.245 0.242 

0.00226 0.236 0.235 

0.00298 0.236 O-232 

0.00353 0.232 0.231 

0.0119 0.214 0.214 

HC104 0.0160 0.212 0.214 

0.160 0.166 0.166 

NiCl2 0.00075 0.263 0.261 

0.0050 0.288 0.292 

0.101 0.385 0.380 

0.496 0.428 0.431 

KSCN 0.0005 0.335 0.393 

0.0042 1.30 1.04 

0.0693 2.82 2.79 

0.804 3.98 4.06 

l Calculated with the values given in Table 4. 
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Table 3. Dissociation rate constants of [Fe(phen)#’ in absolute 
methanol at 250°C. 
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perchlorate ions, contained in a low concentration (7.2 x 
10-4moldm-3) as counter ions of the complex cations 
and the added nickel(H) ions. The K& values were 
transformed to the concentration ion-association con- 
stant, K&, at I = 0.1 by means of eqn (6). 

Added Salts/ml dm-3 
k;bsd,10-3 s-1 

Ni(ClO,), 0.0005 0.036 

0.0021 0.036 

0.0111 0.038 

KSCN o.oila1 8.00 

0.072 13.0 

where kd and k& are the rate constants for reactions 
(2) and (3), respectively. The activity coefficient, fz, of an 
ion with a charge of fz was estimated by using the 
extended Debye-Htickel equation: 

AZYI 
logL=-l+Baq~+b~ (6) 

where A = 0.2174 (e2/ekT)d(8?rN e2/1000ekT) and B = 
d(8?rN e2/1000rkT) with usual meanings of the nota- 
tions.6 The values of a = (7 - 10) x lo-* cm and b = 0.1.~~ 
were assumed in the calculation, together with l = 78.5 
for water and E = 44.0 for 0.64 m.f. aqueous methanol. 

We first examine the effect of ion association on the 
concentration of free anion([X-1) and the ionic strength 
(I). The concentration of the complex salt was much 
lower than those of the added salt, and therefore it 
suffice to consider the effect of ion association only 
between added ions: 

M”++X-=M”+.X- 0 

where M”’ (n = 1 or 2) and X- represent the cation and 
anion of the added salt. The association constant, K, is 
given by: 

KJM”+.X-lf,-l= x f.-l 
W’IKI fn.f, (c - x)(nc - x) fn_f, (8) 

where c is the total concentration of the added salt, and 
x the concentration of the ion-pair at equilibrium. With 
the knowledge of the values of K and f,, the net con- 
centration of the free anion, nc - x, can be obtained from 
eqn (8). In the absence of the experimental ion-asso- 
ciation constants for such systems, K values for diposi- 
tive and mononegative ions and for monopositive and 
mononegative ions were calculated theoretically’ using 
various values ((3 - 6) x lo-* cm) of the closest distance 
of approach between ions. The approximate fz values 
were obtained from eqn (6) by assuming the value of a to 
be (3 - 6) x lo-‘cm, and with the first approximation of 
I = n(n t l)c/2. Then, the value of x was calculated from 
eqn (8). The f, were recalculated with I = 
n(n t l)c/2- nx to give a better x value as the second 
step of approximation. Further repetition of the pro- 
cedure reproduced the x value within the limits of 
experimental error. The net concentration of the free 
anion and the ionic strength of the medium were cal- 
culated by the use of the x value thus obtained. 

With the [X-l and I values obtained, the K& and 
k& values were determined to give the best fit between 
the observed kinetic data and the calculated curve ac- 
cording to eqn (5). In obtaining the K& and k& values 
for X= Cl- and SCN-, we disregarded the effect of 

The rate constant for the dissociation of the complex 
ion in the ion-pair (eqn (3)) increased in the order, CIO; < 
Cl- < SCN-, of the associated anion in 0.64 m.f. aqueous 
methanol (Table 4). The sequence is consistent with 
those obtained in aqueous solutions;’ i.e. the rate con- 
stant for the ion-pair increased with the increase in the 
pKa of the conjugate acid of the anion. This suggests 
that the mechanism of dissociation in this case is the 
same as that in aqueous solutions (ion-pair interchange 
mechanism’). 

The dissociation rate constants of the complex in the 
presence of SCN- and of Cl- increased with the increase 
in methanol content, as can be seen from a comparison 
of the results given in Tables l-3. Similar results were 
obtained for the dissociation of [Fe(bpy)$’ by Seiden et 
ak2 The increase in rate with the increase in methanol 
content is caused by the increase in the reactivity of the 
ion-pair as well as the increase in the association con- 
stant (see Table 4). The larger reactivity of the ion-pair in 
the solution of higher methanol content can be well 
understood by considering the influence of the dielectric 
constant of the medium. The free-energy difference be- 
tween the polar ion-pair and the less polar activated 
complex is larger in a medium with a higher dielectric 
c0nstant.a Thus, the activation energy becomes smaller 
with the decrease in the dielectric constant of a medium, 
or with the increase in methanol content. In this con- 
nection, it is interesting to note the fact that 
[Fe(phen)JC12 and [Fe(pbm)a](SCN), are converted to 
[Fe(phen)2C12]9 and [Fe(pbm)2(SCN)$o in di- 
chloromethane and chloroform, respectively, at rates 
much faster than the dissociation rates of the tris-com- 
plexes in aqueous solutions. 

The dissociation rate of the free complex cation in 0.64 
m.f. aqueous methanol was found to be considerably 
smaller than that in dimethyl sulfoxide (Table 4) reported 
by Farrington et al.: in spite of the fact that the dielec- 
tric constants of the two solvents are almost the same. 
Similar but more pronounced tendencies were observed, 
when the complex cation was ion-paired with ClO; and 
with Cl-. This shows that the coordinating ability, in 
addition to the dielectric constant, of solvent molecules 
makes a significant contribution to the dissociation rate 
of the complex ion. 

As shown in Table 4, the ion-association constants 
increased in the order of ClO; < Cl- < SCN- in 0.64 m.f. 
aqueous methanol; a consistent order was previously 
found in aqueous solution.’ The K& values for Cl- and 
SCN- were greater in 0.64 m.f. aqueous methanol than in 
water. This trend is consistent with the theoretical pre- 
diction (Table 4). Table 4 also lists the Kgx, values 
reported for ClO; and Cl- in dimethyl sulfoxide;3 the 
values are much greater than those obtained in 0.64 m.f. 
aqueous methanol in the present study. However, the 
literature values cannot directly be compared with the 
present results, since the former were derived without 
allowance for the ion association of the added salt and 
for the change in ionic strength. 

The effect of added salts on the rate of dissociation of 
[Fe(phen)J2+ in aqueous methanol solutions can 
reasonably be understood in terms of ion association of 
the complex with anions. 
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Table 4. Ion-association constants of [Fe(phen),]*+ witb anions and dissociation rate constants of the complex in 
ion-pairs at 250°C and I = 0.1 

Counter 

IOII 

free ion 

c104- 

cl- 

SCN- 

d) Theory- 

(I= 5A 

a=10 A 

watera) 0.61 m.f. dmsok) water 
0.61 m.f. dmsol-b, 

MeOH MeOH 

0.073 0.249+0.002 0.77 

- 0.086+0.033 1.5 

- 0.452iO.022 580. 

- 4.69 f1.34 - 

- - - 

- - - 

K&/m01 dm-3 

- - - 

- 10.6* 3.6 39t10 

1.5*0.8" 18.4? 4.1 53?27 

2.6k1.1c) 25.1t14.9 - 

2.6 13.0 13.0 

1.3 5.2 5.2 

5) Data in 0.1 mol dmw3 HCl. 

_b) Ref. 3. The K values were obtained without considering the 

effect of ionic strength. 

c) Ref. 1. The K values at 32.0°C. 

g) Ref. 6a. The symbol a (t=lO -10 m) represents the closest 

distance of approach between ions. 
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Ah&net-The kinetics of the intramolecular acetate scramblings occurring in thirteen ethylenediaminetetraacetate 
(EDTA) complexes has been studied by analyzing the modification observed in the NMR spectra of their D20 
solutions, when temperature is changed. The experimental results indicate that the A, A conversion is a fast process 
on the NMR time scale for each of the complexes considered, whereas the nitrogen inversion occurs at an 
observable rate in the case of the Cd(D), In(III), Sc(III), Y(III) and Lu(III) chelates and is too rapid in the other 
complexes. Computer analysis of the experimental NMR spectra has been performed in order to obtain enthalpy, 
entropy and free energy of activation concerning the N inversion of the cited chelates. Twist and bond breaking 
mechanisms are discussed with reference to both scrambling processes. 

INTRODUCTION 
Proton magnetic resonance has proved to be a powerful 
technique in studying the intramolecular processes 
occurring in organic molecules.’ Among the various 
fields of application of this technique, a particular inter- 
est can be found in the study of the labilities of the 
coordination bonds in metal complexes, because of the 
wide use of such compounds in many branches of 
modem chemistry. Particularly, polyaminepolycarboxy- 
lit acids are widely used as chelating agents, and among 
them, ethylenediaminetetraacetic acid (EDTA) is by far 
the most employed. The study of the intramolecular 
rearrangements occurring in EDTA complexes may 
therefore be considered worth being done. However, 
such an investigation should require a detailed know- 
ledge of the structure of the solution forms of the metal 
chelates; unfortunately, literature data do not agree when 
dealing with the number of the coordination sites actu- 
ally utilized by the ligandezT9 In this paper the generally 
accepted octahedral hexacoordinate structure will be 
referred to; the possible presence of differently coor- 
dinated species in solution would not affect the sense of 
the considerations given, because a rapid averaging among 
the various forms is very likely to occur in the working 
experimental conditions. 

An hexacoordinate complex in solution can be present 
in two different contigurations, which are normally 
referred to as A or A, respectively.” The two conligura- 
tions show the same NMR spectrum, which is mainly 
characterized by the presence in the molecule of eight 
methylene protons in the four acetate groups. These 
protons can experience different magnetic environments 
owing to their different steric arrangement in the com- 
plex. Particularly, an acetate group can be referred to as 
in plane or out of plane, depending on its position in 
relation to the plane formed by the metal ion and the two 
nitrogen atoms. If the complex has a symmetrical struc- 
ture, as in the case of EDTA chelates, the two out of 
plane positions are equivalent and so are the two in plane 
ones. Besides, each methylene proton in an acetate group 
can occupy an axial or equatorial position, in relation to 
the fact that the hydrogen to carbon bond is parallel or 
not to the symmetry axis passing through the centre of 

*Author to whom correspondence should be addressed. 

the corresponding five-membered ring. In conclusion, the 
NMR spectrum of the methylene protons of a A or A 
contlguration of an EDTA complex will show, in the 
absence of any intramolecular exchange, resonances 
corresponding to four magnetically non-equivalent pro- 
tons, which can be named as out-of-plane axial and 
equatorial, and in-plane axial and equatorial, and will be 
referred to in this paper as H,,", Hz, H.' and H:', 
respectively. Particularly, these protons give rise to two 
AB quartets in the NMR spectrum, because of the 
geminal coupling between the hydrogen nuclei belonging 
to the same acetate group. 

A sufficient lability of the coordination bonds can 
cause, if not prevented by an excessive rigidity of the 
ligand backbone, an interchange between the A and A 
conBgurations (A, A conversion), or provoke the lone 
pair inversion of the nitrogen atoms (nitrogen inversion). 
The two processes are not necessarily interdependent, 
and give rise to different patterns in the NMR resonances 
of the methylene protons. In fact, both cause the two AB 
quartets to coalesce into only one AB pattern, but the 
spectral parameters are different in the two cases, 
because of the different exchange mechanism. Parti- 
cularly, the A, A conversion makes the HP and Ha0 
protons average their magnetic environments with the 
H.' and H,' nuclei, respectively, whereas the nitrogen 
inversion causes an exchange of the type HeooHi and 
H,O*Hf,” (Pi. 1). When the processes occur simul- 
taneously, a single methylene proton is bound to 
experience and average all the magnetic environments 
related to the axial and equatorial protons, in-plane and 
out-of-plane, and the NMR spectrum shows the collapse 
of the AB quartet into a single peak. 

The possibility of observing the described 
modifications in the NMR spectrum of an EDTA chelate, 
depends on the fact that the considered intramolecular 
scramblings occur at a rate of the order of the extent of 
the NMR spectrum itself; therefore, only in this case is it 
possible to study the kinetics of these exchange pro- 
cesses. 

The situations which may be. encountered when deal- 
ing with an octahedral complex are summarized in Table 
1. It must be noted that in the given scheme the pos- 
sibility of a breaking of the metal-to-nitrogen bonds 
without previous rupture of the metal-to-oxygen bonds 
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Table 1. Summary of situations arising in the NMR spectrum of an octahedral symmetric complex, depending on 
the labiities, on the NMR time scale, of the metal to ligand bonds 
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has not been taken into account, because it is incon- 
sistent with the considered structure of the complexes. 
On the same grounds, it follows that the nitrogen in- 
version (which requires the rupture of the M-N link to 
occur) can only take place in conditions in which also the 
A, A conversion occurs, unless this is hindered by steric 
factors. Because the EDTA backbone is flexible enough 
to allow the contigurational exchange, it follows that the 
resonances of the methylene protons in the NMR spec- 
trum of an EDTA chelate can be expected to change 
with the labilities of the coordination bonds by giving the 
coalescence of the two AB quartets into one AB pattern 
and then into a single peak. 

EKPERIMRNTAL 
Weighed amounts of dried ethylenediaminetetraacetic acid and 

metal nitrates (C. Erba, Merck, K and K reagents) were dis- 
solved in deuterium oxide in order to prepare solutions with 
concentrations of the metal complex ranging from 0.05 to 0.10 M 
Potassium deuteroxide was used to adjust the pD of the solutions 
to a value ensuring the complete formation of the complex in the 
investigated range of temperature, excluding any hydroxo- or 
protonated form.‘* 

NMR spectra were recorded by means of a Varian T-60 
spectrometer, equipped with a T-6057 lockdecoupler and a T-6080 
temperature controller. The calibration of the probe temperature 
meter was obtained by measuring the chemical shift of the 
hydroxyl protons of both methanol and ethylene glycol.” The 
homogeneity of the magnetic field was checked before each run 
with the magnetic field locked on the HOD line. 

Intramolecular rate constants (k) were obtained by complete 
line shape analysis of the experimental spectra; a slightly 
mod&d version of the DNMR program’4 was used, which 
performed calculation and plots of theoretical spectra by the 
input data of chemical shifts, coupling constants and transverse 
relaxation times of the exchanging sites: these were obtained 
from the spectra recorded in absence of the studied exchange 
process. The most reliable value of k was chosen for each 
spectrum by searching for the best 6tting with the theoretical 
ones, computed by progressive adjustments of the imposed rate 
constant. 

RRSIJL’I?I AND DISCUSSION 

MR(II), Ca(II), Sr(II), Ba(II), MI), MI), Pb(II), 
Sc(III), Y(III), La(III), Lu(III), AI and In(II1) com- 
plexes of EDTA have been studied. In all cases the NMR 
spectra recorded at the lowest working temperature (the 
solutions’ freezing points) revealed that the contigura- 
tional exchange between the A and A forms was fast on 
the NMR time scale. Particularly, all spectra, except those 
recorded on Cd-, In-, SC-, Y- and Lu-EDTA solutions, 
consisted of a single peak in all the investigated range of 
temperature (273-373 K), denoting the magnetic 
equivalence of all the methylene protons. This allows us 
to state that in these cases also the nitrogen inversion is a 
fast process on the NMR time scale. As a consequence, 
it was not possible to give a quantitative treatment of the 
kinetics of the intramolecular processes occurring in the 
corresponding complexes. 

Things were different when examining the spectra 
recorded on Cd-, In-, SC-, Y- and Lu-EDTA solutions. In 
these cases the resonances of the methylene protons 
consist of an AB pattern at the lowest working tem- 
perature; this means that two sets of protons interchang- 
ing their magnetic environments are present in the com- 
plexes in these conditions and supports the hypothesis of a 
rapid co&nrational exchange, but a slow nitrogen in- 
version on the NMR time scale. The failure to obtain the 
splitting of the AB quartet into two patterns prevented 
the possibility of studying the A, A conversion, but the N 
inversion was succesfully investigated by analyzing the 
progressive collapse of the AB quartet with the increase 
of temperature. At such purpose the AB pattern was 
dealt with as the “frozen” spectrum with respect to the 
studied process and provided the spectral parameters 
required as input data in the computer program. It must 
be noted that only in the case of the indium complex was 
the complete collapse of the quartet into a single line 
observed, whereas this was not achieved for the other 
chelates up to their solutions’ boiling point. However, the 
spectral modifications observed were sufhcient to allow a 
reliable treatment of the exchange process also in these 
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cases. Furthermore, as regards the Cd-EDTA spectra, 
satellite peaks were observed, arising from the coupling 
of the proton with the “Cd and ‘13Cd nuclei; these peaks 
were not taken into account in the computer analysis of 
the spectra owing to their relatively low intensity. 

Figures 2 and 3 show the NMR spectra recorded at 
different temperatures on In- and SC-EDTA solutions, 
together with their best fitting computed ones; for sim- 
plicity reasons, only the most characteristic inner peaks 
of the AB quartets are reported. The spectra of Cd-, Y- 
and Lu-EDTA complexes showed a behaviour rather 
similar to that of ScEDTA. 

The intramolecular rate constants (k) obtained by the 
computer analysis of the spectra were plotted as In k vs 

Pi. 2. NMR spectra of In-EDTA solutions at different tem- 
peratures (r) and corresponding best fitting computed ones. Only 

the inner peaks of the AB quartet are shown. 

the reciprocal of the absolute temperature (T) (Fig. 4) 
and allowed to obtain frequency factors and activation 
energies of the studied processes, and therefore enthal- 
pies, entropies and free energies of activation (see Table 
2). By doing that, a transmission coefficient has to be 
taken into account, which gives the probability of the 
exchange process to occur actually after having reached 
the activated state; in the present case, its value has been 
set equal to l/2 because of the identity of the energy 
levels of the exchanging sites and the consequent equal 
probability of reforming the nitrogen coordination having 
or not undergone the lone pair inversion. 

The search for a likely pathway of intramolecular 
rearrangements in metal complexes is a much discussed 
problem and has been the object of several studies.‘5-” 
These include both dissociative and twist mechanisms, 
requiring or not the rupture of the coordination bonds, 
respectively. In the particular case of the processes 
studied in the present work, it must be noted that the 
twist mechanism, which may be suitable to account for 
the rapid A, A conversion of the investigated complexes, 
cannot explain a nitrogen inversion. In fact, this process 
can only occur if the metal to nitrogen bond is broken. 
However, the negative values obtained for the entropies 
of activation are more easily associated with twist rather 
than dissociative pathways” and are consistent with the 
increased state of order intrinsic in the trigonal prism 
representing the activated state of the twist process.*’ All 
that could be accounted for if a “twist with rupture” 
sequence is accepted, as proposed by Eaton et a/.,*’ who 
supposed the possibility of a bond breaking in the inter- 
mediate state of the twist pathway. 

Examination of literature data allows a comparison 
between the results of the present work with several 
others concerning EDTA complexes, even though these 
are mostly limited to qualitative deductions drawn from 
the presence or not of multiplet patterns in the NMR 
spectra. So Kula et aLI have shown the Iabilities of the 
metal-to-oxygen bonds in alkaline earth, Zn, Pb, Hg and 

Fig. 3. NMR spectra of SC-EDTA solutions at diierent temperatures ( r) and corresponding best fitting computed 
ones. Only the inner peaks of the AB quartet are shown. 
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Fig. 4. Arrhenius plot referring to the nitrogen inversion of tbe Cd- fe), In- (A), SC- (A), Y- (0) and Lu-EDTA (0) 

complexes. 

Table 2. Summary of activation parameters 

lretalion 

sc(III) 

InfIII) 

Y (III) 

LU~III~ 

MCCI) 

ectivation enmpy 
Waa.Iml) at 298 K 

4.1 + 0.2 

3.1 20.2 

2.4 t 0.3 

2.3 20.4 

2.0 2 0.4 

acdvetic’l en- 
(e. u-1 at 298 X 

- 38.5 + 0.7 

- 40.4 + 0.8 

- 44.4 + 0.8 

-45+1 

-4521 

freeenergyoftie 

@a.ww at 298 x 

15.6 2 0.4 

15.1 + 0.5 

15.7 + 0.5 

35.5 + 0.8 

15.4 + 0.7 

Al complexes and Day and Reilley” have given evidence 
of the lifetimes of both oxygen and nitrogen coordination 
in the Pb, Cd and Co(III) complexes. Chan et ~1.~’ have 
studied the Mo(V1) bmuclear complex, R~hl~~ the lan- 
thanum and lutetium complexes and Baisden and 
coworkers” the alkaline earth, Bi, Y, La, Lu and In 
chelates. Everhart and Evilia?’ at last, have invest~t~ 
the Ni and Co@) systems. The results given in these 
papers are in agreement with those of this work, when 
referring to comparable situations. Particularly, Baisden 
and coworkers have put forward the hypothesis of a 
correlation between the z% ratio (where z is the charge 
and I the radius of the cation) and lifetime of the 
intramolecular bonds, and proposed the value .z2/r = 9 as 
the limit beyond which an AB quartet is to be expected 
in the NMR spectrum of an EDTA chelate. This is in 
agreement with the whole of the data available an EDTA 
chelates, with the exceptions of the Cd (slow nitrogen 
inversion with z’lr =4) and Al complexes (fast inter- 
conversion despite its t?r = 18). 

Another attempt to interpret the results obtained can 
be made by adrni~~ that the lifetime of a coordiition 
bond is mainly due to steric effects rather than to 
changes in the bond character itself,’ this leads to con- 
sidering the size of the metal ion as an important factor 
in determining the labiity of the rnet~-t~~~ links. 

The results concerning ten out of the thirteen complexes 
investigated are consistent with the hypothesis of settiug 
a radius of 1 di as the value over which the metal-to- 
nitrogen bond is labile enough to give a fast N inversion 
on the NMR time scale. The disagreement is given, in 
this case, by the fast N inversion observed for the 
complexes formed with the small Mg, Zn and Al ions. 
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Abstract-Ab hitio calculations including the effects of solvation on the hydrogen bonding interactions between F- 
and phosphorous acid, HPOsHa, have been performed, resulting in a vahre of 61 kJ mol-’ for the hydrogen bond 
energy of [HP(hHaF]-. Attempts to show that this species exists in aqueous sohrtion have been made using “0, 
19F and “‘P NMR spectroscopy and pH and conductance studies, but these indicate that the principal reaction is an 
acid-base neutralization. Crystals of KF.HPOBa grow from aqueous solution but these are not the same as those 
from methanol solution which are known to be strongIy hydrogen bonded. 

The bifluoride ion still ranks as the species which pos- 
sesses the strongest hydrogen bond’ but several other 
examples of strong or short bonds involving the fluoride 
ion are known.* In KF.(CH2C02Hh and KF.(CH2C0~D))2 
the F- acts as the acceptor to two hydrogen bonds 
formed with the carboxylic acid groups of different suc- 
cinic acid molecules and r(O+ .F) is 244 pm.3 

In crystals of Te(OH),.2KF the fluoride ions each form 
three OHF hydrogen bonds and r(O..F) is 258.4 A 
similar situation is present in Te(OH&.NaF.’ The shor- 
test GHF bonds are those in crystals of (KHPO~.H~* 
whose structure is based on cyclic dimers of the anion. 
The value of r(O* ,I;) is 238 pm with the proton lying 
nearer the fluoride so that the hydrogen bond is essen- 
tially between a hydrogen phosphite group and HF, (I).” 
The OH0 bonds holding the dimers together are also 
quite short, r(O. *O) = 256 pm. 

Ab initio LCAO-MO-SCF calculations were perfor- 
med on HP03H2, HP03H-, HPOJHPZ2-, HPOs2-, 
HPOsH2F- and HPO,HF’- using a version of the pro- 
gram GAUSSIAN 76.9 This program has been modified 
to perform level-sh~ting of the Hartree-Fock Hamil- 
tonian” directly in the atomic orbital basis to guarantee 
the convergence of the iterative SCF calculations.” 
Geomet~ optimi~tions (bond lengths to within +t pm, 
bond angles to within ?O.i”) were performed with the 
split-valence 4-31G and 44-31G basis sets,” using stan- 
dard univariate quadratic inte~olation procedures. 

(a) Phosphite ion, HPOt- 
Starting with a tetrahedral geometry about phosphorus 

the following optimized parameters were obtained: 
r(PH) = 150.8 pm, r(P0) = 159.8 pm, HP0 = 102.9”. 

(b) Hydrogen phosphite ion, HPOaH- 
H 0. . . H-O 0-...H-F 

\,I 
/\ X 

F-H. . . -0 O-H...0 H (I) 

Somewhat surprisingly there has been no further in- 
vestigation of (KHP09H.H& since its discovery’ and 
structural detetermination.6” In view of the rarity of the 
OHF hydrogen bonds we have calculated the hydrogen 
bond energy of this bond and studied mixed solutions of 
KF and HP03H2 with a view to observing (I) in an 
aqueous environment, following our discovery that crys- 
tals of the same empirical composition KF.HP03H2 will 
grow from a saturated aqueous solution of KF and 
HPO,H,. The original method for producing the adduct 
used methanol as the solvent or alternatively an aqueous 

To the opt~ized HPOs2- ~rangement a proton was 
added with r(OH) = 90.0 pm and POH = 109.5”, and the 
structure was reoptimized to produce the values of (II). 
The dihedral angle HOPH was assumed to be zero. 

H 

(II) 

solution of HF and KHPO,H.” 

*Author to whom correspondence should be addressed. 

(c) Phosphorous acid, HPO,H, 
The addition of another proton to (II) followed by 

reoptimization produced only marginal changes: r(OH) = 
96.2 pm; POH = 119.6’. 

1Q 
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(d) I-lydrogen phosphite fluoride, [HPO~HFj- 
Adding a fluoride ion to (II) with r(HF) = 120.0 pm, the 

structure of the ion was optimized at the hydrogen bond 
centre to give r(OH) = 105.1 pm, r(HF) = 137.4 pm OHF = 
180” (assumed) and POH = 121.6”, assuming the hydrogen 
bond to be linear. 

(e) Phosphorous acid fluoride, [HPOpH$- 
Starting from the optimized structure of (c), structure 

(III) was calculated by optimizing the parameters shown 
under the assumptions of a linear hydrogen bond and 
zero HOPH dihedral angles. 

7- 

L -.I 

(III) 

(f) Phosphorous acid dijuoride, [HPOaH2F$- 
Starting with the optimized structure of (III) a second 

fluoride was added to the remaining acidic hydrogen such 
that r(OH), r(HF) and POH are equal to those in (III). 

The hydrogen bond energy of [HPOsH2FJ- was then 
computed using the extended [6s4p/4s2p/2s lp] concen- 
trated Gaussian basis set of Dunning13 with an s-orbital 
scaling factor of d(2) and a p-orbital exponent of 0.7 for 
the protons. The effect of the addition of a set of single 
3d Gaussian polarization functions (Q = 0.43)14 on 
phosphorus was studied. This basis set has been shown 
to be sufficiently complete to yield hydrogen bond ener- 
gies which are stable against further basis extensions and 
against “ghost orbital” corrections.‘5 Single determinant 
SCF wavefunctions are generally adequate for the cal- 
culations of the energies of strong hydrogen bonds be- 
tween closed shell molecules since the molecular extra 
correlation energy and the zero- oint vibrational cor- 
rections are both small (ca. 5%).’ ! Finally, the effect of 
solvation on the hydrogen bonding interaction was stu- 
di$d using the non-specific salvation method.” The 
results of the calculations are presented in Table 1. 

EXPERIMENTAL 
Instruments 

Perkin Elmer 457 IR spectrometer (KBr discs, nujol mulls); 
Beckman pH electrode; Bruker HF’X90 NMR spectrometer (19F, 
84.66 MHz, referenced to CFCI3; “P, 36.43 MHz, referenced to 
85% H3PO.J and Bruker WMZSO NMR spectrometer (“0, 
39.909 MHz, referenced to HzO). Materials: KF, KHS, KHPOJH 
and HP0,H2 were analytical grade, HF was a 40% solution in 
water. 

Table 1. Total energies (hartrees)’ and salvation energies (W mol-‘) of the molecules and ions studied 
. 

Molecular 

speciee 

HPo2- 
3 

HP0 3H- 

Hm3%! 

WJ3KF1*- 

Wo3a2FI- 

F- 

w 

lw;’ 

53 
4-31O 

-564.95707 

-565.70723 

-664.92480 

-665. b2467 

-99. 247a28 

-99. 88729e 

-7bt.983a4 

-199.23504 

-565.62599 

-565. ‘30755’ 

-566.39~6 

-566.544al’ 

-566.93035 

-567.06267” 

-665.74233 

-665. 92*79d 

-666.46169 

-666. b0155a 

-99.41406’ 

-100. 03a47f 

-765. a333a 

-765.90370’ 

-199.53533 

AE:ol 

-a99 

-*a3 

-54 

-870 

-331 

-481 

-35 

-740 

-269 

i 

3.0 

3.0 

3.1 

3. 1 

3. 2 

1.4 

1.7 

3.6 

2.5 

a1 h-tree I 4.35961 x lo-l*J, b oslculated with a dielectric constant 

L- 33.0 (methanol)l ’ cavity radilu (i) derived from the van der Waala 

radii of A.Bondl, J. Phy& Chm., 1964, &Q, 4411 a with 3d orbital6 on 

phoaphorua 1 ’ W. J. Bmma & L.Radom, Chem. Phys. Letts.1979, &,, 2161 
f SW ref. 17. 
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Preparation of KF.HPQtH2 
HPOJH2 (5 g, 0.06 mol) and KF(3.5 g, 0.06 mot) were dissolved in 

water (10 cm3). Evaporation under vacuum at roOm temperature 
produced crystals of the adduct KEHPO~HZ m.p. 170”. Found: P, 
22.0; H,2.1;F, 13.6; K,27.4%. CalculatedforHSFKOsP: P,22.1;H, 
2.1; F, 13.5; K, 27.8%. The same compound was also grown from a 
solution of KHPOaH in aqueous HF. The crystals are stable in air 
and can be recrystallized from water. Their sob&ii@ is 
~NO0gkg-‘, the actual solubility being diilicult to determine 
exactly because of the high viscosity of such solutions; the 
solubility of HPO3& in water at 0°C is 3G90&-‘.‘8 When 
saturated solutions of KF and HPOsH2 were mixed a temperature 
rise of 12°C was recorded. 

Crystals grown from an aqueous solution containing a 1:2 mole 
ratio of HPOBz : KF were identified as KHS by their IR spectrum 
and analysis. Found: P, <l; H, 1.4; F, 48.0; K, 49.2%. Calculated 
for FzHK: H, 1.3; F, 48.7; K, SO.f%. Crystals grown from an 
aqueous solution of HPO~HZ and KHFz were also identified as 
KHFz. 

DISCUSSKlN 
The original discoverers of (KHPO~.H~~ prepared it 

by anhydrous methods such as grinding together KF and 
phosphorous acid and extracting the syrup which formed 
with hot methano1.6’8 Crystals of adduct were also 
obtained by complete dehydration of an aqueous solution 
of KHPO,H in 40% HF followed by me~anol extrac- 
tion.’ 

Crystals of composition KF.HPOaz grow from a 
saturated solution of KF and HPO&. The melting point 
of these is 170”, compared to the 96” reported for 
(KHPO,H.HF),. Alternative hydrogen bonded structures 
for the higher melting crystals can still involve OHF 
bonds, such as (IV), which is a polymeric rather than a 
dimeric form of (I), or (V), which has the HF molecules 
participating in two strong hydrogen bonds. 

. ..H-O O...H-O O...H-O O... 
\,J 

H’ \o- 
‘p// 

H’ b- 
‘p// 

H’ ‘o- 

,..H-O 0-...H-F...H-O 0-...H-F.., 
\,/ 

H/=\o 

A structure similar to (V) has been discovered in the adduct 
of KF and malonic acid, KF.CH&031)z.‘9 Yet a third 
possibility is a pirlymeric anion involving F ions forming 
two hydrogen bonds to acidic groups as is found in 
KF.(CH2C02H)2.M In this last example the pK, of succinic 
acid at 4.16” is sutsciently less than that of HF (3.45) to 
prevent proton transfer to form HF as occurs with malonic 
acid (2.83) and HPOJH2 (2.00). 

So far crystals of the new KF.HPO& have not been 
produced which can be investigated by X-ray diiTraction 
methods. It is even possible for them to be a mixed salt. 
The crystal structure of (K~O~.H~, however, 
shows short hydrogen bonds6 and we now report on the 
calculated energies of such bonds between HPO& and 
F, this being the first time that the hydrogen bonding of 
an acid of a second row element has been computed. 

Structure optimization of the hydrogen bonded com- 

plex between F- and HPOB2 gave the parameters of 
(III) and showed the hydrogen bonding proton to reside 
near the fluorine nucleus at about the bond distance of 
hydrogen fluoride. In this respect the system is like the 
arrangement in the crystal dimers, (I). Using the double- 
zeta basis set the energy of the hydrogen bond of 
[HPOSHzFJ- is calculated to be 66kJmol-’ relative to 
the lower energy isolated pair HPO,H- + HF. 

Detied with respect to the components used in our 
synthesis of the complex, i.e. HPOJH,+ F, the inter- 
action energy is 308 kJ mol-‘. Again this is in accord with 
the exothermicity observed when solutions of HPOSH2 
and KF are mixed. 

Taking phosphorus 3d orbitals into account in our 
c~c~ations changed these energies to 48 kJ mol-’ (with 
respect to HPOsH- t HF) and 328 kJ mol-’ (HPOsH2 t 
F). Taking solvation effects of methanol into account 
altered these values to 61 and 124 kJ mol-’ respectively. 
The former is thus the hydrogen bond energy of the 
complex, according to the agreed definition for systems 
of this kind.= Salvation effects in water are found to be 
virtually identical. This value is rather smaller than might 
have been predicted from the shortness of the hydrogen 
bond, r(O. *F) = 238 pm (observed), 234 pm (calculated). 

As a result of a referee’s comments about the ion 
[HPOaH2F2]2- and its relative stability with respect to 
other species, including HF;, we have computed the 
relative energies of all possible combinations of 
HPO& t 2F- in ‘both the free and solvated states. 
These are shown in Fig. 5. The double OHF hydrogen 
bond of [HPOB2FJ2- is stable with respect to 
HP03H2 t 2F- by 244kJ mol-’ (122 kJ mol-’ per 
hydrogen bond) in the free state, but unstable by 
24 kJ mol-’ (12 kJ mol-’ per bond) in the solvated state. 
These are the defined hydrogen bond energies.22 It does 
not mean that the hydrogen bonds in this complex ion 
are stronger than that of [HP02H2FJ-, in the free state; 
it is merely a consequence of changing the base from 
which the hydrogen bond energy is defined. 

Figure 5 also shows that in the free state HF; is the 
favoured hydrogen bonded species, but in solution 
[HPO,HtFj- should be the preferred species. 

How do the hydrogen bond energies of phosphorous 
acid-fluoride bonds compare with other strong 
hydrogen bonds’ energies? The calculated hydrogen 
bond energy of HS (free state) is 214kJ mol-’ and 
r(F. .F) = 226pm.l The calculated energy of each of the 
hydrogen bonds between a single fluoride ion and two 
formic acid molecules, [HC02H* *Fe .HO&H]-, is 
179k.l mol-’ and the measured distance r(O* *F) is 
244 pm.m Other 0. *He .F strong hydrogen bond energies 
are 149kJ mol-’ for [H,BO,fl-,” 149kJ mol-’ for 
[RCONH2F]-U 127 kJ mol-’ for [RC02HF]-,20 and 
101 kJ mol-’ for [H,O.FJ;l-.” Other evidence and especi- 
ally IR data supports these as being strong hydrogen 
bonds. Thus the value of 48Wmol-’ for [HPO&Fj- 
(gas phase) appears rather too low. The calculated values 
for [WPOsH2FJ-, on the other hand, appear to be of 
comparable strength, and are probably more represen- 
tative of the enetgy of the PO, *Ha *F bond in these 
ions. 

The calcnlated Mien pop~ations lend no support 
to the hypothesis of p?r-dn back-donation on to the 
phosphorus atom; most of the negative charge is. local- 
ized within the hydrogen bond itself. 

Calculations have also been carried out on the species 
[HPOIHF12-, which show it to be unstable with respect 
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to HPO,H- and F- by 18416 mol-* (95 kJ mol-’ if 3d 
orbitals are included) but is stable with respect to 
HPOl- and HF by 204k.I mol-’ (202k.l mol-’ if 3d 
orbitals are included). Again by the agreed definition of 
strong hydrogen bonds this doubly charged ion is thus 
unstable by 95 kJ mol-‘. However the [HPOsHFjZ- 
complex may be postulated as a hydrogen bonded in- 
termediate in the reaction sequence: 

HPOs*- t HF+ [HP03HF)*--+ HPO,H- + F-. 

In solution the [HPOpHU2- complex is calculated to be 
stable with respect to both HPO,H- t F- (by 201 kJ mol-‘) 
and HP032- t HF (by 138 kJ mol-‘). 

The addition of KF to a solution of HPOYH2 should 
result in an acid-base neutralization reaction which is 
conventionally expressed as (1) 

HPO,H, t KF+ HF t KHPO,H (1) 

but is better expressed as (2), bearing in mind the nature 
of the species involved in solution. That a strongly 

H,O+ t F- + [H$HF] (2) 

hydrogen bonded complex [H2&H-F], is present as the 
chief species in hydrofluoric acid has recently been 
determined by Gigubre.26 

The resulting solution from the reaction of KF and 
HP03H2 can however be seen as involving an equili- 
brium between the two possible acceptors and the donor 
HF (3). 

[H20. -HF) t HPO3H- s Hz0 t [HPOB. *HFl-. 
(3) 

Only in concentrated solutions will [HPOSH2F)- be 
favoured but it may be possible to detect the presence of 
this ion under normal conditions, thus showing its tela- 
tive hydrogen bond strength. 

Excess fluoride over that required to neutralize 
HPOaH2 will not lead to the neutralization of HPOJH-. 
Instead the excess F- would also compete as an acceptor 
for HF (4) in an equilibrium that lies very much to the 

H20* .HF t F =r Hz0 t HF,- 

biiuoride side. 

(4) 

Evidence for the ion [HP03H2Fl- existing in aqueous 
solution was sought with the aid of “0, v, and 3’P 
NMR spectroscopy. No unambiguous confirmation of its 
presence under these conditions was found. The spectra 
did nevertheless reveal some information. 

The “0 chemical shift of the phosphite oxygens is 
shown in Fig. 1 which reveals a sharp discontinuity at 
112.5 ppm corresponding to the end-point of (1). The 
value of g(“0, HPO,H-) is the same as that reported by 
Christ et ~1.~ For HP03H2 and HP02H- the half-height 
line-width was 205 Hz, much less than the 600 Hz repor- 
ted,n and the doublet structure easily observed as &P = 
91.6Hz, which is of the same order as the 98Hz of 
J&HPO(OMe)J and similar compounds.28 

In this system the change in S(“0, HP03H3 can be 
explained as simply due to the neutralization of the 
strongest acid proton by the base F-. There is no in- 
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Fii. 1. S(“0, HPOjHd vs mole ratio of added KF; [HP@Ht = 
l.Om]. 

dication of any very strong hydrogen bonding between 
the conjugate base HPO,H- and HF or F even when the 
latter is in an excess beyond that necessary for the 
formation of HF2-. 

The ‘9 NMR signal from these solutions varies during 
the addition of KF to HP03H2 solution in the manner 
shown in Fig. 2. The changes in S(‘9F) can be explained 
in terms of (1) and (4). In solutions of composition up to 
half neutralization there is an upfield shift from S(F) = 
118 ppm towards 6(HFaq) = -1% ppm as expected. No 
indication exists as to whether the HF is hydrogen 
bonding to HP03H- or H20. 

At half neutralization the signal begins to move 
downfield and almost linearly; back extrapolation to the 

Fig. 2. a(‘%, KF aq) vs mole ratio of added HPC?& [HPO& = 
1.0 Ml. 
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vertical axis gives a S(‘%J of -165 ppm, exactly the 
value quoted for aqueous HFz-.29 Thus above a ratio of 
OS: 1 of KF:HPOsH2 the predominant fluoride 
env~onment would appear to be HFZ-, which exchanges 
with F- as the ratio of F-:IIF;‘- increases, thus pausing 
the further down~eld shift. 

In me~anol solution KF.HPO~H~ has moderate solu- 
bility and S(19F) = -184.8 ppm, which is about that of HF 
and in the region expected for a strong hydrogen bond as 
in (I). Extra KF can be dissolved in such solutions up to 
a maximum ratio of 1.75 KF: 1 HP&Hz {at 0.1 M con- 
centration), and the signal moves downfield to 
-174.8 ppm. This is not likely to be due to the formation 
of HF2-, which is insoluble in this solvent but rather to 
the hydrogen bonded complex [HPOJHZF$- with both 
protons of the acid engaged in such bonds. 

The effect on S(3’P, HPO,HJ of adding KF to its 
solution is shown in Fig. 3, There is also a sharp dis- 
continuity at equimol~ concen~ations. Excess fluoride 
has little effect on S(“P, HPOIH-) showing that no 
strong hydrogen India is occ~ng between them. 

The addition of KF to HPO& however results in a 
broade~g of the 31P signal which reaches a ma~um 
of 20Hz (W,& at half neutralization, and then disap- 
pears at the equimolar concen~ations of the end point. 
This broadening would seem to support the formation of 
HPO&F-. 

The effect of hydrogen bonding on JPH of hypophos- 
phorous acid has been noted.” The principal intluences 
on J*w was the immediate acid proton environment of 
the molecule: thus JPdH2P02H2’) > Jr&H,P%H) > 
J&H2P02-), The effect on J~~~O~H~ of added F- is 
to change it from 674 Hz to 668 Hz (0.25 KF:HPO~~~, 
to 659 Hz (0.5: l), to 651 Hz (0.75: 1) to 643 Hz (1: l), to 
630 HZ (2: l), to 621 Hz (3: 1) to 612 Hz (4: 1). The value 
for K+HP03H- in solution is 563 Hz. These values sug- 
gest that the acid protons of phosp~rous acid are not 
being effectively removed by F- to give HPOB-, even 
when the base F- is in excess. A close association of the 

Fig. 3, S(31P, HPO&) vs male ratio of added KR [HPO& = 
l.OMJ. 

conjugate base with the HF in the formation of 
[HPO,H.HF)- would explain the JpH values observed. 
Equilibrium (3) may not be entirely upset in favour of (4) 
under these conditions. 

Condu~~ce and pH changes as a solution of 0.1 M 
HPOSHH? is titrated with 0.7 M KF are shown in Fig. 4. 
The results are consistent with (2) followed by (4). In the 
original study of KF.HPO~~, crystals were first 
obtained by dehy~a~ KHPOSH solution in aqueous 
HF and these were then extracted with methanol to 
obtain the desired product. We were interested to see if 
the original crystals from aqueous solution contained 
KHF,, as might be expected. When a solution of KF in 
glacial acetic acid is evaporated to dryness the resulting 
crystals are a mixture of the various strongly hydrogen 
bonded salts KHK, KH(CH3C0& and KF,CH3COJI.” 
KHK is particularly easily characterized by a strong 
sharp peak at co 12OOcm-‘. 

The i.r. spec~m of our crystals consists of very broad 
bands as expected for a snowy hydrogen bonded com- 
plex. The region 35~lS~crn-’ shows a con~uum 
with three broad maxima at ca 2750,225O and 1700 cm-‘. 
Below this there are sharper bands at 12553, 1195 fsh), 
ll%, 1078s, iO!iOs, lO15s, 910m, 835mw, 5#s, 48Os, and 
445~ cm-’ (KBr disc). The shoulder at 1195 cm-’ could 
arise from KHF; but in any event this cannot be a major 
component of these crystals. 

In conclusion it can be said that an aqueous solution of 
HPO& and KF behaves as if it were HPOX and HF, 
and that there is some evidence for an association be- 
tween them in terms of a hydrogen bond. Addition of 
excess KF produces HF*-. Ab inifio calculations suggest 
that the hy~ogen bond in [HPO~H~~- is not as strong 
as other hy~oge~ bonds formed between the fluoride ion 
and molecules con~g first row atoms, yet the struc- 
ture of of shows short, and therefore strong, hydrogen 

Fig. 4. pH and conductance (mmhos) plots for H~Hz (0.1 M) 
titrated with KF (0.7 hi). 
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HPO:-+ 2HF 
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HKI 3 HF2-t HF 
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Hm3H2 F2 2- 
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HP03H- t HF t F- 
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HP03H2F-+ F- 
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Fig. 5. Relative energy diagram for all combinations of HPOXHZ t 2F-, not to scale. ([6s4p ld/4s2p/2slp] basis set.) 

bonds. Crystals of composition KF.HPOaH2 grown from 
aqueous solutions are not the same as those from 
methanol i.e. (I), and they may even be a mixed phos- 
phite bifiuoride salt reflecting the species that are present 
in solution. 
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RESONANCE INDUCED PROPERTIES IN 
MONOTHIOCARBAMATES DERIVED FROM AROMATIC 

AMINES: COMPARISON OF THE COORDINATION 
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Ah&net-The syntheses of two new monothiocarbamate ligands and selected transition element complexes of 
each are reported. The complexes of indoline-N-carbothioate (ink) prepared are: NiL2.1.5H,0, ZnL*, NiL,.2py, 
Z&Zpy. The complexes of indole-N-carbothioate (ilk) are: NiL$, ZnL;, Cut’. IR spectral results support a 
bidentate ligand behavior for both new monothiocarbamates except in ZnLss2py. Comparison of the JR spectral 
features of bis(mdolylcarbamoyl)disuhide with that of coordinated indole-N-carbothioate allowed an assignment 
of the C-S and C-O vibrational frequencies. Evidence for differences in major resonance contributions to the 
electronic structures of each new ligand are presented. The crystal structure of the bis(indolylcarbamoyl)distdphide 
is also presented and a comparison is made to pyrrole-Ncarbothioate, another aromatic amine monothiocarbamate. 
The disulphide crystalhis in the centrosymmetric monoclinic space group P2r/c with a = 15.645(4)& b = 
5.228(l)& c = 19.271(7)A, p = 97.20(2)“, V = 1564(l)A’, d(obsd)(calcd) = (1.50)(1.52) for a molecular weight = 356.1 
and 2 = 4. Diffraction data were collected with a Syntex Pi diiractiometer with CuKa radiation. Least squares 
refinement resulted in Rf = 7.0% for all 1213 non zero reflections have (f) > 3u(f). 

DJTRODUCTION 
In contrast to the large amount of work which has 
centered on the coordination chemistry of dithiocar- 
bamate (dtc) complexes in recent years? much less 
attention has been drawn to possibly more interesting 
monothiocarbamate ligands (mtc).’ A comparison of 
potential resonance contributions to the ground state 
electronic structures of dithiocarbamates (Scheme I) 
with that of monothiocarbamates (Scheme II) suggests 
that a wider variety of chemistry might be expected to 
result from these latter systems. These seem to be sup- 
ported from the limited structural results available for 
monothiocarbamate complexes.4 It is also apparent that 
the sulphur atom in dialkyl-monothiocarbamates has 
considerable “mercaptide” character and polymeric 
complexes often result.4c*5” To date, the primary 

*Author to whom correspondence should be addressed. 
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concern in monothiocarbamate chemistry has been to 
determine if differences between similar monothio- and 
dithiocarbamates exist. In an effort to alter the reactivity 
within the monothiocarbamate class, we have attempted 
to affect the bonding properties of the -COS moiety by 
altering the peripheral ligand structure. We have shown 
that the coordination chemistry of dithiocarbamate and 
dithiolate ligands can be dramatically altered by choosing 
R groups which favour one of the various possible 
resonance structures.‘~* In particular, we have employed 
aromatic amines in dithiocarbamate complexes which 
virtually eliminate resonance form IB (Scheme I) and 
new coordination complexes and structures resulted.’ In 
addition, we have recently shown that pyrrole-N-car- 
bothioate(ptc) does yield coordination compounds of 
different stoichiometry (Ni,(ptc),*THF)’ or electronic 
structure (Ni(ptc)2py2)4’ than dialkylmonothiocarba- 
mates. 

R S- 
\+ c’ R/N = ls_ 

Scheme 1. 
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To establish more fhmly the chemistry observed to 
date, we have prepared the aromatic amine monothio- 
carbamate derived from indole and the nonaromatic 
analogue derived from indoline. These ligands, ilk and 
ink, respectively, and representative transition element 
complexes have been prepared. Particular attention has 
been given to the assignment of the IR vibrational features 
due to the ligands and the interpretation of differences 
observed. In order to facilitate this IR study, the di- 
sulphide (ik-ilk) derived from the indole lid was 
prepared. The crystal and molecular structure of this 
molecule is also reported and a comparison of the 
sign&ant bond distances is made with those reported4’ 
in Ni(ptc)zpyz in order to further establish the nature of 
the resonance contributions in these new monothiocar- 
bamates. 

KKPEItIMFiNTAL 

Syntheses 
Potassium indole-N-corbothioate (Kiltc). Indole (0.05 mole) 

was dissolved in lOOmI of dry THF (distilled from Na/ben- 
xophenone) under Ar. Potassium metal (0.05 mole) was added to 
the stirred solution and Ha evolution began immediately. This 
reaction was allowed to continue for 24hr during which a 6ne 
white precipitate formed. The reaction mixture was cooled to 0” 
and COS was bubbled into the solution until the solid diisolved 
(5 min.). This was followed by passing Ar into the solution to 
remove excess COS. Dry, chilled pentane was then added until a 
slightly turbid solution was produced. Refrigeration of this mix- 
ture for several hours produced a white, extremely air sensitive 
powder. The product was collected by Wation and used without 
further purikation (yield - 80%). 

Potassium irtdoline-N-carbothiolate (Kintc). Kintc was pre- 
pared as with Kiltc above. However, once formed, Kintc is air 
and moisture stable and can be handled in the atmosphere 
(yield - 95%). 

Ni(intc),.l.S H20. Kink (Log) was dissolved in JOml of 95% 
ethanol to which was added a solution of 0.71 g of NiBr2*6H20 in 
50 ml of 95% ethanol. A green precipitate formed immediately 
and the reaction mixture was stirred for 1 hr. The product was 
collected by filtration, washed with ethanol and ether, and dried 
under vacuum (yield - 70%). IR data indicated that Hz0 was 
present in the product. Found: C, 48.87; H, 4.36; S, 14.49; N, 
6.34; Calc. for CJIMN,0$,Ni2: C, 48.88; H, 4.56; S, 14.50; N, 
6.33%. 

tSupplementary material available A listing of observed and 
calculated structure factor amplitudes (8 pages), atom coor- 
dinates (2 pages), and nonhydrogen anisotropic temperature fac- 
tors (1 page) have been deposited with the Editor from whom 
copies are available on request. Atomic coordinates have also 
been deposited with the Cambridge Crystallographic Data Base. 

Zn(intck. This white compound was prepared in an identical 
manner to Ni(intc)a~1.5H20 using ZnBrz (yield-85%). Found: 
C, 51.00; H, 3.90; S, 15.60; N, 6.60. Calc. for ClsH12N202S2Zn: H, 
3.82; S, 15.20, N, 6.64%. 

Ni(int&.2py. This compound was prepared by the recrystal- 
lization of Ni(int&l.S Hz0 from pyridine. Found: C, 58.57; H. 
4.63; S, 11.09. Cak. for C2sH22N,002S2Ni: C, 58.65: H, 4.57; S, 
11.19%. 

Zn(inf&~Zpy. This compound was prepared by recrystallixa- 
tion of Zn(intc)l from uyridine. Soectroscouic analvsis for nvri- 
dine conf&ed.&e stoichiometry. _ _ _ - - 

Cu(ik). Two equivalents of Kiltc in anhydrous THF were 
added to a solution of one equivalent of CuBr2 in anhydrous 
THF. The intense colour characteristic of Cu(II) disappeared 
rapidly and an orange precipitate formed (yield - 70%). Found: 
C, 45.30; H, 3.25. Calc. for C&,NOSCu: C, 45.58; H, 3.40%. 

Ni(ilt&. K(iltc), (l.Og) in 50 ml of anhydrous THF was added 
very slowly to 0.50 g of NiBrl in 50 ml of anhydrous THF. A 
yellow solution and a white precipitate formed. The solid KBr 
was removed by Wation, the volume of the solution was 
reduced and anhydrous hexane was added. Refrigeration of this 
solution resulted in the formation of an air sensitive yellow 
powder. The product was collected by filtration and dried under 
vacuum for several hours. An IR spectrum showed that no THF 
was present in the dry product (yield - 80%). 

Zn(ilt&. This white product was prepared employing the 
same procedure as that for Ni(ikc), (yield - 70%). 

Bis(indolylcarbamoyl)disulphide (iltc-ilk). The solution 
obtained after the isolation of Cu(iltc) above,. when cooled yiel- 
ded the disuluhide of indole-N-carbothioate. Found: C. 61.23: H. 
3.50: S, 18.32. Calc. for CL8H12N202SZ: C, 61.34; I-I, 3.431 S: 
18.28%. 

Analyses. Elemental analyses were carried out at Atlantic 
Microlabs, Atlanta, Georgia. 

Spectroscopic methods. IR spectra were recorded on a Per- 
kin-Elmer 512 spectrophotometer using mull prepared in an inert 
atmosphere. Electronic spectra were recorded either on a Cary 
14 or Hitachi 110 spectrophotometer. 

CRYSTAL DATA COLLECTION AND STRUCTURE 
DETEIMINATION 

A nearly cubic crystal (0.14 mm x 0.16 mm x 0.20 mm) 
of bis(indolylcarbamoyl)disulphide was obtained from a 
slow evaporation of a saturated THF solution. 

The crystal survey, unit cell dimension determination 
and data collection were accomplished on a Syntex Pi 
diffractometer using copper radiation (A = 1.5418A) at 
room temperature employing procedures common to 
these laboratories.‘o Details of the crystal survey and 
data collection parameters are summarized in Table 1. 

The diffractometer output and all subsequent crystal- 
lographic calculations were processed using subprograms 
of the CRYM crystallographic computer system.” Data 
processing procedures were as before.” 

The refined coordinates were plotted using the ORTEP 
computer program of Johnson’* (Fig. 1). Thermal 
parameters are available as part of the supplementary 
materials. Tables 2 and 3 contain final significant bond 
distances and angles. All other data pertaining to the 
structure have been dep0sited.t 

IDWLT!i AND DISCUSSION 
Potassium indole-N-carbothioate is a white, extremely 

air and moisture sensitive solid. All manipulations in- 
volving this ligand were done under inert atmosphere 
conditions. We were primarily interested in neutral 
complexes of divalent metals and Ni(I1) and Zn(II) com- 
plexes were studied in detail. However, Cr(III) and 
Fe0 complexes were also prepared as well as 
[Mo(II)]~ compounds and these will be reported later. 
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Table 1. Physical data aad data coilectioo ~~e~~ 

Molecular Formula 

Molecular Weight 

Crystal sfte, mn 

Cell Dimensions 

a. It 

b, fi 

C. 61 

6, deg. 

v, R3 
Space Group 

~lecules/un~t cell 

d calcd, g&m3 

d obsd". g/cm3 

Scan fechnfque 

Scan Speed 

Scan Width 

Background Count Time 

No. of reflections 

No. of nonzero reflectionsb 

356.1 

0.14 x 0.16 x 0.20 

15.645X(4) 

5.228(l) 

19.271(7) 

9?.20(2) 

1564(i) 

P2,/C 

4 

1.52 

1.50 

0126 

2'/mln in 28 

1.2' below Ka,, to 1.2' above Ko2 

Mkx scan time on each side of 

1613 

1213 

'.Jensity was measured by the flotation technique using Hexane/l,J Dibromo- 
ethane 

bAil intensities with values less than 3 x standard deviation were set 
equal to zero with zero weight. 

Fig. 1. Sterescopfc ORTEP drawir~ 50% probability ellipsoids. 
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Table 2. Bond distances (Angstroms) in L’k-Zkc 

N(1 )-c(2) 1.391(10) N(l')-C(2') 1.409(10) 
N(l)-C(7A) 1.425(10) N(i')-C(7A'; 1.400(11) 
N(l)-c(8) 1.397(10) N(l')-C(8') 1,391(11) 
c(2)-c(3) 1.352(12) N(2')-C(3') 1.336(13) 
C(3)-C(3A) 1.452(11) N(3')-C(3A') 1.430(12) 
C(3A)-C(4) 1.397(12) C(3A')-C(4') 1.381(12) 
C(3A)-C(7A) 1.402(12) C(3A')-C(7A') 1.382(12) 
C(4)-C(5) 1.369(12) C(4')-C(5') 1.368(14) 
c(5)-c(6) 1.403(12) C(5')-C(6') 1.381(13) 
C(6)-c(7) 1.388(12) C(6')-C(6') 1.390(13) 
C(7)-C(7A) 1.372(11) C(7')-C(7A') 1.384(12) 
C(8)-O(9) 1.183(10) C(8')-O(9') 1.204(10) 
C(6)-S(10) 1.826( 3) 
S(lO)-S(l0') 2.014( 3) 

~(8';~$(lO') 1.801( 9) 

Table 3. Bond angles (degrees) in grc-Zlrc 

C(7A)-N(l)-C(2) 108.9( 6) C(?A')-N(l')-C(2') 107.4( 7) 
C(6) -N(l)-C(2) 

Et 76; 
C(8' )-N(l')-C(T) 126.4( 7) 

C(8) -N(l)-C(7A) 
C(3) -C(2)-N(1) ;;;:;I ;] 

C(7' )-N(l'bC(7A') ;;;.:I ;I 
C(3' )-C(2')-N(1') 

C(3A)-C(3)-C(2) 
132:7( 7) 

C(3A')-C(3')-C(2') 107:9( 3) 

C(4) -C(3A)-C(3) C(4' )-C(3A')-C(3') 132.2( 8) 
C(7A)-C(3A)-C(3) 107.7( 7) C(7A')-C(3A')-C(3') 107.7( 8) 

#$J%& EK/ ii 
C(7A')-C(3A')-C(4') 119.9( 9) 
C(S' )-C(4') -C(3A') 119.2( 8) 
C(6' )-C(5') -C(4') 

C(7) -C(6) -C(5) ;;;::i ;j 
C(7' )X.(6') -C(S') 

C(7A)-C(7) -C(6) 
106.lj 6) 

C(7A')-C(7') X(6') 
C(3A)-C(7A)-C(1) C(3A')-C(7A')-C(l') 
C(7) -C(7A)-N(l) 130.7( 7) C(7' )-C(7A')-N(1') 
C(7) -C(7A)-C(3A) 123.2( 7) C(7' )-C(7A')-C(3A'. 
O(9) -C(O) -H(lj 125.8( 7) O(9' )-C(3') -N(l') 
S(lO)-C(8)-N(1) 

:::q :; 
S(lO')-C(8') -N(l') 

S(lO)-C(8)-O(9) S(lO')-C(8') -0(9') 
Silo')-S(lOj-C(S) 99:4( 3) C(8' )-5(10')-c(10) 

Indoline, unlike indole is not an aromatic amine and 
we expected that intc would behave as a normal dialkyl 
monothiocarbamate. If iarc does indeed behave as a 
normal monothiocarbamate, then any diierence between 
the properties of iarc and the aromatic analogue iltc 
could be attributed to a decrease in the importance of the 
resonance form which concentrates charge on the amine 
nitrogen. (Clearly, both of these ligand systems have 
very similar steric properties, and the ligand “bite” 
should be nearly the same for each.) Znrc was syn- 
thesized using the same procedure used to produce ilk. 
However, Kink is air and moisture stable. Once isolated 
it can be stored under ambient conditions for long 
periods. The transition metal complexes of intc could be 
formed in aqueous ethanolic solution in open vessels. 
The Ni(II) and Zn(II) complexes were synthesized as 
well as his-pyridme adducts of the Ni(II) and Zn(I1) 
compounds. The reaction between intc and Moz(A& 
was studied but will be reported later. 

We were interested in two aspects of these liinds. 
First, what were the resonance properties of intc and 
iltc relative to those of diiyl monothiocarbamates? 
Second, if the aromatic amine ligand does have peculiar 
resonance properties, how would the reactivity patterns 
of the ligand be affected? 

With respect to the first point, an IR analyses of a 
series of metal complexes of these ligands could provide 
the information on the resonance properties. A great deal 
of work has centred on the positions of the v(Cu0) and 
v(C=N) as well as v(C-S) frequencies in the IR spec- 
tra of diikyl monothiocarbamate complexes. It has been 
generally felt that dialkyl monothiocarbamates favoured 
resonance form IIB with some contribution from form 
HA (Scheme II). Thus, IR spectra of Rzmtc should have 
resonances corresponding to a partial carbon-to-nitrogen 
double bond as well as a partial carbon-to-oxygen double 
bond. The carbon-to-sulphur bond vibration, on the other 
hand, should be found in a region correspondii to a 
single bond. Early reports by Rrankovits et aLI and 

McCormick et al.” assigned a broad, strong band be- 
tween lSOOcm_’ and 16OOcm-’ to v(C=0) and 
v(C-N). The position of this band will be indicative of 
the electronic properties of the various monothiocar- 
bamates and therefore a study of the position of this 
band in the aromatic monothiocarbamate complexes 
should prove useful. 

v(C=S) bands have been reported in most cases to 
occur in the 650-700 cm-’ region. This corresponds to 
the single carbon to sulphur bond region. Fay, on the 
other hand, reported v(C-S) in the 950-1000 cm-’ region 
for dithiocarbamates.‘5 

The v(C=0) band in the potassium salt iltc appears 
at 1525 cm-‘. The same band for Mezmtc is reported at 
1519cm-’ while E&mtc is at 1520cm-‘.‘5 The higher 
frequency found in the new ligand reported here is taken 
as indicative of increased multiple band character in the 
carbon to oxygen bond. The equivalent band in the Ni(I1) 
complex appears at 156Ocm-‘. The question of bonding 
mode in these complexes arises here since previously 
values of v(Cu0) above 1550 cm-’ have been assumed 
to indicate monodentate coordination through sulfur 
only. However, since the frequency z&!=S) and 
r&-N), v(Cu0) in the ligand itself is higher than 
previously found, it is likely that the l&and is bonded in a 
bidentate fashion.16 

A very strong broad band at around 1250-13OOcm-’ 
appeared in all the complexes iltc. We suggest that this 
band is v(C-N) since it is well within the region normally 
associated with carbon-to-nitrogen single bond vibrations 
(1250-1350cm-‘).I’ We suggest this assignment with 
some confidence, based on three observations. First, the 
v(Cu0) bands in all the iltc complexes are fairly sharp 
as opposed to the often very broad bands exhibited in 
this region in the dialkyl compound. The broadness of 
the band in R2mtc complexes is apparently due to the 
presence of both the v(C-0) and v(C=N) bands in a 
highly coupled vibrational state.‘8*‘9 The sharpness of 
this band in the spectra of our complexes suggests that 
v(Cu0) and i&-N) vibrations are not highly cou- 
pled in iltc complexes. Therefore, we might expect to find 
@UN) at some other frequency. Secondly, a band 
corresponding to v(C-N) single bond vibration was 
detected as a strong band at 1250-13OOcm-’ in the 
aromatic dithiocarbamates.20 The results of an X-ray 
diffraction study on Fe(pdtc)a showed a C-N bond dis- 
tance which approximated a single bond distance of 
[1.364(A)]? 

Finally, we felt that if we could move the v(C=0) 
band out of the 150&1600 cm-’ region which the strong 
band at 1250 cm-’ remained we could conclude that the 
v(C-N) band was not coincident with (C-O). Toward this 
end bis(mdolylcarbamoyl)disulphide was synthesized. 
Since v(C!=O) had been assigned at 1680cm-’ in pre- 
vious carbamoyldisulphides we felt that ilk-iftc would 
behave ~imilarly?*~*~ The IR spectrum of this molecule 
does exhibit a band at 1680cm-‘, which no bands ap- 
pear between lSOOcm-’ and 16OBcm-‘. The strong 
band at 1250cm-’ remains, however. Thus, based on 
these three pieces of evidence, it seems clear that we 
could assign this band to the carbon to nitrogen single 
bond vibration. 

The IR band corresponding to the i&-S) vibration 
proved dilIlcult to assign. v(CuS) band positions in 
dithiocarbamates have been reported to occur in the 
96&1OOOcm-’ region. These bonds have been shown 
crystallographically to possess considerable double bond 
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character?4’2s If the resonance properties of the aromatic 
monothio~rb~ate were p~dominated by a form which 
imparted some multiple bond character to the C-S bond, 
we would expect to find a band in the 9S~l~crn-’ 
region. Indeed this was the case. However, most pre- 
vious reports concerning the IR-spectra of monothio- 
carbamates assigned a medium intensity band in the 
650-700 cm-’ region to v(C-S). A band of this sort also 
appeared in the spectra of our complexes. It was not 
until the results of a three dimensional X-ray diffraction 
study on Ni(ptc)~.2py were obtained that we could make 
the ass~nment.4i This compound has by far the shortest 
C-S bond distance reported for a mono~ioc~bamate. 
Therefore we assign the band in the 95~l~crn-’ 
region to v(C=-S). 

It seems clear then that the aromatic nature of the 
indole ring does predominate the resonance properties of 
the monothiocarbamates derived from this amine. Since 
forms HA and IIA’, but not IIB (Scheme II) completely 
describe the electronic structure of these ligands, we 
might expect the structural properties of i&c to mimic 
those of thio~nzoate rather than other monothiocar- 
bamates. 

An IR analysis was also carried out on Kit& and the 
complexes of this ligand. These spectra had two im- 
portant features. First, the v(C~O), @UN) band in 
the 1500-1600 cm-’ region is very strong and very broad. 
This band in the spectra of intc complexes appears to be 
identical with the analogous band in the spectra of the 
dialkyl monothiocarbamate complexes. Second, no band 
assignable to Y(C=S) could be found in the 9% 
loo0 cm-’ region, However, as is true for dialkyl species, 
a weak to medium band assignable to v(C-S) is observed 
in the 65~7~crn-’ region. The broadness of the 1500- 
1400 cm-’ band is apparently due to the presence of both 
the v(Cu0) and @UN) bands, as has been proposed 
by previous workers for dialkyl monothiocarbamate 
complexes.‘3*‘4 As suggested above, the difference in the 
Y(CLI.+N) resonance frequency is due to a shift in 
resonance properties brought on by the aromatic nature 
of indole as compared to indoline. IR spectra of the i&c 
complexes indicate a predominance of IIB in Scheme II. 
The low v(C-S) frequency along with the rather high 
V&UN) frequency are indicative of a C-S bond of 
essentially single bond character and a C-N bond with 
considerable multiple bond character. Comparison of the 
v(C~0) frequency of Kintc (1520cm-‘) with that of 
Ki&c (1535 cm-‘) show much less multiple bond eharac- 
ter in the C-O bond of the non-aromatic intc system. 

Since resonance form IIB (Scheme II) is much more 
important in the description of the properties of intc, we 

would expect the sulphur atom to have considerable 
“mercaptide” character. This mercaptide character has 
been implicated as the predominant feature in the struc- 
tural properties of the dialkyl monothiocarbamates.4b 
The complexes formed in our studies with i&c are, in 
every case, identical to the analogous compounds formed 
with dialkyl monothiocarbamates as ligands (R = Me, Et, 
Pr, pip, pyr).4b.‘s Ni(intc), is a green, insoluble solid. 
This insolubility precluded any molecular weight 
measurements. However, this same property indicates 
some degree of polyme~~tion. The electronic spectrum 
of this compound indicates octahedral coordination for 
the Ni(I1) atom. This fact also indicates some type of 
polymeri~tion, undoubtedly involving sulphur atoms 
bridging adjacent Ni atoms, since elemental analysis 
shows no solvent molecules which might complete the 
octahedral coordination. In each of these properties 
Ni(intc), mimics Ni(R*mtch (R = Me, Et, etc.).‘4 On the 
other hand, Ni(iltc)2 is a red, soluble compound which 
appears to have a structure identical to Ni~~tc)4,3THF.9 

Zn(intc), is also poIymeric in nature as are the diaIky1 
complexes of Zn.” V(CLLLO) for Zn(i~~c)~ is located at 
1530 cm-’ while the same band in Zn~ipmtc)* appears at 
1525 cm-‘, It is known that reaction of Zn~ipmtc)~ with 
amine bases such as pyridine or piperidine result in 
tetrahedral &s-amine adducts in which the monothiocar- 
bamate is not coordinated. The X-ray structure of 
Zn(pipmtc)z.2pip4f has been reported. The r&~-0) band 
in this compound appears at a much higher frequency since 
the oxygen of the ligand is not bound to Zn. Zn(int& also 
reacts with pyridine to form Zn(intc)*,2py. v(CLLO) is 
shifted to a frequency of 159Ocm-’ and therefore likely 
has a st~cture identical to that of the pi~~dine derivative. 

Molecular structure of iltc-iltc 
The crystal structure of bis(indolylcarbamoyl)di- 

sulphide was obtained to investigate the structural 
characteristics associated with resonance contributions 
of c~rdinat~ aromatic mono~ioc~bamates to non- 
delocalized systems. Table 4 summ~zes the important 
bond lengths for this dis~phide and also lists those same 
values found in Ni(ptc)~.2py for comp~ison.4j These 
data are remarkable in that clearly, little C-N double 
bond character exists in the coordinated ptc. The elon- 
gated C-O bond and shortened C-S bond in the coor- 
dinated ptc are as expected from the IR analyses. 
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Table 4. 

Ni(ptcf2*2w i1tc-i1tc 

N-C 1.409 (12) 1.392 (14) 1.397 (10) 1.391 (11) 

C-O 1.254 (12) 1.231 (11) 1.183 (10) 1.204 (10) 

C-S 1.675 (10) 1.713 (10) 1.826 (8) 1.801 (9) 
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Abstract-The use of an indirect potentiometric method with the glass electrode in a Nj-/HN&J&*+ solution leads 
to ligand number fi, at several azide concentrations, at 2.0M ionic strength (NaCIOd), aqueous medium and 
25.0? O.l”C. The analysis of data under conditions where hydrolysis is avoided leads to the six overall stepwise 
constants: B, = 1.39 x 10‘ M-‘: 87 = 8.26 x lo3 M-*: & = 4.9 x 10’ M-‘; p4 = 7.1 x 10’ M-‘; OS = 2.3 x 10” M-*; fi6 = 
1.2 x 10’ ML6. 
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INTRODUCTION 
The reaction of uranyl cations with azide ion gives rise to 
strongly yellow coloured complexes as has been deduced 
by Feinstein’ from spectrophotometric data, and who 
suggested analytical applications. Equilibrium studies 
have followed concerning the formation of the monoaz- 
ide species with the resulting evidence of the existence 
of three species.M No mention of azide complexes was 
found in a review.6 

Although those studies were not complete, the analy- 
tical potentialities alone of the reaction suggest a more 
detailed study of the complex formation equilibria. These 
are presented in this paper from measurements in 
aqueous solutions of ionic strength 2.0 M held with 
NaC104 and at 25°C. This has been conveniently per- 
formed by an indirect potentiometric method, by analogy 
to the one succesfully applied to a similar cobalt II/azide 
system.’ 

EXPERIMENTAL 
Reagents and solutions 

All reagents were chemically pure or of analytical grade 
(Merck, Fisher, K and Lab., Eastman, Carlo Erba). Sodium 
perchlorate and sodium azide were recrystallized twice from 
ethanol. Standardization of sodium perchlorate was performed 
gravimetrically by drying an aliquot of 5 M stock solution (for 
ionic strength adjustments) to constant weight at 110°C. Recrys- 
tallized sodium azide was washed with ethanol, dried in a desic- 
cator over calcium chloride for several hours, followed by one hour 
in an oven at 110°C. This treatment produces a non-hygroscopic salt 
which can ,be used as a primary standard.’ Uranyl perchlorate 
was prepared from uranyl acetate by treatment with a controlled 
excess of diluted perchloric acid and concentrated in a water 
bath. The uranyl content of the stock solution (1 M, with 0.1 hi 
free perchloric-acid), was gravimetrically determined as U&OS.8 
The excess of free strong acid (0.1 M was calculated bv OH 
measurements of 0.1 M &any1 sdlutiod at ionic strength %M 
held with NaC104 (see below). 

Apparatus and procedures 
A digital potentiometer, Orion SOlA, was used in all pH 

measurements with a glass electrode combined with a calomel 

*Author to whom correspondance should be addressed. 

reference electrode filled with saturated sodium chloride solu- 
tion. All measurements were carried out at 25.0+0.1°C. The 
conditional pH data measured at 2.0 M ionic strength (referring 
to hydrogen ion concentration instead of activity) require the use 
of a 2.00 standard pH solution, which is a O.OlOOM perchloric 
acid solution in 1.99 M NaC104. A 5 ml, Methrom piston burette 
Model EA. 734-5 was used for the reagents. 

To 20.00 ml of a working azide solution of ionic strength 2.0 M 
a volume (0.5-1.5 ml) of 2.000 M perchloric acid was added, to 
obtain an azide/hydrazoic acid buffer of conditional pH1. Then 
one small volume of standard uranyl 1 M solution was added (up 
to 1.5ml) and a pH2 was measured in a few seconds, due to 
“normal” complex equilibria, readily attained. After that a slow 
hydrolytic process takes places and a lower pH3, is measured 
after its stabilization within ten minutes. The treatments of data 
with mass balances and all corrections due to dilution by reagent 
additions, was performed with a program for the Hewlet Packard 
HP-97 calculator, as described.’ The PI-I, plus pH2 data lead to 
conventional ri data vs free ligand concentration. The pH3 data 
lead to false conventional A data in average @and numbers 
referred to hydrolyzed complexes if the adequate correction in 
the program is not introduced (see Results and Discussion). 
Program for HP-97 (Hewlet Packard Calculator) were used in the 
integration of A vs log (N3-) data and in other steps of the whole 
calculation process.’ 

RESULTS AND DISCUSSION 
(1) General pattern of the uranyl azide reaction 

The procedure adopted to obtain the equilibrium con- 
stants, is a competitive method based on measurement of 
the change of the conditional pH (referring to hydrogen 
ion concentration instead of its activity) of an 
azidelhydrazoic acid buffer, by the presence of uranyl 
cation. The mass balance applied to the system based on 
its pH change leads to final values of the ligand and 
average ligand number (ti) as has been fully discussed.’ 

It should be pointed out that the merit of this ap- 
proachis to use a conditional pK of the weak acid (HN3) 
of each particular working solution, instead of an 
average value, in order to compensate for some factors 
which could be a source of error, such as drifts in 
junction potential or reference electrode potential. 

Figure 1 presents a series of selected A vs (NJ-) data 
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Fig. 1. Experimental data vs @and concentration for 
uranyl/azide system, at 25.O”C and ionic strength 2.0 M. 

referring to uranyl concentrations from 10-‘M to 
IO-’ M. The pH changed from 3.3 to 5.1 from the lower to 
the m~mum azide concen~tion and an average pK of 
4.46 + 0.06 was calculated for hydrazoic acid from the set 
of the working solutions. No evidence of polynuclear 
species was found as fi does not seem too dependent on 
the many1 concentration. However, special care was 
taken in order to avoid hydrolysis of uranyl cation or its 
complexes, which has been found possible at higher pH 
and lower azide concentration. The data of Fig. 1 are 
confidently free from hydrolysis phenomenon (see also 
Expe~~n~I). 

The ri data arrived at for higher ligand concen~ations 
are surprisingly high, evidencing a system with six 
sucessive complexes. This is not usually found in such a 
system, possibly because of ditliculties inherent in the 
use of the indirect method, instead of the direct poten- 
tiometric one, which is widely accepted as being the 
most reliable. The uranyl cation is bulky enough to 
coordinate six monocoordinative ligands especially if the 
affinity is high enough to exchange some of the several 
coor~nated water molecules and if the ligand is not 
abnormally large. In fact, recent meas~ements’ confirm 
the existence of more than four thiocyanate ligands in 
uranyl complexes. 

Another series of measurements was taken in con- 
ditions which favours hydrolysis, which is a slow 
process. The first initial equilibrium position is reached a 
few seconds after uranyl addition. Then a second equili- 
brium position is achieved after some minutes of pH 
drift toward lower values. Under such conditions a huge 
positive error in A data results because a false mass 
balance is considered in the normal calculation program’ 
which does not distinguish between the causes of the pH 
lowering, whether due to complexation of the ligand, or 
due to hydrogen ions released by hydrolysis. The 
hydrolysis of uranyl cation was considered in the classi- 
cal work of Ahriandl’ and that of Sutton.” A number of 
hy~olysis products are formed between the mono- 
hydrolysis, species UtO(OH)’ (actually U,O,‘+), and the 
fully hydrolysed U02(OH)2. 

Figure 2 shows an attempt to calculate ?i values from 
the hydrolyzed solutions based on a quantative for- 
mation of complexes with U02(0H)‘. This was done 
by including in the mass balances a release of (H+) from 
hydrolysis, equivalent to the uranyl concentration. The 
results in Fig. 2 are highly dispersive and do not fit 
entirely the model of monohydrolysis. This could be 
acceptable for l&and concen~tions lower than 0.5 M 
but not for higher ones, because a decreasing 6 is 
obtained which reveals a high hydrogen ion correction 
due to hydrolysis. It was inferred that at azide ion 
concentration higher than OSOM and hydrazoic acid 
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Fig. 2. Tentative ii data calculation on basis of monohydrolysis 
of uranyl cation, U&OH+, vs free ligand contention. 

0.1 M the hydrolysis is progressively smaller and can be 
neglected at 1.0 M azide. 

(2) Calculation of the equilibrium constants 
This system is complicated by the presence of several 

stepwise complexes. Direct treatment of the ii function 
data to obtain formation constants is well known to be 
inadequate in such cases. The Froneaus function F. is a 
commendable means if it can be obtained by integration 
from R vs log(L) data as fully discussed formerly.‘2,‘3 

The inte~ation should start from a lower value of ii 
than 0.5 and its corresponding ligand concentration. In 
order to provide short increments in (N3J and g, con- 
veniently distributed, we have normalized the available 
data by an appropriate procedure in short ranges by 
enlarged plot adjustment. In some ranges the rT and (N3-) 
data were fitted to power, logaritmic or linear curves 
with the help of a calculator. The normalized data are 
presented in Table 1 as well as I+, which is a well known 
poly~omi~.‘~,13 

Fo= 1 t ” &(L)” 
r; (1) 

being &, the overall formation constant of the species 
VO&_), of ligand (L). All those normalized data are in 
Table 1. 

The ~~b~urn constants were determined through a 
comb~ation of s~ate~es by using the classical graphic 
methodI with some refinements, as will be described 
below, 

The Fr subsidiary function” 

F, -Fe = p1 t p2(L) t . . . p,(Ly’) (2) 

was plotted vs (NX3 and presented a virtually linear 
relationship at low ligand concen~ation. A linear regres- 
sion with the tirst five point of F. vs ((N33, by a least 
squares fit, provided p, on intersection and f12 as a slope. 
These preliminary data are 139 M-’ for p, and 9300 MW2 
for fi2. The F2 and F3 subsidiary functions were then 
calculated13 and the plot Fs vs (NIJ was found to be a 
non-linear curve easily extrapolable to obtain &, as 
usual. 

The F4 function was calculated and provided data 
reliable only for azide concen~ations higher than 0.2 M. 
This has been found to provide a steep non-linear curve 
when plotted vs (Ns3, which is 
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Table 1. Exwrimental normalised data 
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IN;hM ii Fo Fi F2 F3 

6.250.10- * 0,OB 

1,250.10J 0.16 

1,953.10a 0.26 

2,500.10-s 0,33 

3,906.d 0,52 

5,000.10-s 0,66 

6,250.10-' 0,%3 

7,813.d 1.03 

8.500.10-5 1,13 

1,000.103 1,2% 

1,250.10-* 1,48 

1,563.1cr2 1.69 

1,?oo.10-2 1,76 

2.000.10-* 1.90 

2,500.10-* 2.09 

3,150.10-2 2,20 

4,000.10-Z 2.39 

5,000.10-2 2,53 

6,250.10-2 2,85 

8,000.10-2 2.90 

1,000.10-' 3.14 

1,2so.10-' 3,30 

1,600.10" 3.51 

2,ooo.1o-s 3-76 

2,500.10-' 4,04 

3,200.10-* 4.37 

4,000.10-1 4,70 

5,000.10-' 4,99 

6,SDo.lO-f 5.24 

S,OOO.lO-' 5.60 

9,000.10-1 5,76 

9,600.10-1 S,%b 

1,000 5.92 

1,0903 

1,1%%3 

1,3064 

1.4051 

1.6981 

1,9644 

2,3199 

2.8561 

3.1284 

3,8051 

5.1825 

7,3%68 

8.5366 

lJ486.10 

1,7922.10t 

2,8935.10' 

5,1014.101 

8,%810.10t 

1.6264.10' 
2, 

3.3462.10 

6,6407.10* 

1,3624.10' 

3*15s?.103 

7,0985.103 

1,693td 

4,7793.10* 

1,3146.10' 

3.%773.105 

l,4%51.106 

4,5762.106 

%,9357.106 

1,3004.10' 

1.6539.10' 

1,4448.10Z 

1,5067.10* 

1,568?.1d 

1,6204.10* 

1,7%72.10* 

1,928%.102 

2,111%.10* 

2,3757.102 

2,5040.102 

2,8051.102 

3,3460.102 

4,0863.10* 

4,4333.102 

S,2432.10' 

6,7688.10' 

8,9392.10* 

1,2503.103 

1,7562.103 

2,5863.10' 

4,1703.101 

6,6307.103 

1 ,0891.104 

1,9716.104 

3,54%7.104 

6,7741.102 

1,4935.105 

3.2866.10' 

7,7546S05 

2,2%47.106 

5,7203.10' 

9,92%6.106 

1,3557.10' 

1,6539.10' 

1,4151.104 

1,5648.10' 

1,72so.104 

1,790l.ld 

1,9206.104 

2,1515.105 

2,4157.104 

2,7782.10* 

3,2344.10@ 

3,9157.104 

5,0391.105 

6,4Q17.104 

8,6016.10r 

1.2236.105 

1,7674.105 

2.7041.105 

4,662%.10' 

%,2130.105 

1,S506.106 

3,5147.106 

7,1502.106 

1,1032.10' 

1,4121.107 

1,6538.10' 

4,8806.105 

4.8168.10' 

4,9435.105 

5,2266.10' 

5,6657.10' 

6,2204.105 

7,1310.10* 

8,4240.105 

1,04i36.106 

1,4313.106 

2,0326.106 

3,0847.106 

s,3945.106 

8,9274.106 

1,2166.10' 

1,4701.10' 

1,6531.10' 

The usual extrapolation procedure does not provide a 
reliable result for this &, not only because the curve is 
steep, but because the extrapolation is performed from 
high ligand concentration. This is a problem very com- 
mon in systems with more than four ligands. In order to 
obtain more reliable data a matrix solution for the three 
unknown &, p5 and & constants was done based on a 
weighting factor previously proposedr4 for the F0 data 

wI _ FO max 
4 (3) 

On this basis the FO data from 0.2 M to 1.0 M [azide] 
were used to build a system of three equations with six 
unknowns. As &, 82 and P3 were known, then a system 
of three unknowns was obtained, as shown is Table 2. 

A refining of the constants started with the use of 
another auxiliary function, FL where the formation con- 
stant terms with higher than two ligands were subtracted 
out from the F. data 

F;= 

Fo - (1 t 4.88 x lO’(N$ f 7.59 x 105(N34 + 2.70 x 106(NJ5) 
(NJ 

(4a) 

These Ff data are now much closer to a linear equation 
than F, vs (NJ data. Thus more reliable /3, and & data 
were now obtained from linear regression of F: vs (N3-). 
Figure 3 shows this typical plot. 

The p3 values were reestructured from these F3 data 
in Table 1. 

With these new ,&, ,% and B3 data a 6 x 6 system of 
linear equations was converted in a 3 x 3 one as shown in 
Table 2. 

The solution of this matrix lead to new values of p4, 
&, &, which were considered final. 

An attempt to solve the entire system by a 6 x 6 matrix 
did not provide a real value for &: It shows that the 
solution of this system in parts is sometimes more reli- 
able because there is a lack of F. data at higher ligand 
concentration, where the ri data becomes less and less 
accurate. The final values are: 
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Table 2. Conversion of a 6 x 6 matrix to 3 x 3 by introducing @, = 1.39x ld I&, & = 8.26x Id M-*; 
83 = 5.1 X ld M3; of the 3 x 3 matrix: p.4 = 6.1 x 10’ Mv4; & = 3.1 x 106M-‘; &, = 1.2 x 10’ Mm6 

4.9615 x 10’ = 820.89 ;“+::: /32 + 45.239 PJ+ 11.172 &+ 2.8605 
4.9618 x lo’= 78.892 

@s + 0.75912 86 
6.6158xlO’=6.7783 p:t5.;251 j?z + 16.443 &t 7.8749 04 t 3.9136 fl5 t 2.0218 p6 

pzt5.3251 fl3t4.7751 fl4t4.3143 0s t 3.9267 p6 

2.5660x lo’= 11.172 &+2.860.5 &+0.75912 & 
4.1253 x IO’= 7.8749 &+3.9136 8s + 2.0218 
6.3503 x 10’ = 4.7741 

/36 
,&+4.3143 /3s + 3.9267 @s 

0 I 2 3 4 5 
n-i 

I 
‘00 IO 

I I I l-l 
30 50 70 90 

Fig. 5. The average free energy change per l&and in the 

\ 
[ N,]. lOi M 

uranyl/azide system. 

Fii. 3. PIot of 171 data vs (N3-) in order to obtain a more reliable 
BI and 8~ (eqn 4). 

O- 
n-l 

Fii. 4. The tendency toward stepwise a~c~ent of azide 
Iigands to many1 cation. 

fiJ = ~~~~~~~ = 5.1 x IO5 M-3 K, = E = 61 

04= [U02Z+I(Nz-)" 
WWM41*- = 6.1 x 105 ~-4 ~~ = k = 1.2 

The uncertainty of the constants is not easily esti- 
mated. However the calculated I$, data by eqn (I) differ 
by &0.14% from the integrated value. This gives good 
support for the calcuIation procedure. The calculated ff 
is consistent with the experimental A within ?2.8% 
which is a final test for both experimental data aquisition 
and calculation procedure. The pI and p2 constants can 
be expr.esed in three significant figures and the others P,, 
by two. 

Figure 4 shows the tendency of ligand at~chment to 
uranyl cations. A marked decrease is observed at the 
entrance of the fourth ligand which could well be related 
to a change in configuration of the coordination centre. 

Figure 5 shows that the average free energy changes 
non-linearly with the ligand and also presents a break at 
the third ligand. The literature does not refer to the 
attachment of six ligands to one uranyl cation. However 
in a review I6 the existence of several uranyl complexes 
with three bicoordinative ligands such as carbonate and 
oxalate was mentioned. The distribution of the ligands 
was in a hexagonal bipy~mid (symme~y i&J with the 
two 0x0 ions placed in the vertical axis.‘6.‘7 The same 
structure as for these octacoordinated complexes can be 
similarly attributed to the present system, where up to 
six small linear ligands can be attached to uranyl cations. 
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Abstract-The circular diehroism spectra of copper(H) complexes with hydroxymethylene camphor, hydroxy- 
methylene menthone, and trifluoroacetyl camphor as well as of mixed-&and complexes with acetylacetone have 
been studied in different solvents at different temperat~es. The changes observed in the spectra are attributed to a 
strong coordination of the soivent molecules in axial positions of square-planar complexes. It has been shown that 
the contributions of two ligands to the net spectrum of circular dichroism are additive and that the absorption 
spectra of the complexes do not depend on the optical configuration of the ligands. The conclusion has been drawn 
that no noticeable inter-@and interactions exist in the complexes and no en~tioselective effects are exhibited. 

INTRODUCTION 
Enantioselective effects in labile coordination com- 
pounds attract attention of many researchers due to an 
important role which they play in a number of biological 
systems’ and in connection with the development of the 
method of lied-exchange c~omato~aphic resolution 
of racemic compounds.2’3 The most part of investigations 
in this field involves amino acid ligands’~* whereas in- 
formation on ligands of other types is much more 
limited. In previous papers we have considered the 
reasons for enantioselectivity in coppe~1~ complexes 
with N - alkyl - a: - amino acids4 and 1,2-diamines.5 In 
this report we present the results of studying enan- 
tiosele~tivity in copper(H) complexes with 3-hydroxy- 
methylene camphor (HMC), 3-trifluoroacetyl camphor 
(TFC), and 2-hydroxymethyl menthone (HMM). 

Complexes of ~ansition metals with 1,3-dic~bonyl 
ligands were the object of numerous studies and are 
covered in several reviews.6.’ These papers, however, 
give only min~um attention to &optical properties of 
Cu(II) complexes with HMC, TFC and HMM which, in 
our opinion, deserve thorough investigation. 

RESULTS AND DISCUSSION 

I. CD spec~rff of co~p~e~es 
As is seen from Fig. 1, the spectra of circular di- 

chroism (CD) of copper complexes with HMC, TFC, and 
HMM are characterized by l-2 bands in the region of d-d 
~ansitions of CufII) atom and by a number of bands in a 
shorter wavelength region. Such a shape of the CD 

*Author to whom correspondence should be addressed. 
?The data obtained mainly, for different ~~ogen~on~i~~ 

axial ligands. 

spectrum, as is now welf known, is related to the for- 
mation of a pseudo~omatic chelate ring in the com- 
plexes of l,$diketones and is caused by considerable 
delocalization of n-electron system of ligands. 

We considered it interesting to study the effect of 
solvent and temperature on the shape of the CD spec- 
trum, In aprotic non-polar solvents (hexane, toluene) the 
bands at - 560 and - 700 nm have a maximum intensity. 
The intensity decreases in solvents capable of coor- 
dination in axial positions of square-planar complexes 
~me~anol, acetone, dioxane, a~eto~~le). In the UV 
region the solvent effects weakly the shape of the CD 
spectra of Cu(HMQ and Cu(TFQ whereas in the case 
of Cu~HM~* this effect is strongly pronounced and the 
transition from acetonitrile to hexane results in an almost 
complete disappearance of the band at - 340 nm and in a 
sign change of the band at -4OOnm. It should be, 
however, noted that correlation with the type of the 
solvent for Cu(HMM)* is less pronounced than for 
Cu(HMQ and Cu(TF&. Temperature practically does 
not affect the shape of the CD spectra: the most sensitive 
to a temperature change proves to be the band at 
-~nm whose intensity (in the case of Cu(HMC)*) 
decreases by about 20% with a temperature rise from 25 
to 55” (in methanol). The intensity of other bands 
changes by only 5-R%. 

The fact that there is no correlation between the 
dependence of the CD spectra on the type of the solvent 
and temperature in a readily coordinating solvent may be 
explained if the eq~ibrium between a square-plans 
complex and its adduct with the solvent is almost com- 
pletely shifted towards adduct and does not depend on 
temperature. This conclusion is supported by data in the 
literaturep” showing that the formation constant of such 
adducts with a composition 1: It is - 10” for Cu(HMQ 
and Cu(HMM), and -1031/mol for Cu(TF&. Since the 
solvent concentration is high, these values correspond to 
almost qu~ti~tive formation of the adduct in solution. 

Thus, the changes observed in CD spectra of 
Cu(HMQ2 and Cu(TFC&, when passing from non-coor- 
dinating solvents to coordinating ones, are probably due 
to the fo~ation of adducts with the solvents and refer, 
mainly, to the region of d-d transitions. As regards 
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Fii. 1. CD spectra of the complexes Cu[(lS)-HMC]2 (A), Cu[(lS)-TFC]2 (B), Cu[(lR)-HMMJ2 (C) in Mereot 
solvents: 1, hexane; 2, methanol; 3, dioxane; 4, acetooe; 5, tolueoe; 6, acetonibile. 

Cu(HMl& whose ligands are conformationally more 
labile than the ligands of camphor derivatives, the for- 
mation of adducts, is most likely accompanied by con- 
formational changes and the effect of the solvent 
manifests itself in the whole region of wave lengths from 
200 to 700 nm. 

2. Enantiosefectiuity in complexes CU(HMC)~, CU(TFC)~ 
and Cu(HMM)2 

Enantioselectivity in complexes of the ML type arises 
when there is a mutual effect between two ligands enter- 
ing into the complex. This mutual effect appears in -0.2- 
different forms. Thus, for instance, in the case of com- 
plexes of N - alkyl - a - amino acids” it manifests itself 
in the ditIerent ability of the complexes containing two 

-0.4. 

ligands of identical or opposite cot&nation, to the 
addition of a solvent molecule in the axial position of 
Cu2+. In the CD spectra the mutual effect of the ligands 

IQ. 2. CD spectra of mixed complexes Cuj[(lS)-HMCl(AA)}, 
1,3-initial complexes, 2-mixed complex. Chloroform as a solvent. 

appears as a deviation from additivity of the contribu- 
tions of both ligands into the net CD spectrum. (Fig. 2). The formation constant of mixed complex is also 

To detect the deviations from the additivity of con- close to 4 which means that distribution of the ligands in 
tributions, we have studied CD spectra of mixed com- the system Cu(HMCkCu(AA)&$HMC)(AA) is al- 
plexes in which HMC, HMM, or TFC was one of the most statistical in nature. 
ligands and the acetylacetone (AA) molecule was the The absorption spectra of C~IK~R)-(HMC)]~, Cu[(lS& 
second ligand. Acetylacetone is one of the smallest (HMCIIZ and CuI(lR,lS)-(HMC)12 as well as of Cu[(lR)- 
liiands of the 1,3-dicarbonyl type and one may expect TFC$, Cu[(lS)-TFC12 and Cu[(lR,lS)-(TFC)], are 
that no noticeable steric interactions with the second completely identical; the differences between them are 
lid will take place. Only in the case of CU(HMC)~ within the limits of accuracy of the measurements. 
small deviations in the region -620nm were detected All the results obtained indicate that in complexes 
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(a) (b) 

Fig. 3. CD spectra of mixed complexes HMC and TFC in methanol (A) and hexane (B). (1) Cu[(lR)-HMCb (2) 
Cu[(lS)-HMC]z, (3) Cu[(lS)-TFC]z, (4) Cu{[(lR)_HMCl[(lS)_TFCl}, (5) Cu{[(lS)-HMCl[(lS)_TFCl}. 

CU(HMC)~, Cu(TFC)* and Cu(HMI@ there are no 
noticeable inter-ligand interactions which could have 
caused great enantioselective effects. Axial positions of 
these complexes are easily accessible for the solvent 
molecules and the strength of the adducts formed does 
not depend on the optical conliguration of the ligands 
comprising the complex. This situation is similar to that 
observed for the compiexes of unsubstituted o-amino a! 
acids and contrasts with the properties of the complexes 
of N - alkyl - a! - amino acids4 

No enantioselectivity was observed in studying the 
majority of the systems containing complexes 
CU(HMC)&I(TFC)~ (Fig. 3) or CU(HMC)Z-CU(HMM)~ 
(Fig. 4). In these cases a complete additivity of con- 
tributions of two ligands was observed, as a rule, which 
enter into the complex composition and the CD spectrum 
of the mixed complex is almost an average of the CD 

(4 

spectra of the initial compounds. The noticeable devia- 
tions are observed only in the system CU(~S)-(HMC)~ 
CU(~S)-(TFC)~ in hexane (Fig. 4b). The constant of 
formation of the mixed complex (log k = 1.1) points that 
the mixed structure is more preferred than the initial 
ones. At the same time the CD spectrum of the cor- 
responding diastereoisomeric structure Cu( lR)- 
HMC( lS)-(TFC) is intermediate between the CD spectra 
of the initial complexes and therefore, we cannot find the 
constnat of its formation. Thus, no quantitative in- 
formation can be obtained about the possible difference 
in stability of these mixed-ligand diastereoisomeric 
structures. 

(1) Preparation of (1R); (1s) and (lR,lS)-hydroxy- 
methylene camphor, (lS)-trifluoroacetyl camphor and 

(b) 

Fig. 4. CD spectra of mixed complexes of HMC and HMM in methanol (A) and hexane (B). (1) Cu[(lR)-HMC]2, 
(2) Cu[(lS)_HMCl2, (3) Cu[(lR)HMMl2, (4) Cu{[(lR)_HMCIt(lR)_HMM& (5) Cu{[(lSbHMCI[(lR>-HMl. 
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Table 1. Elemental analyses of synthesized complexes found (calculated) 

Complex 

1. Cu[(lR)-HMC]z 
2. Cu[(lS)-HMC]z 
3. Cu[(lR,lS)-HMC]* 
4. Cu[(lR)-TFC]z 
5. Cu[(lS)-TFC]z 
6. Cu[(lR,lSbTFC]r 
7. Cu[(lR)-HMM]r 
8. Cu[(AA)lz 

C H CU F 

62.5 (62.6) 7.0 (7.1) 15.5 (15.1) - 
62.4 (62.6) 6.9 (7.1) 15.3 (15.1) - 
62.1(62.6) 6.9 (7.1) 14.5 (15.1) 
51.5(51.7) 4.9 (5.0) 11.2 (11.3) 20.2iO.4) 
51.2 (51.7) 4.8 (5.0) 11.5Gl.3) 20.0(20.4) 
51.4(51.7) 5.2(5.0) 11.7Gl.3) 20.7QO.4) 
62.0 (62.0) 8.2 (7.9) 15.2 (14.9) - 
46.0 (45.5) 5.5 (5.3) 24.4 (24.3) - 

(lR)-hydroxymethylene menthone was performed as 
described in Refs. l&12. The products obtained were 
purified by either steam distillation (hydroxymethylene 
camphor) or vacuum distillation. 
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Abstract-The He(I) photoelectron spectra of acetylacetone (HAA) and its metallo complexes, Mu 
(M(E) = Mn, Co, Ni, Cu and Zn), have been measured. These spectra show characteristic metal-dependence, 
from which the assignment is made. The order of the orbital energy level, d B nj > a_ > a+, holds for all the 
complexes reported here. The splitting of these orbitals is found to depend on the central metal ion specifically. 

INTRODUCTION 

Considerable efforts have been made to understand the 
electronic structure of metal complexes. Although the 
UV-VIS absorption spectroscopy has been the most 
useful experimental method for this purpose, it is avail- 
able only for the energy differences between a ground 
and an excited state, and therefore, the energies of the 
occupied orbitals (i.e. ionization potential, IP) cannot be 
obtained. In the case decades, photoelectron (PE) spec- 
troscopy has been proved to be useful to study the 
electronic structure of various organic compounds. 
However, PE study concerning the metallo complexes is 
quite limited due to the dilliculty of the measurement of 
the IP in the vapour phase. In this manuscript, we 
succeeded in obtaining the PE spectra of a series of 
divalent metallo complexes with acetylacetone. Despite 
numerous reports on the electronic structure of the 
transition metallo complexes, M(III)(AA)3, little attention 
has been paid to those of the divalent ones, M(II)(AA),. 
In order to gain an insight into the electronic structure of 
the divalent metallo acetylacetonates, especially partly 
filled d-shell, of which theoretical investigation is still 
lacking, we discuss here the electronic structure on the 
basis of UV PE spectra of acetylacetone and its divalent 
metal complexes .such as Mn, Co, Ni, Cu and Z&Q&. 

Acetylacetone and its metallo derivatives were all com- 
mercially available. These complexes for PES measurements were 
puritied by a vacuum sublimation. 

Photoelectron spectra, with He(I) resonance line at 21.21 eV, 
were recorded on a Perkin-Elmer PS 18 spectrometer using a 
heated inlet probe. The spectra were calibrated by the simul- 
taneous admission of Xe and Ar gases mixture into the heated 
target chamber containing the sample vapour. The sample was 
heated gradually until the desired temperature was reached: the 
setting temperature was 91°C for Zn(AA)z, 115°C for Co&Ah, 
142°C for Cu(AA)z, 174°C for Ni(AA)t and 200°C for Mn(A&. 
The lnstrmnental resolution was 20-u) mV for Ar *P1,2,sn peaks. 

*Author to whom correspondence should be addressed. 

RESULTSANDDISCUSSION 

He(I) PE spectra of the acetylacetonate complexes of 
divalent metals are illustrated in Figs. 1 and 2. The IPs 
for these complexes are listed in Table 1 together with 
some literature data.’ As Figs. 1 and 2 show, the PE 
bands between 7 and 12 eV for the compounds are well 
resolved, while the bands at the higher ionization energy 
(IE) region which arise from ionization of C-H and C-C 
u-bonding electrons, are overlapped and have no fine 
structure. Thus, we are concerned with the bands be- 
tween 7 and 12 eV. 

The PE spectrum of HAA shows two well resolved 
bands at 9.0 and 9.6 eV, which have been assigned1’2 to 
the ionization due to the g3 electron of the enol ring and 
the n_ electron of the oxygen lone pair, respectively. The 
third band has been assigned to the ionization from the 
symmetric combination (n,) of the two oxygen lone pair 
orbitals by use of trilluoroacetylacetone.’ 

Figure 1 reveals that Zn(AA)* provides two intense 
bands at 8.34(A) and 9.29(B)eV. The low IE bands’ of 
Be&A)* has been assigned to a3 and n- electron ion- 
ization, respectively. The C and C’ bands in Fig. 1 are 
well resolved and the gap of these two bands is 0.83 eV, 
which is in strong contrast to the overlapping of the 
corresponding bands of Be(AA), (0.27eV gap). These 
bands are attributable to the ionization of n+ orbitals. 
The splitting of the n+ orbital can be accounted for by a 
simple molecular orbital interaction model. In the gas 
phase, the divalent metal compounds is expected to exist 
as a monomer.3 The electron diffraction studies4.’ have 
shown that the structure of Ni and CUE are almost 
square planar. Planar symmetry (& point group) allows 
the n+ orbitals to show Bz. and A, transformation. The 
interaction of the metal ns(a,) and np(bZY) valence AOs 
provides two n, orbitals having energy gap, which 
depends on the extent of mixing of these two AOs. On 
the basis of PE spectra of Z&4& and Be&&, this 
orbital mixing of Zn(AA)2 is more enhanced than that of 
Be&G. 

As Fig. 2 shows, N&k& gives well-resolved bands at 
low IE region. The d-electron ionizations appear as the 

43 
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Zn(AA), 
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IO 15 

Fig. 1. He(I) photoelectron spectrum of Zn(AAk. 

first three bands, which has been confirmed by use of 
mono and dithio analogues of Ni(AA)2.6 In contrast to 
this, d ionization peaks were not separately observed for 
Mn, Co and CUE, because these bands are masked 
under the broad envelope of the bands between 8 and 
9 eV. It is to be noted in Fig. 2 that CUE shows the 
first band (d) as a shoulder of the second broad and 
intense band (A) at 8.18 eV, and Co(AA)* also exhibits a 
shoulder peak at 7.93 eV. The corresponding bands were 
not observed in the spectrum of Zn(AA)2 (Fig. 1). This 
finding makes us assign these shoulder bands to metal d 
orbitals. It is emphasized that the band ascribed to the 
ionization of the metal d orbital has lower intensity than 
that of oxygen .and carbon p orbitals due to its small 
cross section.‘” In Fig. 2, the bands denoted as d have 
relatively small intensity, indicative of the validity of the 
above assignment. Under DZh symmetry, the crystal field 
theory provides us with the order in the d orbital energy 
dxy > dxz - d,, > dzz > dxw. On the basis, the first 
band of Ni(AA)* has been assigned to the ionization 
from nearly degenerate d,,,,, orbitals,6 since the upper 
d,, orbital is empty. In the case of nearly quadratic 

chromophere of CUDS with dg configuration, the first 
band at 7.66eV is analogously considered as the elec- 
tron-ejection from the singly occupied dxy orbital. Ac- 
cording to the above energy order of d orbitals in the 
case of quadratic chromophere and on the basis of the 
observed PE spectra of Cu(AA)* and Ni(AA)*, it is 
worth noting that the d-orbital level of Ni(AA)l is higher 
than that of CUE. This trend about d orbital energy 
has also been found in the case of diethyldithiocar- 
bamate’ and dilluorodithiophosphate” complexes of Ni 
and Cu. In the AA complexes of Cu and Ni, the Ni-0 
bond distance is shorter than the Cu-0 distance.4’s This 
fact leads ti, the expectation that Ni ion interacts with 
the ligand more strongly than Cu ion, eventually in- 
dicative of the destabilization of the d orbitals of the Ni 
complex. The experimental observation on the relative 
d-orbital levels for Ni and CUE should be theoretic- 
ally reproduced. For our SCF UHF calculation, we used 
two Slater-type functions of diierent effective nuclear 
charges for 3d atomic orbitals.” The MO energies show 
that d levels of Ni complex lie higher by ca. 0.5 eV than 
those of the Cu complex. 

Table 1. Vertical ionization potentials (peak maxima) from the photoelectron spectra of acetylacetone (HAA) and 
Mo(W2 

Compound Bands 

A B C eV 
d 

HAAa 9.00 9.60 

_b b 
Mnw2 9.20 9.98 10.32 11.29 

couM2 7.93 8.11 8.36 8.62 8.78 9.70 10.35 10.80 11.58 

NiWW2 7.62 8.05 8.21 8.59 8.78 9.02 9.39 lo:24 11.02 11.59 

CUM2 7.66 8.18 0.43 9.02 9.70 10.18 11.42 11.85 

znuw2 8.34 9.29 10.38 10.72 11.55 

a) Ref.1 b) The overlapping bands between 7 and 8 eV are too complicated to 

separate each band, corresponding to the ionization of d and v3 orbitals. 
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MntAA), 

I COG 

Ni(AA), 

WAA), 

Fig. 2. He(I) photoelectron spectra of Mn(II)(AA)2, COG, 
Ni(II)(AA)2 and Cu(II)(AA)2. 

The higher IE bands 
As shown in Figs. 1 and 2, the PE bands (A) in the 

next higher IE region of Co, Ni and CUE reveal the 
similarity close to the band A of Zn(AA),, characteristic 
of 1~~ ionization. The unresolved broad band between 7.5 
and 8.3eV, however, appears in the spectrum of 
Mn(AA)*. This band results from d and 7r3 ionization 
which lie close in energy to those of Ni, Co and 
CUE. Figure 3 shows the energy level diagram of 
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Fig. 3. Correlation diagram of ionization energy in the PE spec- 
tra of M(II)(AA)l. All the ionization energies except for Be(AA)z’ 
were obtained in the present experiment. The shaded portion 
shows a region with possible ionization energies obtained from 

the broad PE band. 

photoionized states constructed from the present results 
of PE measurements. It is emphasized in Fig. 3 that the 
7r3 level of Ni(AA)2 is lower than those of other com- 
plexes. A simple analysis of the valence orbital inter- 
action explains as follows: the stabilization of the n3 
orbital energy for Ni(AA)* results from an increase of 
the mixing among metal 3d(b&, 4p(br.), and rrj(BX8 and 
B,.) orbitals due to the relatively shorter Ni-0 bond 
length in the square planar structure (D2,,). 

The B-labeled bands at 8.5 eV are significantly asso- 
ciated with ionization from oxygen lone pair combination 
(n). The splitting (B and B’) shows the metal-depen- 
dence, which is ascribed to the extent of the mixing 
between n_(Bs. and B1,), metal 3d(b,,) and 4p(b,.) 
orbitals. Figure 3 also shows that the n, band splitting (C 
and C’) of Co(AA), is greater than that for other metal 
complexes. This implies an unusual structure of COG 
in the vapour phase. It has been found” that unlike 
Ni(AA)z, Co(AA), encounters a tetrahedral form in the 
highly diluted solution. Hence, the greater splitting is 
associated with the structure such as tetrahedral form. 
PE spectra are, thus, available for the structural analysis, 
which should be developed together with the analysis of 
the electronic structure of metallo complexes. 

The C-labeled peaks around 1OeV are assigned to 
ionizations of the n, electrons, which correspond to the 
peaks at 10.38 and 10.72 eV in the spectrum of Zn(AA),. 
The positions of these bands are not sensitive to the 
metal ions, while the splitting of bands C show the 
metal-dependence. By analogy with the splitting of n-, 
this is explained in terms of the interaction between n,, 
4s and 4p orbitals. The former interaction is less sen- 
sitive to the structural deviation from the planarity of the 
complex than the latter, because of the spherical sym- 
metry of the 4s orbital. 

The weak bands about 11 eV in Fig. 2 are associated 
with the ionization from rz orbital, an anti-symmetric 
combination of the localized C-O T-bonding orbit&. As 
the electronegativity of the metal ion increases from Mn 
to Cu, these bands appear to shift to higher IE region 
except for the Co complex (Fig. 3). This unusual feature 
for COG is also due to the structural deformation 
from the square planar to tetrahedral form. 

Acknowledgement-We are grateful to the Instrument Center, 
the Institute for Molecular Science, for assistance in obtaining 
the UV PE spectra. 
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METAL COMPLEXES OF PYRIMIDINE-DERIVED LIGANDS-IIIt 

TRIS-COMPLEXES OF Co(H), Ni(I1) AND Cu(I1) FLUOROBORATES, 
PERCHLORATES AND IODIDES WITH 3,5-DIMETHYL-l-(4’,6’-DIMETHYL-2’-PYRIMIDYL) 

PYRAZOLE, A POTENTIAL ANTI-TUMOUR AGENT 

NITYANANDA SAHA* and DURGADAS MUKHERJEE 
Department of Chemistry, University College of Science, Calcutta-7OMO9, India 

(Received 5 July 1982) 

Abstract-T&complexes of Co(U), Ni(II), Cu(I1) fluoroborates, perchlorates and iodides with the title ligand 
conform to the composition M(DPymP&Xz, nHz0 [M = Co(U), Ni(II), Cu(II); X = C104, BF, and I, n = 0,2]. 
Physico-chemical characterisations of the complex species have been made from electronic and vibrational spectra, 
magnetic susceptibility measurements in the solid state and conductivity measurements in solution. Electronic 
spectral features together with the corresponding ligand field parameters suggest an overall octahedral environment 
for all the metallic complexes. For [CuI$,] environment a DJ symmetry is thought to be highly probable. Ir data point 
out the pyrazolyl nitrogen (tertiary) and one of the pyrimidyl nitrogens as bonding sites in forming these complexes 
while the anion (X) retains its identity (as in free form) in the said species. 

INTRODUCTION 
The significant role played by the pyrimidine derivatives 
(the ring system being an integral part of several nucleic 
acids, vitamins etc.) in many biological systems, has 
currently stimulated research into the coordination 
modes of pyrimidine-based ligands in order to gain 
detailed knowledge of the role of metal ions in such 
systems. Moreover, certain pyrimidino-pyrazoles are 
recently being studied in the fight against cancer.’ As a 
part of our programme2.3 to investigate the interaction of 
a variety of biologically active pyrimidinederived 
ligands with metal ions, the present communication in- 
tends to report the coordination aspect of a pyrimidyl- 
pyrazole viz. the title ligand (hereinafter abbreviated as 
DPymPz) with isolation and physico-chemical charac- 
terisation of a few tris-complexes with [MNJ environ- 
ment. 

EXPERIMRNTAL 
Preparation of the l&and. The lid was prepared by a 

condensation reaction of one mole 2 - hydrazino - 4,6 - dimethyl 
pyrimidine&“” (prepared in our laboratory) with 1.1 moles of 
freshly distilled acetylacetone following the method of Giuliano 
et al.” The product yielded white flakes on recrvstallisation from 
water. It melted with decomposition at 6Y’C (ht. m.p. 6X) 
(Found: C, 65.07; H, 6.69; N, 27.98. Calc. for C,,H,4NN,: C, 65.34; 
H, 6.69; N, 27.98%). The lkand has been further character&d bv 
its PMR spectral data recorded in DMSOh (not reported in the 
literature). The 8OMHz PMR spectrum of DPymPz shows two 
sharp one proton singlets at 87,18 and 86.12 which correspond to 
C-5’ proton of the pyrimidine ring and C4 proton of the pyrazole 
ring respectively; one 6-proton singlet at 82.47 may be a&i 
to the methyl groups at the C-6’ and C-4’ of the ovrimidme rinn? 
On the other band two 3-proton singlets appearing at 82.45 a& 
82.21 in ah probability correspond to two methyl groups at the 
C-3 and C-5 positions of the pyrazole ring: the difference of 
these 8 values is attributed to the greater shielding experienced 
by the C-5 methyl group of the pyrazole ring as these protons lie 
in approximate to the shielding region of the pyrimidine ring 
which is disposed in a perpendicular fashion with the pyrazole 
ring. 

*Author to whom correspondence should be addressed. 
tFor Part II: N. Saha and S. K. Kar, J. Inorg Nucl. Chn. 

1979,41, 1233. 

Preparation of the metal complexes. AU the t&complexes 
excluding the iodide one of Cu(I1) were prepared by addition of 
hot ethanolic solution of the liiand (0.015 mole) to a solution of 
the hydrated metal salt (0.005 mole) in the same solvent. The 
resultant solution, so formed, was heated at water-bath tem- 
perature for 5-IOmin and then left at room temperature in a 
desiccator over concentrated HzS04. The desired compound, in 
each case, separated within 24hr. The compound was filtered, 
washed with ethanol and dried over silica gel. The compound of 
the composition Cu(DPymPz& 2Hz0 was prepared by diiest- 
ing the corresponding perchlorate complex (Table 1) with a 
saturated aqueous solution of KI at water-bath temperature for 
15min. The compound was filtered, washed repeatedly with 
ice-cold water and then with ethanol and collected as before. 

Hemental analysis. Metal contents (viz. cobalt, nickel and 
copper) in the respective metal complexes were determined 
gravimetrically as anhydrous CoS04, nickel dimethyl glyoximate 
and [Cu(en)tHgI,] (en = ethylene diamine) respectively. Nitrogen 
and carbon were estimated by micro-analytical laboratory of the 
Department. Chlorine and iodide were estimated gravimetricahy 
as silver halides. 

Physicochemical measurements like molar conductance and 
magnetic susceptibility, electronic (both reflectance and solution) 
and vibrational spectral measurements were done as described 
earlier.’ 

RRSULTS ANIl DIWJSSION 
The analytical data for the complexes along with their 

colours, effective magnetic moment values and molar 
conductances are given in Table 1. The complexes are 

_C H, 
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soluble in water and common non-donor organic 
solvents. The aqueous solutions of complex species 
suffer appreciable change in colour with time indicating 
extensive solvolysis. 

All the tris-complexes are magnetically normal high- 
spin 6-coordinate complexes (Table 1). The magnetic 
moments of the cobalt(I1) complexes are above the spin 
only value of 3.89 B.M. for high spin octahedral com- 
plexes due to high orbital contribution.6 Molar conduc- 
tance data (in ohm-’ cm2 mole-‘) in acetonitrile solution 
of the complexes indicate their ionic nature (1: 2) at least 
in the said solvent.’ 

Co(II) complexes. The diffuse reflectance spectra of 
the Co(II) complexeS are characterised by two main 
bands appearing around -9.8 kK and -20.7 kK which 
may be ascribed to v,[~T,,(F)-+~~‘,,] and &T,,(F)+ 
4 T,,(P)] transitions respectively in an idealised octa- 
hedral environment.* The position of Ye band in the d.r.s. 
of the corresponding iodide complex could not be 
located in the expected position; alternatively, a broad 
band appeared at 22.42 kK which is believed to be mixed 
up with intense charge transfer absorption. The relevant 
ligand field parameters’ viz. Dq (10% and 1120 cm-‘), B 
(804 and 808 cm-‘) and /3 (0.82 and 0.83) for the fluoro- 
borate and perchlorate complexes confirm the proposed 
pseudo-octahedral configuration. Electronic spectra 
(Table 2) of these complexes in methanol are charac- 
terised by a main band around 20.00 kK which indicate 
that there is no remarkable change in stereochemistry on 
dissolution in the said solvent. 

Ni(I1) complexes. The complexes have mostly identical 
spectral bands both in solid and in solution. Each is 
characterised by two main bands around -10.4 and 
-17.0 kK which may be attributed to Y,[~A~~ +3T2,(F)] 
and vJ3Az8 +3T,,(F)] transitions respectively in an Oh 
symmetry. The calculated”*” ligand field parameters viz. 
Dq (1030 and 1040 cm-‘), B (972 and 1048 cm-‘) and /3 
(0.93-1.01) closely correspond to those having (NiN6] 
environment.‘* The vZ/vl ratio of 1.63-1.65 (Table 2) 
characterises all the Ni(II) complexes as essentially 
pseudo-octahedral species suggesting strong T,, term 
interactionsI In the present study absence of v3 band 
[3A2g +3T,,(P)] may be either due to intense internal 
g--?r* transitions of the ligand or due to intense CT 
absorption, arising from metal to ligand via the P anti- 
bonding level of the heterocyclic ligand.14 The strong 
band at 25.97 kK with high molar extinction coefficient 
(E - 1.52 cm-’ mole-‘) in the spectrum of Ni(DPymPz)312, 
2H20 in methanol may be of charge-transfer origin. 

Cu(II) complexes. The tris-pyrimidyl-pyrazole Cu(I1) 
ions as perchlorate, fluoroborate and iodide salts furnish 
interesting spectral features having well-defined absorp- 
tion bands near 10.12 kK which persist more or less in 
the same region both in the solid state and in nitrome- 
thane solution; additional bands around 6.OOkK (d.r.s.) 
and near 14.28 kK (in solution of nitromethane) are 
also discernible. The spectral data remind us of the well 
known Cu(bipy),*’ and Cu(o-phen),” I5 and our earlier 
reported CU(DP~PZ)~*’ ISa [where DPyPz represents a 
molecule of 3,s - dimethyl - 1 - (2’ - pyridyl)pyrazole, having 
structural resemblance to our present ligandl. The point 
symmetry in these tris-Cu(I1) species may, therefore, be 
regarded as essentially D3 in which the ‘T,, level (in Oh) is 
split into *Et *A, while the *E, level is unaffected. The 
two transitions corresponding to *A, c *E and *E + *E 
are expected in order of increasing energy.16 The main 
spectral bands in the present Cu(I1) complexes are con- 

sistent with this expectation. Although in absence of 
polarised data it is a conjecture, but it seems reasonable to 
consider Cu(DPymPz),*’ as being essentially a trigonally 
distorted octahedral complex both in the solid state and in 
solution. 

ZR spectra 
The i.r. spectrum of the uncomplexed ligand furnishes 

recognisable bands in the region 1600-1400 and at 1000 
and 750 cm-’ which may be assigned to the vcllc t vc.. .N 
and out-of-plane deformation vibrations respectively of 
both (1,2)-diazole (pyrazole) and (1,3)-diazine (pyri- 
midine) systems. On complexation these bands are found 
to experience shifts in the higher energy side (Au - 15- 
30 cm-‘) indicating, thereby, the expected participation 
of both pyrazolyl and pyrimidyl ring nitrogens (one of the 
pyrimidyl nitrogens at a time as verified through con- 
struction of molecular model); contemplation of forming 
a stable S-membered ring with the metal ion is thus 
supported. In the far i.r. spectra of a few compounds, the 
appearance of bands at 300-315cm-‘(w) and around 
245 cm-‘(ms) attributable to M-N (pyrazole rir~)“~*“~ 
and M-N (pyrimidine ring)18 respectively further support 
the proposition. 

Mode of linkage of the counter-ion (X) 
Perchlorate complexes. The appearance of broad 

strong band at ca. lllCL1070 cm- (vl) along with an- 
other strong one at 625 cm-’ (v4) indicate the presence of 
ionic perchlorate species ( Td) in the compounds.‘9 

Fluoroborate complexes. The strong broad bands at ca. 
1120-1040 cm-’ (u3) indicate the presence of ionic 
fluoroborate species in the compounds?“*2’ 

Therefore, the ligand (DPymPz) exhibits a neutral 
bidentate (N-N) function through the tertiary nitrogen 
atom of the pyrazole and one of the pyrimidine ring 
nitrogen atoms in complexation with a metal ion giving 
tris-complexes of [MN,] environment with a relatively 
heavy counterion. 

Further studies with the title ligand using diierent 
metal ions [like Fe(H), Pd(II), Pt(II)] are in progress and 
will be published in due course. 
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ALKOXY, AMID0 AND THIOLATO COMPLEXES OF 
TRIS (3,5DIMETHYLPYRAZOLYL)BORATO(NITROSYL) 

MOLYBDENUM FLUORIDE, CHLORIDE AND BROMIDE 
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(Receiued 20 July 1982) 

Ah&a&-The complexes MoIHB(Me2pyz)&NO)XY {HB(Me2pyz), = HB(3, 5.Me&HN&; X=Y=F, Cl or Br; 
X=F, Y=OEt, NHMe or SBu”; X=Cl, Y=NHR (R=Me Et, Bu”, Ph, p-Me&H,,), NMe2 and SR (R=Bu”, C6H,,, 
CH*Ph? Ph); X=Br, Y=NHMe, NMe2 and SBu”} have been prepared and character&d spectroscopically. Their 
propertles are generally similar to those of their iodo-anaiogues. 

In a series of papers we have described the reactions 
of Mo{HB(Me2pyz)&NO)I,, (1; X=Y=I) [HB(Me2pyz)3 
=HB(3, S-Me&HN&tris(3, S-dimethyl- 
pyrazolyl)borate] with alcohols,1.2 amine? and 
thiols,5 affording alkoxy, amido and thiolato complexes 
of the type (1; X = I, Y=OR, NHR or SR). Our use of the 
diiodide precursor (1, X=Y=I) was dictated partly by its 
ease of preparation from (1, X=Y=CO),‘” and partly 
because the iodide @and is bulky and therefore likely to 
be a good leaving group in potential substitution reac- 
tions. However, we felt that the preparation of the other 
halide derivatives should be attempted in order to 
explore the effects of the changes in electronegativity 
and ligand size in the properties of this unusual series of 
complexes. 

SYNTHETIC STUDIES 
In earlier attempts to prepare chloro- and bromo- 

complexes of the type (1; X=Y=CO) with chlorine and 
bromine we noted that partial halogen&ion of the 
pyrazolyl rings, especially at C-4, occurred very readily.’ 
This caused great dticulties, and we were frequently 
unable to reproduce our results. Thus alternative routes 
to (1; X=Y=Cl and Br) were sought. 

We have employed two methods for making the 
chloride and bromide precursors. Trofimenko had 
shown’ that (1; X=Y=CO) reacted with NOCl to give (1; 
X=Y=Cl), and we found this the easiest and quickest way 
to prepare the chloride. The product so obtained was not 
usually very pure, but was entirely satisfactory for fur- 
ther reactions. The bromide was obtained similarly, using 
NOBr, and was isolated as a pure orange powder. The 
other method of synthesis involved reaction of (1; 
X=Y=OR; R usually Et) with HCI or HBr. The chloride 
was obtained as a yellow solid and this method is the 
best way of isolating the pure material. While the con- 
version of bis-alkoxide to dichloride is 70’96, however, the 
overall yield from (1; X=Y=CO) is only 30%, requiring 
conversion of the dicarbonyl to (1; X=1; Y=OEt) and of 
this to (1, X=Y=OEt). The bromide obtained from HBr 
addition to (1; X=Y=OR) was not obtained SufBcientIy 
pure to justify exploration of this route, traces of water 
frequently interfering with the purification of the com- 
pound. 

The ditluoride, (1; X=Y=F) has not been previously 

*Author to whom correspondence should be addressed. 
tPresent address: Department of Chemistry, University of 

fkningham, P.O. Box 363, Birmingham BIS 2lT, England. 

described but was made by reaction of (1; X=Y=OEt) 
with aqueous HF. It was isolated as a virtually insoluble 
pale green solid (it is very slightly soluble in CHCl,) 
which was substantially less stable towards air and moisture 
than its chloro-, bromo- and iodo-analogues. 

The alkoxides (1; X=CI, Br or I, Y=OR) have been 
previously described,’ and are prepared by refluxing the 
appropriate diialide in an alcohol. However, the fluoro 
ethoxide, (1, X=F, Y=OEt), despite the insolubility of the 
parent diiuoride, is formed rapidly in ethanol without 
heating. The mono-amid0 species (1, X=F, Y=NHMe), 
(1; X=Cl, Y=NHMe, NHPh and NHC,H,Me-p) and (1; 
X=Br, Y=NHMe) were prepared in the same way as their 
iodo analogues,3 namely by reaction of the dihalide with 
two mole equivalents of the amine in solution at room 
temperature. Similarly, the thiolato species (1, X=F, 
Y=SBu”), 1, X=CI, Y=SBu”, SCIH1l, SCH,Ph and SPh) 
and (1, X=Br, Y=SBu”) were obtained by refluxing the 
dihalide in hydrocarbon solvents containing the ap- 
propriate thiol. 

Of some interest was our ability to synthesise rela- 
tively stable dimethylamido complexes, (1; X=Cl or Br, 
Y=NMeJ. These compounds were obtained in the same 
way as their mono-alkylamido analogues, and are 
significantly more stable towards air, moisture and other 
hydroxylic solvents than the corresponding iodo complex 
(1; X=1, Y=NMe,)? Indeed, the iodo species has been 
used as a convenient precursor for making alkoxides and 
monoalkylamides under mild conditions. We presume the 
lower chemical reactivity of the related chloro- and 
bromo-complexes is related to the relief of steric strain 
following the replacement of the iodide group by the less 
bulky Cl and Br. 

Spectral studies 
The IR spectra of the new complexes (Table 2) exhibit 

bands typical of the HB(Me2pyz), ligand, and a strong 
absorption due to v(N0). The dichloride and dibromide 
exhibit v(NO) at values very similar to those of the 
diiodide, whereas the frequency in the ditluoride was 
lower. On electronegativity grounds alone, we would have 
expected an increase in v(N0) in the difluoride if any 
change occurred. It is possible, however, that (1; X=Y=F) 
is di- or poly-merit, with Mo-F-MO bridges, which 
would be consistent with its insolubility. The coordina- 
tion sphere of the metal would then increase from 6 to 7 
by virtue of F atom bridging, leading to more electron 
donation to MO, and hence a lowering of v(NO) relative 
to the other dihalides. There is very little evidence for a 
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Table 1. Analytical and molecular weight’data obtained from [Mo(HB(Me2pyz)&NO)XY] 

Complex 
X Y 

F 

Cl 

Br 

F 

F 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Br 

Br 

F 

Cl 

Cl 

Cl 

Cl 

Br 

F 

Cl 

Bl- 

OEt 

Miue 

N-Me 

Wt 

N&l” 

twh 

NHC6H4M.Z 

FNe2 
Nwe 

Ii? E 

SBU” * 

SPh p 

Elemental Analyses 
Found (Calcd)% 

C H N Hd 

39.3(39.1) 

36.6t36.5) 

30.7(30.9) 

42.4f41.9) 

40.4C40.7) 

39.5C39.3) 

40.3(40.6) 

43.4f43.0) 

46.OC45.8) 

46.4t46.B) 

40.2(40.5) 

36.4f36.1) 

37.OC37.3) 

42.7f43.0) 

41.4(41.7) 

44.7f44.4) 

43.6f44.0) 

45.X45.4) 

38.8(38.5) 

4.9f4.8) 

4.5C4.5) 

3.9(3.8) 

5.97f5.61) 

5.81(5.51) 

5.5f5.4) 

5.9c5.6) 

6.0(6.1) 

5.2t5.1) 

5.2c5.4) 

5.6(5.8) 

4.7f4.9) 

4.9f5.2) 

5.7(5.8) 

5,.7(5.7) 

4.6f4.8) 

5.5f5.8) 

5.3t5.01 

5.Of5.3) 

20.8f21.3) 

19.4(19.9) 

16.5t16.8) 

19.8(20.1) 

23.9t23.7) 

23.3t22.9) 

22.Of22.3) 

21.3t21.1) 

20.4t20.4) 

19.7(19.8) 

22.5f22.3) 

21.2(21.0) 

20.2(20.5) 

18.1(16.5) 

17.6c17.9) 

17.5f17.3) 

16.8(17.1) 

16.7t16.93 

16.8(16.6) 

8.2t8.3) 

14.0(14.4) 

27.Ot27.4) 

3.6c3.9) 

4.2c4.0) 

7.6f7.3) 

7.3t7.11 

6.4t6.7) 

6.3c6.4) 

6.5t6.3) 

7.1t7.01 

15.2f15.0) 

14.3f14.6) 

3.9t3.6) 

6.4f6.5) 

6.lf6.2) 

5.8c6.2) 

5.8f6.1) 

13.3C13.5) 

2 Determined osnanetrlcally In CHCl * b F, Cl OP Br; c S: 5.8(6.1)%; 

d- 5: 6.0(5.9)X; % S: 5.84(5.7)X; 
3; - S: 5.2(5.6)x; 2 S: 5.6(5.5)%; 

h 5: 5.0(5.4)%. 

Table 2. IR’and NMR spectral data from Mo{HB(I&pyz)&NO)Xr 

x Y 

F 

Cl 

Br 

F 

F 

F 

Cl 

F 

Cl 

Br 

OEt 

twMe 

S&1” 

NtMe 

“wo)(m-l) 
KBr cHcl3 

1688 

1702 1720 

1702 1720 

1666 _b 

1640 b 

1655 b 

1643 1664 

MO1 rt.a 
Found(Calcd) 

524(494) 

620(583) 

521(503) 

540( 565) 

562( 533) 

575(548) 

591( 568) 

6.03(2$ 
5.31(l) 

2.41 

2.56 I 

2.30 (18) 

2.28 

5.98(2) 
5.80(l) 
2.40(18) 

6.00(2) 
5.95(l) 

2.51 

2.60 1 

2.46 (18) 

2.41 

b _. 

L 

12.32(l) 

x:::; 
5:80(l) 
4.45(3) 
2.58 
2.44 
2.38 (18) 
2.36 
2.33 
2.31 

s 
s 
s C3H(?!+2N2 
s 

s 
s Cfle2W2 
s; C3H(Ci3)2N2 

3 CPe2N2 
s 
s 
s 1 C3H(C~3)2N2 

s 

s; ye 
s 
5 I 
:; 

CPe2W2 

"CH,, 33(HH)8.0Hz 

S-l 
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X V 

Cl 

Cl 

Cl 

Cl 

Br 

Br 

Cl 

Cl 

NHEt 

Nle2 

Mm 

twC6H4MC 

Niue 

N4e2 

SBU" 

SC6Hll 

1649 

1645 

1654 

1653 

1654 

1650 

1662 

1671 

1662 

1672 

1664 

1662 

1667 

1659 

1680 

1678 

‘able 

1 

2 lContdl 

6(RA)~ Asrigmnts 

!.29(1) 
5.86(l) 
5.62(l) 
5.80(l) 
1.89(2) 

?.5B 
1.46 
2.37 

i 

(1B) 

2.35 

:::6(3, 

5.emd- 
5.88(l) 
5.83(l) 
b.35(3) 
3.26(3) 
a.2.4(18) 

2.63(l) 
a.7.25(5) 
5.87(l) 

:%I:; 
2160 

::: (18) 
2.33 
1.98 I 

2.72(l) 
7.30(4) 

5*89(l) 
5.87(l) 
5.79(l) 
2.67(3) 
2,38(12) 
2.01(3) 
2.36(3) 

.2.57(l) 
5.88(l) 
5.83(Z) 
4.32(3) 
2.61 
2.50 
2.40 
2.37 

i 

(18) 

2.36 
2.35 

5.92(l) 
5.86(l) 
5.80(l) 
4.32(3) 
3.22(3) 
,a.2.4(18) 

5.91(l) 
5.80(Z) 

5.18(Z) 
2.54(3) 
2.45(3) 

:-::I:; 
2:22(3) 
2.06(Z) 

:*x . 

5.90(l) 
5.80(Z) 
2.551 

AB pair, 6fAJ5.21, 6fBI4.57; 
XAB)S.OHz, 3(HH)BHz; NHLW2Me 
5 
s 
s C3H(C!!3)2N2 
s 
5 
t; NHCH2Cti3 33(HH)7.0Hz. 

s 
s 
s 

C3H(?!j)2N2 
s 

s: wC6H4e3 

s; NH& 

m; C3H(Cti3)2N2 

:3 C3!!(CH3)2N2 

III; SCHHPr", 33(HH)7.0Hz 
s 
s 
s C3H(C!!3)2N2 
s 
SJ 
quint; SCii CH Et., 

sext; SCH2 
h-r8 Me 

3yH)7.lwz 
3(W7.OHz 

2 %hlHz. t; sKH2,3~3 

2.46 
2.42 
2.33 
2.22 
1.75 (10) m; 

C3!-ZN2 

SC6Hll; W__(Cii2)5 not observed 
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Table 2 (Contd.) 

X Y 

Cl SCH2Ph 

Cl SPh 

Br SB”” 

1671 

1684 

1665 

1691 

1682 

6uM)d Assignments 

,a.7.4(5) Ill; SCHCH 
6.32(2) AB pair: @)6.48, 6(R)6.15, 

2.37 
2.30 J 

7.89(2) 
7.55(2) 
7.37(l) 
5.92(l) 
5.83(l) 
5.78(l) 
2.53 
2.50 
2.45 

i 

(: 
2.36 
2.02 

5.96(l) 
5.82(l) 
5.80(l) 
5.07(2) 

7.60(3) 
2.47(6) 
2.36(6) 
2.20(3) 
2.15(2) 
1.57(2) 
1.03(3) 

d; 33(HH)7 OHz 

t; o-H’ %i5’ 33(HH)7’OHz m-H, 

t; 
.5 

p-H, SCZ;; 33(HH)7:(mz 

s 
s 

CPe2N2 

s 
s 

18) s C3H(CE3)2N2 
5 
5 

s 
5 3 C?J+2N2 
s 
m; SCH2Pr”; 33(HH)7.0Hz 

5 Recorded in CDC13 at 220 MHz, 37’ using SiHe4 as internal standard (rel. area); 

!? not recorded because of insolubility; 

c Recorded in CDC13 at 400 MHz (Brucker FT instrument); 

d 
- Recorded ~YI CD2C12 at 220 MHz. 

halide or N- or S- ligand substituent effect on v(N0) of 
the other monohalide complexes. In general v(N0) in the 
amido and tbiolato species averages 1664 and 1683 cm-‘, 
which is consistent with our observations elsewhere.’ 

The ‘H NMR spectra (Table 2) of the new complexes are 
generally unremarkable, and are consistent with the 
formulation of the new species. A group of signals in the 
region S 2.7-1.9.is associated with the methyl groups of 
the pyrazolyl ring. The shape of these signals varies from 
compound to compound but in one complex (1; X=Y=Cl) 
it appears as a singlet. We have no explanation for this 
effect, but it is very useful for characterisation purposes. 
The group of signals occurring in the region 8 6.1-5.3 is 
due to the protons attached to C-4. In those complexes 
of the type (1; X=Y), the signals appear as a doublet of 
relative intensity 2: 1. In the species where X # Y, we 
would expect three singlets, since there is no plane of 
symmetry in the complexes, and this is usually observed. 
In two cases viz. (1; X=CI, Y=SBu” or S&H,,) only two 
resonances, of relative intensity 1 : 2, are observed and 
we assume this is due to accidental degeneracy; this 
effect has been noted before. In these complexes, as in 
all others reported previously, protons attached to the C 

atom a to the donor atom at MO resonate at lower fields 
than expected, and we reiterate that this is probably due 
to the strong electron-withdrawing properties of the 
metal. The NH signals in the mono-alkyl and aryl-amides 
also resonate at low fields (8 12.7-12.3) for the same 
reason. The signals due to the dimethylamido group in (1; 
X=CI or Br, Y=NMe,) appear as two singlets, because of 
the asymmetry of the complexes, and the lack of facile 
inversion at the amido N atom in these complexes. 

Conclusion 
The properties of the new complexes are generally 

very similar to those of their iodo-analogues. We have 
noted in a qualitative way that the apparent rates at 
which the monosubstituted fluoro-, chloro- and bromo- 
complexes were generally faster than those of the related 
iodo-complexes. While we believe that the mechanism of 
formation of the species (1; X=1, Y=OR, Y=OR, NHR or 
SR) from (1; X=Y=I)* involves prior one-electron trans- 
fer, we are not yet in a position to determine whether 
this occurs with the other dihalides. This possibility is 
being studied. 
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EXPERIMENTAL evaporated, effecting crystallisation of the orange complex 
The complex Mo{HB(Me2pyz)s}(NO)(CO)Z was prepared as (0.19 f. 61%). 

described elsewhere.‘,6 All reactions were carried out under Mo$IB(~e2pyz)3}(NO)Cl(NHPh); (1; X=CI, Y=NHPh). A 
nitrogen and in N*degassed solvents. All yields are quoted mixture of Mo{HB(Me2pyz),}(NO)ClZ (0.3 g) and freshly redis- 
relative to the molybdenum-containing precursor. IR and ‘H tilled aniline (0.1 ml) in dichloromethane (30cm’) was stirred 
NMR spectral data were obtained using PE 297 and PE I80 overnight at room temperature. The solution had became yellow- 
spectrophotometers, and PE R34 instruments, respectively. brown, and the solvent was removed in vacua. The residue was 
Molecular weights were determined osmometrically in chloro- extracted with diethylether, the extract being filtered and allowed 
form. to cool at -5” until the complex had precipitated as a brown 

Mo{HB(Mezpyz)p}(NO)CIT (1; X=Y=Cl)-Method 1. Nitrosyl powder (0.26g, 78%). 
chloride was generated in situ, and was bubbled through a The related p- toluidide, Mo{HB(Me2pyz)3}(NO)Cl- 
dichloromethane solution of Mo{HB(Me2pyz)jXNO)(CO)Z. The (NHC6H4Me), (1; X=CI, Y=p-MeC6HINH), was prepared 
yellow-brown solution which formed was then evaporated to similarly using p-toluidine (0.1 g) and was isolated as a brown 
dryness in vacua, and ethanol added in the cold. The slurry powder (0.27 g, 79%). 
which formed was filtered, the complex being collected as a Mo{HB(Me2pyz),}(NO)Cl(SBu”); (1; X=CI, Y=SBu”). A mix- 
yellow powder. This could be recrystallised from toluene to give ture of Mo{HB(Me2pyz)3XNO)C12 (0.3 g) and n-butanethiol 
orange-red crystals (containing variable amounts of toluene of (0.2 cm’) in n-heptane (20 cm’) was refluxed overnight. The yel- 
crystallisation) which, after repeated washing with n-pentane, low-black solution which had formed was reduced in vac~o to 
changed to a yellow powder. co. IOcm’ and the complex allowed to form as black crystals 

Method 2. Mo{HB(Mezpyz),}(NO)(OEt)2 was prepared as which were collected by filtration (0.23 g, 74%). 
previously described, and dissolved in toluene. HCI gas was then The related complexes Mo{HB(Me2pyz)3}(NO)Cl(SR) 
bubbled through the stirred solution for 30 min during which time R=C6HII, CH*Ph and Ph) were prepared similarly, using 
the colour of the solution became orange-red and some orange C,H,,SH (0.2cm3), PhCH,SH (0.1 g) and PhSH (0.2cm’) and ” 
solid precipitated. The mixture was then refluxed for 3U5 min, were isolaied as dlack (R=ih) or dark green (R=C&,, CHzPh) 
filtered and allowed to cool slowly to room temperature. During crystals. The yields were 0.26 g (75%), 0.25 g (72%) and 0.27 g 
this time, orange crystals separated which were collected by (80%) respectively, and the toluene-a-thiolate could be recrys- 
filtration, thoroughly washed with n-pentane, to afford the com- 
plex as a yellow powder (yield quantitative). 

tallised from dichloromethaneln-hexane mixtures; giving black 
microcrystals. 

Mo{HB(Me,pyz)3}(NO)Br2 (1; X=Y=Br). Nitrosyl bromide was Mo{HB(Me2pyz)3}(NO)Br(NHMe); (1; X=Br, Y=NHMe). To 
generated in the same way as NOCI.’ The red-brown gas was 
purified by passing through CaC& and KCI, and was bubbled 

Mo{HB(Me2pyz)j}(NO)-Br2 (0.3 g) dissolved in dichloromethane 
(20cm’) was added methylamine (33% solution in ethanol, 

throunh a solution of MolHB(Me,ovz)t](NO#CO), in di- __ _ ._~ 
chlorimethane. An orange solition‘quickly formed, and this was 

0.2cm’). The solution immediately became orange, and was 
stirred at room temperature for 30min. The volume of the 

reduced in volume in vacua. Ethanol was then added in the cold, solvent was then reduced to ca. 5 cm3, and diethylether was 
causing precipitation of an orange powder. This was collected by added causing nrecinitation of INH,MelBr which was filtered off. 
filtration, recrystallised from toluene affording orange-red crys- The volume ii the* filtrate was &WI; reduced in vacua until 
tals of the toluene-solvated species. On repeated washing with crystallisation began, and the complex formed as orange crystals 
n-oentane. the comolex was obtained as an orange oowder. 

r 

Mo{HB(Me2pyz)&NO)F2, (1; X=Y=F). Mo{HI&Mezpyz)d(NO) 
at - 5” (0.20 g, 73%). 

Mo{HB(Me2pyz)&NO)Br(NMe2); (1; X=Br, Y=NMe*). A mix- 
(OEt), (0.3g) was dissolved in dichloromethane (25 cm’) and ture of Mo{HB(Mezpyz)3}(NO)Br2 (0.3 g) and dimeihylamine 
cont. HF 140% in water. 0.2 cm’. PTFE beaker) was added. The 
mixture was stirred for I hr. add the solvent ihen removed in 

(0.2cm’) in dichloromethane (20cm3) was stirred for IOmin. 
&ring which time an orangd soluhon rapidly formed. The 

vacua leaving the complex as a pale green powder (0.26 g, 90%). volume of the solvent was reduced in vu& to ca. 5 cm3, and 
MolHBIMe,ovz),](NO)FIOEt): (1: __. 1_1. 

X=Y. Y=OEt). 
Mo{H~(M&~~z)~}(NO)F; was &penieb in ethanbl and stirreh 

diethvlether added causing orecinitation of INH,Me,lBr. which 
I. . _  _  __. 

was filtered off. The filtrate was partially evaporated in vucuo 
at room temperature for I hr. The solvent was reduced in volume and allowed to stand at -5” until the complex had formed as 
in vacua, and the purple complex filtered off and dried in vacua. orange crystals (0.16 g, 57%). 

MdHB(Me2pyz)3)(NO)F(NHMe); (1; X=F, Y=NHMe). Mo{HB(Me2pyz)3}(NO)Br(SBu”); (1; X=Br, Y=SBu”). A mix- 
Mo{HB(Me2pyz)3}(NO)F, was suspended in methylamine and ture of Mo{HB(Me2pyz)3HNO)Br2 (0.25 g) and n-butanettil 
stirred at - 10°C for 2 hr. The amine was then allowed to (0.2 cm’) in n-heptane (20cm’) was refluxed overnight during 
evaporate at room temperature, leaving the complex as a pale which time a yellow-black solution had formed. The solvent was 
orange powder. evaporated in vacua to ca. IO cm3, and the complex precipitated 

Mo{HB(Me2pyz),)(NO)F(SBu”); (1; X=F, Y=SBu”). as an olive-green powder (0.22 g, 71%). 
Mo{HB(Me,ovz),HNO)F, was suspended in n-heptane, and n- _. _ _ 
but&e&o1 (slight excess) added. The mixture-was refluxed 
overnight and cooled, the brown complex being collected by Acknowledgemenfs-We are grateful to the SERC for a student- 

filtration and dried in vacua. 
ship (ASD) and to Mr. A. Jones for technical assistance. 

MdHB(Melpyz)3}(NO)NHMe; (1; X=CI, Y=NHMe). 
Mo{HB(Me2pyz)3}(NO)ClZ (0.3 g), dissolved in dichloromethane REFERENCES 
(30 cm3). was treated with methylamine (33% ethanolic solution, 
0.2 cm3ji The mixture was stirred at room temperature for 30 min 

‘J. A. McCleverty, D. Seddon, N. A. Bailey and N. W. Walker, J. 
Chem. Sot. Dalton 1976,898. 

during which time the solution became orange. The volume of 
solvent was reduced in vacua to ca. 5 cm3 and, after addition of 

*J. A. McCleverty, A. E. Rae, I. Wolochowicz, N. A. Bailey and 
J. M. A. Smith, .J. Chem. Sot. Dalton 1982.951. 

diethylether, the precipitated [NH3Me]CI filtered off. The filtrate 
was reduced in vacua to ca. 5cm’ whereupon the complex 

‘J. A. McCleverty, A. E. Rae, I. Wolochow&z, N. A. Bailey and 
J. M. A. Smith, 1. Chem. Sot. Dalton 1982,429. 

formed orange crystals (0.25 g, 83%). 4J. A. McCleverty, G. Denti, A. S. Drane, N. El Murr. A. E. Rae, 
The corresponding edyl- and n-butyl-amides were obtained S. J. Reynolds, N. A. Bailey, H. Adams and J. M. A. Smith, i 

similarlv as orange crystals (85 and 76% yields, respectively). 
Mo{fiB(Me2py&}(NO)CI(NhieZ) (1; -X=Ci, Y=NIvfej.. To 

Chem. Sot. Dalton 1982. in Dress (2/529). 
‘J. A. McCleverty, A. S. Drake, N. A. Bdey and J. M. A. Smith, 

Mo{HB(Me,ovzLMNO)Cl, (0.3 P) dissolved in dichloromethane _._ ,_I. 

(20 ,m3j was added dimeih$a&e (0. I cm’). The colour of the 
J. Gem. Sot. D&on 1982, in press (2/530). 

V. J. Jones, J. A. McCleverty, S. J. Reynolds and C. Smith, 
solution immediately became orange and the mixture was stirred Inorg. SyntA, in press. 
for 30 min. The volume of the solution was reduced in vacua to ‘S. Trofimenko, Inorg. Chem. 1%9,8, 2675. 
ca. 5 cm’, treated with diethylether which caused precipitation of *J. A. McCleverty and N. El. Murr, x Chem. Sot. Chem. Commun. _. . - - ^. . . 
[NH2Me2]CI which was filtered OK. ‘The liltrate was slowly 

.__. _.. 
1981,960. 
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NEW CHEMICAL REACTIVITY IN AROMATIC ~ITHIOCARBAMATE 
AND MONOTH~OC~BAMATE LIGANDS: SYNTHESES OF Mo&*2THF 

(L = PYRROLE OR INDOLE MONOTHIOCARBAMATE OR 
PYRROLE DITHIOCARBAMATE) AND MozL4 
(L = INDOLINE MONOTHIOCARBAMATE)’ 

ROBERT D. BEREMAN;* DONALD M. BAIRD and CHARLES 0. MORELAND 
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Abstract-The reactions between Mo&H30& and several new dithio- and monothiocarbamates have been 
studied. The first example of a d~oly~enum compound of a dit~~~rnate with the “moly~enum acetate” 
structure is reported (Mo~L~.2THF; L = pyrrole di~i~~~rnate). In addition, the synthesis of M~L~~F 
(L’ = pyrrole monothiocarbamate, indole monothiocarbamate, indole dithiocarbamate) and Mo*LI (L” = indoline 
monothiocarbamate) are reported. A discussion of the unique stabalkation of the dithiocarbamate bridge by 
“aromatic” dithio- and monothi~~ates is presented. 

~RODU~ON 

The chemistry of compounds containing .metal-metal 
bonds constitutes one of the major topics of inorganic 
chemistry currently attracting vigorous and diverse 
research efforts.’ This realm of metal-rne~i bonds was 
largely unknown prior to 1970 and is an exciting area of 
study. A large array of ligands have been coordinated to 
the dimolybdenum unit (MO:“) including halides, amines 
and carboxylates.3-” Perhaps the most well studiid of 
these systems are the carboxylates which have the 
structural features indicated below as shown by an X-ray 
diffraction study pe~o~ed by Cotton.6 

A-04 
0 0 Y/ I/ 

MO~MO 

/i 4 0 

> 
0- OO 

Y 

One of the most glaring absences in this array of 
Iigands is the lack of dit~~~b~ate (dtc) and mono- 
thioc~b~ate (mtc) complexes of the dimoly~enum 
unit. The paucity of dithiocarbamate compounds is 
because of the unusual metal insertion into the C-S bond 

of the dithio~arb~ate, resulting in a thiocarbene linkage 
and a Mo=Mo double bond (Scheme 1). 

We choose to view this reaction as a “nucleophilic” 
attack of one of the Mo-MO bonds on the CS, carbon 
(Scheme 2). If indeed this model were valid, we felt that 

we couid exploit the unique resonance properties of new 
aromatic mono- and dithiocarbamates recently prepared 
in these laboratories to synthesize the first examples of 
mono- or dithiocarbamate dimolybdenum complexes that 
adopted the dimolybdenum acetate structure. That is, we 
have recently show that “aromatic” di~oc~~ates 
such as those derived from pyrroie have only a minor 
contribution from the resonance form IIIB often used to 
describe dithiocarbamates’ and it is this resonance form 
which would favor the “nu~leop~ic” attack for one of 
the %-MO bonds on the CS2 carbon. 

FOtaSSiUm salts of pyrrole-N-carboditbioate Q&z), pyrroie-N- 
~~thioate (ptc)? indok-N~~b~it~ate (ildc)p k&ok-N- 

Moz(Ac)& + qEt~tc)Na _I+ 

Scheme I 

*Author to whom correspondence should be addressed. 
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carbothioate (iltc),’ and indoline-N-carbothioate (intc)’ were 
prepared as reported previously. 

M0r(pdc)~.2THF 
Excess (1.7 eq.) of potassium pyrrole-N-carbodithioate dis- 

solved in SOml dry THF was added slowly to a mixture of Ig 
MO, (OAch (OAc = acetate) in drv THF. The vellow color of the 
Mo;(CAc),.vvas immediately replaced by a deep purple color. 
After all the Kpdc was added, the solution was filtered to remove 
any insoluble materials. The volume of the solution was reduced 
to about 50ml, and IOml hexane was added. Refrigeration for 
several days produced purple crystals of Mor(pdc),-2THF. This 
compound was recrystallized by dissolution in THF and addition 
of an equal volume of hexane. Several elemental analyses were 
attempted; however, in each case some THF was lost so that 
analyses usually indicated somewhere between one and two THF 
molecules per MO* unit. NMR spectra of freshly prepared sam- 
ples integrated in such a way as-to indicate two THF molecules 
oer four nvrrole ICTOUDS. NMR(L-DMSO) 8 2.0 (4H. m). 3.82 
(4H, m), 6.57 (4H,-m),8.03 (4H,‘mj. Found: C, 35.67; H, 3.31; S, 
28.75; Calc. for C28H32N10ZSsMo2: C, 37.14; H, 3.56; S, 28.35. 
This corresponds to the loss of approx. 20% of the THF. 

Mo?( iltc),.ZTHF 
This compound was prepared by the same method as that 

above used for Mo,(ptc),.tTHF. This compound is dark purple 
and can be recrystallized from THF and hexane. Elemental 
analyses corresponded to approx. Mo2(ildc),*l.6 TBF. NMR 
again however integrated to give 2THF/4 indole groups. 

Mo,(pfc),*ZTHF and Mo&c)a 
A ‘solution of I.5 g Kptc in 50ml THF was added slowly 

throuuh a Schlenk frit to a mixture of 0.97 P Mo,(OAcL in IO0 ml 
dry THF. During this period an orange-soluiion formed and 
KOAc precipitated from solution. After an additional I hr of 
stirring the solution was filtered. The volume of solution was 
reduced by half by vacuum evaporation and an equal volume of 
hexane was added. Refrigeration for several days afforded an 
orange powder which was shown to be Mor(ptc),.ZTHF by 
NMR. However, when recrystallized from CHrClr, the THF 
molecules were lost. Found: C, 34.35; H, 2.39; S, 18.33; Calc. for 
C20H,6N404S4M02: C, 34.50; H, 2.32; S, 18.41. 

Moz(iltc)d.2THF 
A solution of 2 g Kiltc in 100 ml dry THF was added through a 

Schlenk frit to mixture of 0.98 II Mo,(AcL in 50 ml drv THF. 
During this period an orange solition and a colorless precipitate 
formed (KAc). The solution was filtered to remove KAc. The 
volume of the solution was reduced to half and an equal volume 
of hexane was added. Refrigeration produced an orange powder 
which was collected by filtration. 

Mo,(Znrc)., 
Since Kintc shows only very limited solubility in dry THF, this 

reaction was attempted in very dry ethanol. 1 g Rintc was added 
directly to 0.5 g MOBS in 100 ml ethanol. After stirring for 2 hr 
an orange-red precipitate formed. This precipitate was collected 
on a Schlenk frit and dried under vacuum. This compound is 
extremely air sensitive. Exposure to air for even the briefest 
period transforms the compound to a brown and then black 
powder. 

Spectral data collection 
IR spectra were determined as before.’ Optical data were 

obtained on either a Cary I4 or a Hitachi 110 spectrophotometer. 

NMR 
The ‘H and “C NMR spectra were obtained on a Bruker 

WM-250 spectrometer operating in the pulsed-FT mode. The ‘H 
NMR spectra were run at 250 MHz and the “C NMR spectra at 
62.5 MHz. 

RESULTS AND DISCUSSION 

The reaction of the aromatic dithiocarbamates, pyr- 
role-N-carbodithioate and indole-N-carbodithioate, with 
Mo,(OAc), in dry THF, leads to dark purple compounds 

which we formulate as Mo2L4*2THF based on spectral 
analyses. IR and electronic spectra and ‘H and 13C 
spectral results suggest that a slow decomposition occurs 
wherein THF is lost with the possible concomitant for- 
mation of a thiocarbene linkage. All aromatic dithio- and 
monothio- ligands behaved in an identical fashion. 
Therefore, only data for Mo,(pdc)d.2THF and 
Mo2@$2THF are presented. 

IR studies 
A report by Steele and Stephenson” of the attempted 

synthesis of a diethyldithiocarbamate complex of 
dimolybdenum suggested that in the presence of air the 
green reaction product immediately formed the violet 
Mo203(Et2dtc), compound. These MO(V) dimers have 
been studied extensively by Newton” and the v(Mo=O) 
vibration frequencies for Mo,0g(Rzdtc)4 occur close to 
938 cm-’ as a strong band in the IR spectra. Since the 
molybdenum pyrroledithiocarbamate compound was also 
violet, the IR spectrum was recorded in order to rule out 
the presence of the Mo20, core. The spectrum of this 
compound exhibited bands at 1250 cm-‘, v(C-- N), as 
well as bands at 1100 and 850 cm-’ that are characteristic 
of the presence of pdc. However, no bands appeared 
between 900 and lOOOcm-’ that were strong enough to 
be assigned to v(Mo=O). The only band in this region 
was a medium intensity band at 980cm-’ which also 
appears in the IR spectra of all pdc complexes as well as 
in the spectrum of the ligand itself.8.9 Therefore, this 
band is assumed to arise from the ligand, not from a 
Mo-0 bond. 

The IR spectrum of the analogous monothiocarbamate 
complex was also recorded. No Mo=O bands occured in 
this spectrum either. The v(C- 0) frequency was 
located near 1580 cm-’ in Mo2(ptc)., which is fairly high; 
however, we feel that the oxygen is indeed coordinated 
to MO in this orange compound.’ 

ELECTRONIC SPECTRA 

The electronic spectra of both the dithiocarbamate and 
monothiocarbamate were recorded in CH,CI, solution 
between 900 and 350nm. The lowest energy band was 
found at 510 nm for the dithiocarbamate and at 405 nm 
for the monothiocarbamate. This band is believed to 
correspond to the S-, S* transition, if indeed, the 
molybdenum acetate structure is preserved in these 
compounds. While the S + S* band occurs between 500 
and 700 nm (E = 200-3000) for most MO:’ species,‘* it 
occurs at a much higher energy (340 nm) for tetrakiscar- 
boxylates.13 However, San Filippo and Sniadoch14 have 
found that values for the S+ S* transition in aryl- 
carboxylates appear as a broad intense band centered 
between 350 and 480nm. If our argument which eli- 
minates resonance form IIIB (Scheme 3) were correct, 
we could then describe the aromatic mono- and dithio- 
carbamate as a COS or CS, group attached to an aroma- 
tic ring similar to monothio- or dithiobenzoate. As a 
result we can suggest that the position of the band in the 
spectra of our complexes agrees nicely with position and 

P’ N-C+ - 
S 

III A 

Scheme Ill 
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shape of the same band in arylcarboxylates of dimolyb 
denum. In other words, the spectra can be interpreted as 
indicating the presence of a Mo-MO quadruple bond in 
these compounds. The spectra of both the monothio- and 
dithioderivatives are very similar. Thus we believe, on 
the basis of this and the NMR data (see below), that the 
structures of the compounds are similar. Finally, the 
shit of the S + S* band in the monothiocarbamate to 
higher energy is as expected for replacing a sulfur donor 
with an oxygen donor. 

‘HNMR 
The proton NMR spectrum of both the pdc complex 

and the ptc complex of MO:’ exhibit resonance lines 
characteristic of the pyrrole ring; a pair of multiplets 
suggestive of an A A’B B’ system. The pyrrole 
resonances are centered about 8 8.03 and 6 6.56 for the 
dithiocarbamate complex and 8 7.57 and S 6.56 for the 
monothiocarbamate. Both spectra also exhibit 
resonances characteristic of THF. Integration of the 
spectra give pyrrole/THF as 2: 1 as would be expected 
for a molybdenum acetate structure with two axially 
coordinated THF molecules. It is very important to note 
that THF molecules would not be expected to be asso- 
ciated with the thiocarbene complexes as the reported 
examples do not have solvent molecules associated.‘5*‘6 
On the other hand, MO:’ does not have a strong athnity 
to bond donor molecules on the axial position except 
when the ligand is a dithio ligand.‘7.‘8 

attached to the carbon. The lack of hydrogens coupled 
with limited solubility of the complex in available NMR 
solvents made detection of the desired signal very 
difhcult. However, a spectrum of the complex (dissolved 
in &THF) obtained by scanning 32000 times at 
63.5 MHz did display resonance lines in the CS2 carbon 
region. Unfortunately, there were three lines which were 
barely detectable and might correspond to the CS2 car- 
bon. The time frame of the experiment was sufficiently 
long that it appeared that a decomposition was occurring 
during the experiment. The most intense resonance line 
was at 209.8p.p.m. and is suggested to result from 
Mo2(pdc)4*2THF which has the molybdenum acetate 
structure. This suggested assignment is made based on 
the proximity of this line to the CS2 resonance in Kpdc 
which was found at 217 p.p.m. 

In summary, it appears that the products of the reac- 
tion between MOBS and Kpdc or Kptc have the 
molybdenum acetate structure, based on ‘H NMR and 
electronic spectra, at least for the length of time it takes 
to perform those measurements. However, the 13C spec- 
tra as well as the loss of THF during mailing time for 
elemental analysis point to slow decomposition to thio- 
carbene or a dithiocarbamate-thiocarbene equilibrium. 

Acknowkdgment-The Brnker WM-250 spectrometer was pnr- 
chased from funds provided by the National Science Foundation. 

In order to be sure that the THF was coordinated, 
additional THF was added to the NMR sample of the 
monothiocarbamate complex. Exchange between coor- 
dinated and uncoordinated THF molecules is apparently 
slow on the NMR time scale since two sets of 
resonances were observed. Resonances at 8 3.72 and 8 
1.86 associated with uncoordinated THF and resonances 
at 8 3.12 and 6 1.24 associated with coordinated THF 
were observed. The assignments were made based on the 
integration for ptc/THF using the upfield resonances, 
while the positions of the downfield resonances correlate 
closely with the reported value for uncoordinated THF 
(8 1.79 and 8 3.60).‘9 

REFJUWNCES 
‘This paper is number 24 in the series, Coordination Chemistry 
of New Sulfur Containing Ligands. Paper number 23: R.D. 
Bereman. D. hf. Baird. J. Bordner and J. R. Dorfman, PO/Y- 
hedtwn, in press. 

“C NMR 
A recent study by van der Linden et al. reported the 

position of the CS2 carbon in the 13C spectra of 71 
dithiocarbamates?’ The carbon of the CS, group was 
found between 185 and 220 p.p.m. for every example. We 
felt that the 13C spectrum of the dithiocarbamate com- 
plex here could help distinguish whether the molyb 
denum acetate structure of the thiocarbene structure was 
present in this compound. The spectrum of a dithiocar- 
bamate with the acetate structure should exhibit only a 
single resonance line in the CS, regjon, while a dithio- 
carbamate with the thiocnrbene structure should exhibit 
a pair of resonances in this region corresponding to the 
thiocarbene carbon and the normal dithiocarbamate car- 
bon respectively. Unfortunately, the intensity of this _. _ _ _ 

*J. L. Templeton, Prag. Znorg. Chem. 1970,26,211. 
3J. V. Brencic and F. A. Cotton. Znora. Chem. 1970.9.351. 
‘A. R. Bowen and J-f. Taube, Z&g. ehem. 1974,13; 2245. 
‘A. B. Brignole and F. A. Cotton, Znorg. Synfh. 1973,13,81. 
6F. A. Cotton, Z. C. Mester and T. R. Webb, Acta Crysfallogr. 
1974, B30,5698. 

‘L. Ricard, J. Estienne and R. Weiss, Znorg. Gem. 1973,9,2182. 
*R. D. Bereman, hf. R. Churchill and D. Nalewajek, Znorg. 
Chem. 1979,1& 3112. 

Q. D. Bereman and D. Nalewajek, Znorg. Chern. 1978,17,1085. 
“‘D. F. Steele and T. A. Stephenson, Znorg, Nucl. Chem. Left. 

1973,9,711. 
“W E. Newton, J. L. Corbin, D. C. Bravard, J. E. Searles and J. 

W: McDonald, Znorg. Chem. 1974,13,1100. 
“F, A. Cotton, Chem. Sot. Rev. 1975,4, 27. 
r3L. Dubicki and R. L. Martin, Aust. J. Chem. 1%9,22, 1571. 
14J. San Fii~o and H. J. Sniadoch. Znora. Chem. 1975.15.2209. 
“L. R. Rica& J. Estienn and R. Weiss, Znorg. Chei. 1973, 12, 

2182. 
16D F. Steele and T. A. Stephenson, Znorg. Nucl. Chem. Lerr. 

&3,9,111. 
“F. A. Cotton, P. E. Fanwick, R. H. Niswander and J. L. 

Sekutowski, Acta Chem Stand., Ser A. 1978, A32,663. 
“L R Ricard, K. Karagiannidis and R. Weiss, Znooo. Chem. . . 

1973,12,2179. - 
19”N.M.R. of Common Solvents”, Sadler Research Laboratories, 

In. p. 10. 
*OH. L. M. Van Goal, J. W. Diesveld, F. W. Pijpers and J. G. W. 

resonance is very weak stnce there are no hyctrogens van der Linden, Znorg. Chem. 1979,18,3251. 



Polyhrdron Vol. 2. No. I, pp. 63-66. 1983 
Printed in Great Britain. 

0277-~387/83/0100633,~/0 

0 1983 Pe~arm Press Ltd. 

ESR STUDY ON PHOTOREACTION OF FORMATS 
COMPLEX OF EUROPIUM(II1) IN 

HCOOH-HCOONa BUFFER SOLUTION 

NAGAO AZUMA* and AKIRA MATSUMOTO 
Laboratory of Chemistry, Faculty of General Education, Ehime University, Matsuyama 790, Japan 

and 

JIRO SHIOKAWA 
Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita 565, Japan 

(Received 27 My 1982) 

Abetract-Matrix isolation ESR study showed that the ligated HCOO- ion was decomposed into H’ and COO- 
radical anion through CTTM process at A = 254 nm, by contrast, CH, radical and CO2 were produced from 
CH,COO- ligand. In order to explain the photo- and related reactions in the liquid solution, a proposal is made for 
a cyclic scheme conjugated with the photode~mposition of the complex. The cycle consists of three steps; 
photo-reduction of H+ by Eu*+, radical alternation from *H to COO-, and oxidation of CO@ by Eu’+. 

INTRODUCTfON 
Photochemistry of aqueous solutions of I@* was stud- 
ied extensively by Stein et al.’ They observed the 
evolution of molecular hydrogen from the solutions con- 
taining H-atom scavengers, which was due to the follow- 
ing reactions: 

Et?+ -H,O -% aOH + H’ + Eu2+, (1) 

H’ i- Eu*+ -% .H t Eu3+ (21 

and 

.HtHR-SRtH,. (31 

The reduction of Eu3+ by -R radical was proposed by 
them and was supported by means of pulse radiolysis of 
Ed+ aqueous solution in the presence of formic acid, 
HR = HCOOH? Previously we have studied the photo- 
reaction of Eu(CH&!OO)~ in C~~COOH~H~COONa 
buffer solutions in which the organic species were used 
as H-atom scavenger and as @and.’ The acetato com- 
plexes were subjected to CTTM breakdown at A = 
254 nm, giving both CO, and CH, radical. 

On the other hand, the two types of the bre~down are 
possible for M”‘-HCOO- complexes, that is, 

and 

U6+-HCOO-:COO- t H’ t Us+ (414 

Ce4’-HCOO- % .H t CO, + Ce3+. UY 

In order to clarify the primary step of the photoreaction 
of europium(III) formate system, an ESR study has 
been carried out for UV-irradiated Eu(HCOO), in frozen 
HCOOH-HCOONa buffer solutions by means of the 

*Author to whom correspondence should be addressed. 

matrix isolation method. Based on the ESR study and 
result from room-temperature experimentP a model of 
the reaction scheme will be proposed for the liquid 
solution of this system. 

EXPERIMENTAL 

Eu(HCOO)~ was prepared by the method in literature.’ The 
compositions of the samples were as follows: 

Sample A; O.OlN-Eu(HCOO)~+ O.lN-HCOOH, 
B: O.OlN-Eu(HCOO)> t O.O5N-HCOOH 

+ O.O5N-fiCOOt& 
C; O.OlN-Eu(HCO0)~ t O.lN-HCOONa. 

Samples F (O.lN-HCOOH) and S (O.lN-HCOONa) were 
employed in order to be compared with the above samples. 

The samples filled in quartz tubes for ESR measurement were 
deaerated and irradiated at 77 K with I = 254 nm from a 120W 
low-pressure mercury lamp. The first derivative ESR spectra 
were recorded on an X-band spectrometer at 77 K and elevated 
temperatures. 

RESULTS AND D~US~ON 

The ESR spectra recorded at 77 K are presented in 
Fig. I. Each sample showed a singlet and two kinds of 
doublet absorptions. The singlet can be assigned to car- 
boxy1 radical anion, COO-, or its conjugate acid, 
COOH, with an anisotropic g-factor; g, = 2.003, g, = 
1.997, and g, = 2.001 which are very close to the values 
published.’ One of the doublets is due to atomic 
hydrogen with a splitting of 50.4 mT (not being shown in 
Fig. 1). The anisotropic ESR parameters of the other are 
approximated as axial symmetry; gll = 1.997, g, = 2.003, 
Ali = 14.5, A, = 12.7, and Aiso = 13.3 mT. This doublet is 
assigned to formyl radical, CHO, by comparing these 
parameters with those for that radical in CO matrix. 

Unresolved structure on the low-fietd portion of the 
central singlet appeared more evidently with increasing 
acidity of the sample. On warming to lOOK, the H- 
resonances were not observed any longer. The signals 
from CHO survived till 1%170K. In this tempe~t~e 
region, the line shapes of the central singlets were 
deformed strongly and, ultimately, anisotropic doublet 
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Fii. 1. ESR spectra of samples F, A, B, C and S recorded at 
77K with increasing field from left to right The samples were 
UV-irradiated at 77 K for 150-180 min. The arrows show signal 

from Mn*+ in MgO (a = 8.65 mT). 

spectra emerged at 20&230 K. These doublets were too 
weak to be characterized completely and disappeared 
at almost the same temperature region as just above. Al- 
though we cannot conclude at present whether these 
doublets are identical with the uyesolved structures 
observed at 77 K, radical(s) pf X-CH-Y type, such as 
HO_CH-O-(H), lo -OOC-O-CH-O-(H),” and 0 = CH- 
O-CH-C-(H), may be responsible in view of the 
presumptive ESR parameters. These radicals are regard- 
ed as the spin adducts of .H, *COO- and CHO with 
HCOO- or HCOOH. 

Ratios for the peak-to-peak height of the CHO-signals 
to those of the COO-(H)-ones vs the irradiation time 
examined at 77 K are shown in Fii. 2, where the arrow 
indicates the time for the first detection of the H- 
resonance from edch sample. All the ratios increase 
rapidly until the H-atoms are trapped in the matrices and, 
thereafter, do so gradually with increasing irradiation 
time. The value of the ratio and its slope are dependent 
on the acidity, and so is the ratio, Ro, extrapolated to 
zero time. 

At the outset let us consider samples F and S. Taking 

01 @” 
0 50 loo 150 2ocl 

Irradiation Time/min 

Fig. 2. The ratio of peak-to-peak height of the low-field com- 
ponent of the CHO-signal to that of the COO-(H)&nal vs the 
irradiation time examined at 77 K. The meaning of the arrows is 

presented in the text. 

into account the direct proportion between the peak- 
height and radical-concentration ratios, the acidity 
dependent R. suggests a greater uF/oc ratio for F than 
for S. Here tlF and uc are the rates for the CHO- and 
COO-(H)-formations, respectively. The positive slope 
would be expected if the rate for the decay of .COO-(H) 
were faster than that of CHO or if there were some 
process, such as 

COO-(H) + X -+ CHO t Y. (6) 

Formic acid in frozen 4M-HC104 aqueous solution con- 
taining Ce4+ was decomposed into *H, *CHO and 
*COOH upon irradiation with A = 300-360 ML’ These 
processes must take place also in the present case. It 
should be noted that HCOOH + hv+ CHO t *OH was 
more di6icult than HCOOH t hv + *H + COOH in view 
of the bond dissociation energies.” The mobile radicals, 
*H and *OH, are scavenged by the solutes and the 
radicals. Some of the scavenging modes give COO-(H) 
and CHO as follows; 

and 

.H t HCOO-(H) + COO-(H) + Hz, (7a) 

*OH + HCOO-(H)+ *COO-(H) + H20, (7b) 

.H + HCOO-(H) --) CHO t OH-(H,O). (8) 

The long induction period for the H-atom trapping sup- 
ports the presence of the scavenging processes. On the 
other hand, both COO-(H) and CHO radicals exhibit 
UV-absorption around 254 nm with czso= 1800” and 
~250 = 800,14 respectively. The UV-photo-decomposition 
of formyl radical has been noted by Adrian et aL9 

.CHO --% .H t CO. (9) 

The following decays of COO-(H) in matrix are pro- 
posed; 

and 

COOH s .H t CO2 (10) 

COO- t H+-% .H t CO,. (11) 

The value AH = 1 kcaP for (10) and the photobleaching 
of COO- in a matrix with A I 425 runI6 likely support 
this proposal. A certain fraction of these H-atoms gives 
CHO via (8), which is equivalent to the process (6). 

The concentration ratio [CHO]/[COO-(H)] for sam- 
ple C is significantly lower than that .for the parent 
sample, i.e. sample S, as can be seen from Fig. 2. This 
decrease can be attributed to the increase in [COO-] in 
view of the same [HCOO-] in both the samples. There- 
fore, the primary step of the photoreaction of the com- 
plexes is likely as follows; 

Eu3+-HCOO- z COO- + H’ + Eu2+. (12) 

The quantum yield for (2) has been measured at 77 K.17 
Some of Eu2’ ions with c2250 L- 20001a will reduce H’ ions 
also in the present case. 
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It may be expected from the stability constants’* that 
about 95 and 1% of Eu3+ ions are complexed in samples 
C and A, respectively. An apparent ezso of the format0 
complexes in C was estimated as to 5@150. Then, the 
complexes in C absorb the light effectively but those in A 
do little. In the early stage of the irradiation, the 
behaviour of A will consequently be similar to that of 
sample F. After the exclusive decrease in [HCOOH], 
sample A finds itself in the situation 

~~COO~[HC~~ = 
l (Eu3--HCOO-).[Eu3+-HCOO-1, 

so the complexes in A become the light absorber in the 
later stage of the ~~mtion. Here the E’S denote the 
absorption coefficients of the indicated species. Thus, the 
downward deviation of the peak-height ratio of A from 
that of F in the later stage can be explained also based on 
the reaction (12). 

On the other hand, we have proposed the foUo~ng 
reaction for acetate system;3 

Eu3+-CH,COO- --% CH, + CO* + Et?‘. (13) 

In order to conclude whether COO-(H) radicals are 
present in the acetate system or not, the similar 
examination has been carried out by using “C-enriched 
samples. There has not appeared the ‘3COO-(H) radical 
featured by an anisotropic “C-doublet splitting of about 
15 mT_Rb.'6.19 Therefore, Et? and H-atom reduced from 
H’ by Et?’ do not or scarcely reduce CO, into COO- 
and COOH, respectively, in the frozen acetate system 
and, accordingly, also in the frozen formate system. The 
process (12) is thus supported. 

The results of the room-temperature experiment for 
samples F and A are summarized as follows6 (i) There 
appeared Eu2+ ions in A upon irradiation. (ii) ‘Ihe yields 
of CO*, CO, and H2 from HCOOH were respectively: F; 
0.47,0.21, 0.32, and A; 0.95,0.&t, 0.74. (ii) The material 
balance for F was approximately matched by assuming 
the yield 0.32 of HCHO which was detected qualita- 
tively, (iv) and so was the balance for A by employing 
the decomposition ratio, HCOOH : HCOO- = 0.76 : 0.24. 
(v) There was detected no acid other than formic acid in 
both F and A after the irradiation. In order to realize 
these results, the q~tative model for the reaction 
scheme is proposed in Schemes 1 and 2. 

The Scheme 1 for the decomposition of the aqueous 
formic acid solution consists of three sub-cycles, I-III. 

HCOOH H. HCOOH 

The cycles I and II hold the hydrogen atom in common 
and the steps in them have been discussed in the preced- 
ing sections. Owing to the mobility of COO-(H), CHO, 
and HCOO-(II) in the liquid phase, our photosteps to 
evolve COt and CO probably include certain dark-reac- 
tions.z0*2’ Smithies and Hart2’ have shown the following 
propagation steps in the chain reaction for r-irradiated 
aqueous formic acid solution: 

COOH + HCOOH - CO* c CHO + Hz0 (14) 

and 

CHO + HCOOH - HCHO + COOH. (15) 

These steps also connect the two sub-cycles and form 
cycle III. The evolution of CO*, CO, Hz and HCHO can 
be qualitatively realized by means of this scheme. 

Scheme 2 shows how the europium redox couple 
prevents the cycle III in sample A. Because of pKa = 
1.4-3.822 for COOH vs pH = 2.6 for A, -COO- is 
exclusively used for simplicity in the same scheme. The 

Scheme 2. Cat&red decomposition of I-ICOOH. 

rate for the following step (16) is so greater than that for 
the step (14) that CHO is scarcely produced pia cycle 
III: 

COO-(H) + Eu3+ - CO* (+ H+) + Eu2+. (16) 

The ESR resuh indicates the faster rate for the produc- 
tion of the COO-(H) radical than for the formation of 
the CHO radical. Therefore, the rates for the steps (7’s) 

CO, + Hz0 CO 

co, WHO HCOOH H.0 HCOOH 

Scheme 1. ~orn~s~n of HCOOH. +-COOII .- - -COO- + N’ shoukl be noted. **-OH radicaI wiIl be reduced to 
Ii20 via (?h), although the ESR evidence for this reaction could not be given. 
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are faster than that for (8), and the CO gas is hence 
scarcely evolved no longer. The ratio for the presump 
tive yield of HCHO to the observed yield of CO in 
sample A is much smaller than that in F, which may 
suggest the o~dation of the -CHO radical: 

CHO f Eu” - CO + H’ + Eu“. (17) 

The material balance shown in (iv) indicates that HCOO- 
is decomposed faster than HCOOH, at least, by 30 times 
in consideration of their initial concentrations. This 
minimum ratio estimated roughly for the rate constants 
is about 1110 of the kH+~~Oo-lkH+HCoOH ratio esti- 
mated in solutions containing ferricyanide.*’ Here k’s 
are the rate constants for the indicated H-abstraction 
reactions. This result is also consistent with the proposed 
scheme which includes the radical alternation step from 
.H to COO-(H) via H-abstraction. The easily detectable 
amount of Eu” in the radiate solution indicates the 
greater rate for the step (16) than for the step (2). 
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SYNTHESIS AND CHARACTERIZATION OF COBALT(II), 
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BIS ~(DIPHENYLPHOSPHINYL)METHYL]ETHYL PHOSPHINATE, 
AND BIS [(DIPHENYLPHOSPHINYL)METHYL] PHOSPHINIC 

ACID 
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(Received 13 October 1981) 

Ahtmt-The synthesis and characterization of cobalt(H), nickel(H) and copper(H) per&orate complexes con- 
taming bis [(diphenylphosphinyl)methyl] phenylphosphine oxide (RPPh), bis [(diphenylphosphinyl)methyl] ethyl 
phosphinate (RPOEt), and his [(diphenylphosphinyl)methyl] phosphinic acid (RPOH) have been studied. The 
substituent at the central phosphorus atom of the lid is responsible for the types of complexes formed. The new 
complexes [M(RPPh)ii(ClO&nHsO, [M(RpPh)~](~lO~~.4HtO, [M(RPOEt)rW0&2HrO, and [M(RPOH)s] 
(ClO~)*.nH*O am characterized as high spin and most of them have an octahedral or distorted octahedral geometry 
[M = Co(H), Ni(lD, or Cu(H); n = 2- 51. The cremation of two P = 0 groups from one @and to the metal has 
been proposed for most of the complexes formed. The coordination of all three P = 0 groups has been assumed for 
complexes ~M(~Ph)~(ClO~k.nH*O and [M~OEt)~(ClO~k.2H~O. 

INTRODUCTION 
Many diphosphine oxides have been extensively studied 
as ligands in the formation of complexes with transition 
metals.‘* However, trisphosphine oxides and related 
compounds have received little attention. In fact, only a 
few data have been reported on the formation of com- 
plexes with the tridentate organophospho~s com~und 
bis-methylimido-triphosphoric-acid-penim- 
ide (TRIPA). In this ligand, three phosphoryl groups 
are bridged by nitrogen atoms. The coordination of all 
P = 0 groups to the metal has been proposed.s 

Organophosphorus compounds with three phosphoryl 
groups bridged by methylene groups, although already 
known for ten years? have not been used in complex 
formation studies. These ligands were probably con- 
sidered to be unsui~ble for the prep~ation of complexes 
regarding the fact that the three P = 0 groups, bridged 
only by methyiene groups, could sterically hinder the 
formation of stable chelate rings with metal ions, 

Therefore, we have decided to study the formation of 
metal complexes with a group of ligands corresponding 
to the general formula [(C6H5)2P(0)CH~12P(O)R. We 
have chosen ligands which differ only by the substituent 
(R) at the central phosphors atom. The substi~ent is 
either a phenyl, an ethoxy, or a hydroxy group. Depend- 
ing on the nature of the substituent R, the ligands: 
~js[(diphenylphosphinyl)methyl] phenylphosphine oxide 
(RPPh), b~s[(diphenyl-phosphinyl)methylle~yl phos- 
phinate tRPOEt), and bi~[(diphenyl-phosphjnyi)methyl]- 
phosphinic acid (RPOH) are characterized as a phosphine 
oxide (R= C,H.& a phosphinate (R= 0C2HS), and a 
phosphinic acid (R = OH), respectively. 

The aim of this investigation was to establish the 
coordination properties of these ligands and define the 
influence of the substituent at the central phosphors 
atom (R) on their capability for complex formation. It 

*Author to whom correspondence should be addressed. 

was also important to establish the conditions under 
which the ligands act as bide&ate or tridentate complex- 
ing agents. Another question is the ability of the ligands 
to form binuclear complexes. The ligands RPPh, RPOEt, 
and RPOH have a structure similar to that of 
~iketonates which are known for their ability to form 
binuclear copper(H), ~ckel~~ and cob~t(I~ com- 
plexes? Therefore, the formation of binuclear complexes 
by these organophosphorus compounds cannot be 
excluded. 

Our previous investigations of the formation of zir- 
conium(IV) and hafnium(IV) complexes with RPPh, 
RPOEt, and RPOH in solution and iu the solid state’ 
showed that the c~rdination of all phospho~l groups 
might be proposed. However, the formation of polymeric 
species could not be excluded and, therefore, the coor- 
dination of all three P = 0 groups to the same metal ion 
in the above complexes is still an open question. 

This paper describes the preparation and properties of 
cobalt (II), nickel(U), and copper(H) perchlorate com- 
plexes with the ligands RPPh, RPOEt, and RPOH. The 
results obtained show clearly the influence of the sub- 
stituent (R) on the ability of the Iigands to form com- 
plexes. Physic~hemical measurements indicate that the 
coordination of all three P = 0 groups to one metal ion is 
possible only in a few complexes formed. 

RESULTS AND DRXXJSSION 
Complex formation 

Perchlorate complexes isolated had different com- 
position depending on the ligand-to-metal ratios in the 
reaction mixtures. The reaction of cobalt(II), nickel(H), 
and copper0 perchlorates with solutions of the ligands 
yielded crystalline complexes listed in Table 1. 

Compiles foxed with RPPh. Two types of metal(H) 
perchlorate complexes were formed with this ligand. 
Compounds corresponding to the formula [M(RPPh)J 
(C104)2.nH20 (M = Co(H), Ni(II) or Cu(II); n varies from 
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2 to 5) were isolated by dissolving metal(H) salts and 
ligands in absolute ethanol in the ratio of 1: 2. Complexes 
having the composition [M(RPPh)&C10&.4H,o0 were 
obtained by mixing metal(H) perchlorates in ethanol 
solutions with a large excess of the ligand (ligandlmetal 
23). 

Complexes formed with RPOEt. Regardless of the 
reaction ratio used, only one type of metal complex was 
formed with this ligand. Unstable complexes containing 
coordinated ethanol were precipitated. After all the 
amount of ethanol had been released, complexes 
corresponding to the formula [M(RPOEt)d 
(C10&.2H,O(M = Co(H), Ni(II) or Cu(II)) were formed. 

Complexes formed with RPOH. Nickel(I1) and 
cobalt(I1) complexes formed with RPOH contained 
quantities of the reagents in a stoichiometric ratio of 1: 3. 
The isolated cobalt(H) and nickel(H) complexes cor- 
responded to the formulae [Co(RPOH),](C10&.3Hz0 
and [Ni(RPOH),](ClO&.2H,O, respectively. No cop- 
per(H) complexes could be isolated. 

Infrared spectral studies 
The most significant absorption bands in the spectra of 

the ligands and their complexes are those of P = 0 
stretching vibrations. The spectra of the ligands exhibit 
three strong bands in the range from 1250 to 1150 cm-’ 

:kel(B) and copper(B) perchlorate complexes 71 

which correspond to the P = 0 stretching vibration. In 
the spectra of the complexes these bands are shifted by 
2O-gO cm-’ towards lower wave numbers, thus indicating 
that the ligands are coordinated to the metals through 
oxygen atoms (Table 2 and Fig. 1). 

The spectra of the complexes with RPPh exhibit only 
one absorption band corresponding to the P = 0 stretch- 
ing vibration, with a maximum at 1170 cm-‘. The shape 
of this band is different for complexes with different 
ligand-to-metal ratios. The band appearing in the spectra 
of [M(RPPh)J(ClOJ,.nH,O (M = Co(H), Ni(II) or 
Cu(II), n = 2-5) is narrow, while the band in the spectra 
of [M(RPPh)J(C10J,.4H,o0 is rather broad. 

The RPOEt spectrum exhibits a maximum at 
1245 cm-’ which can be assigned to the P = 0 vibration 
of the central phosphoryl group.” As the spectra of the 
complexes do not show this maximum, this indicates that 
the central P = 0 group from the ligand is coordinated. 
Bands assigned to P-0C2HS vibrations appear in both 
the RPOEt spectrum and the spectra of the complexes at 
1035 and 965cm-‘. However, the bands in the latter 
spectra are of much lower intensity. 

The RPOH spectrum is characterized by three broad 
bands at 2600 cm-‘, 2200 cm-‘, and 1620 cm-‘, which can 
be assigned to P(O)OH vibrations perturbed by strong 
hydrogen bonding. These bands are absent in the spectra 

r 
\ fl 

. 

Fig. 1. IR spectra of (a) [Co(RPPh)ll (ClO&tHzO; (b) [Co(RPOEt)2l(ClO4)2.2HzO; (c) [CO(RPOH)~I(CIO~)~.~H~O 
in the region of 1700425 cm-‘. 
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of the complexes [M(RPOH),](ClO&.nH,0. OH vibra- 
tions of the monomer’“*l’ coordinated to the metal, 
which appear at 350&36OOcm-‘, are overlapped by the 
absorption of OH vibrations of water molecules present 
in the complexes. A sharp band appears at 980 cm-‘. The 
intensity of the band decreases from cobalt(U) through 
nickel(I1) to copper(E) complexes. This absorption band 
probably corresponds to the P-O(H) vibration” appear- 
ing in the spectrum of the ligand at 955 cm-‘. 

Absorption bands appearing in the spectra of the 
ligands in the range 785-815 cm-’ are assigned to the 
P-C-P linkage vibrations;” in some of the spectra of the 
complexes these bands are shifted towards lower wave 
numbers. 

As can be seen from the spectral data, the perchlorate 
ion does not seem to be coordinated to the metal ion. 
The perchlorate ion retains its Td symmetry as shown by 
its unsplit bands at 109Ocm-’ (Ye), 935 cm-’ (Y,) and 
625 cm-’ ( v4). 

All the spectra exhibit two bands with maxima at 
- 3400 cm-’ and - 1630cm-‘. The first maximum is 
assigned to 0-H stretching and the second one to II-O-H 
bending modes from lattice or coordinated water mole- 
cules. In the region 785-805 cm-‘, in which absorption 
bands corresponding to coordinated water molecules are 
expected13, the P-C-P vibrational bands are always 
present and they can overlap the wagging and rocking 
mode of the coordinated water. Band assignments for the 
ligands and complexes are listed in Table 2. 

Conductivity measurements 
Conductivity measurements of metal perchlorate 

complexes were carried out at room temperature from 
10-3M nitrobenzene solutions. All complexes which were 
isolated had molar conductance values close to those 
expected for 2 : 1 electrolytes’4 (Table 2). 

Magnetic properties 
All perchlorate complexes prepared are high-spin 

paramagnetic substances. The effective magnetic 
moments (CL& for the cobalt(B) complexes isolated were 
estimated to be between 4.74 and 5.15 B.M. The magnetic 
moments of the Ko(RPPh),l(ClO,),.4H,O and 
[Co(RPOH),l(ClO&.3H,O complexes were estimated to 
be 5.10 and 5.15 B.M., respectively. These values are due 
to the regular octahedral surrounding. The magnetic 
moments of the [Co(RPPh)21(ClO&.3H,O and 
[Co(RPOEt)WlO&.2H~O complexes were evaluated to 
be 4.86 and 4.74B.M., respectively. These values in- 
dicate a loss in orbital degeneracy of the ground state, 
caused by any lower symmetry component. Hence, a 
departure from the regular octahedral surrounding of the 
cobalt(I1) ion may be assumed in these complexes. The 
effective magnetic moments of nickel(U) perchlorate 
complexes range from 3.18 to 3.30B.M. and are in- 
dicative of spin-free octahedral complexes with a 
significant orbital contribution. The copper(I1) perchlorate 
complexes have effective magnetic moments in the range 
from 1.92 to 2.07 B.M. These values are characteristic of 
one unpaired d9 electron and are more or less independent 
of the stereochemistry of the complexes. Table 2, shows 
the effective magnetic moments obtained for the com- 
plexes studied. 

Electronic spectral data 
For most of the perchlorate complexes studied there 

were recorded both, solid-state and solution electronic 

spectra (Table 3). The solution spectra were sufficiently 
similar to the solid-state mull spectra to preclude any 
significant solvent interaction. All the complexes are 
very poorly coloured, and the visible absorption bands 
are of low intensity. The intensity, position and shape of 
the bands are typical of octahedral cobalt(B) and 
nickel(I1) complexes.” 

Whilst cobalt and nickel are expected to form more or 
less regular six coordinate complexes copper rarely does. 
The complexes [Cu(RPPh)&ClO&.2H20 and 
[Cu(RPOEt)J(C10&.2H,O are characterized by a broad, 
asymmetric band in the near IR region with maxima at 
11700 and 114OOcm-‘, respectively. The bands can be 
compared with the spectra of known tetragonal distored 
copper(B) complexes. This distorsion is characteristic of 
Cu(II) compounds, and it appears as a consequence of 
the Jahn-Teller effect.16 The complex [Cu(RPPh),l 
(Cl0&.4H,O is white in colour and gives a single peak 
with maximum shifted to 104OOcm-‘. According to the 
low intensity of this band the possibility that this com- 
plex might be trigonal or tetrahedral has to be 
excluded.16 

Spectral data of the nickel(B) complexes were used to 
calculate ligand field parameters, D, and B (Table 3). 
In the spectra of these complexes only two bands (Y* and 
v3 were assigned, and therefore the method given by 
Underhill and Billing was used.” Values of the 
parameters obtained for the ligands RPPh, RPOEt and 
RPOH are of the same order of magnitude as values of 
parameters for similar ligands having a weak ligand 
field.” 

Materials 
EXPERIMENTAL 

Analytical-grade solvents and cobalt(B) perchlorate (Fluka) 
were used throughout the preparation. Nickel(H) perchlorate and 
copper(I1) perchlorate were prepared by fuming their nitrates 
with perchloric acid.‘9.‘” Bis[(diphenylphosphinyl)methyl]- 
phenylphosphine oxide WI%), bis[(diphenyl- 
phosphinyl)methyl]ethyl phosphinate WOEt), and 
bis[(diphenylphosphinyl)methyl] phosphinic acid (RPOH) were 
prepared using the method of Kabachnik et al.6 

For conductivity measurements, nitrobenzene was purified 
using the method of Taylor and Kraus.*’ 

Physical measurements 
IR spectra were recorded on KBr pellets and nujol mulls in the 

region 4000_625cm-’ using a Perkin-Elmer Model 257 spec- 
trophotometer. Electronic spectra were recorded by means of a 
Carry Model 17 spectrophotometer. Magnetic susceptibilities 
were determined at 295 K using the Gouy method with 
CuSO+SHzO as calibrant. 

Electrolytic-conductance measurements were performed at 
295 K on a Tacussel conductivity bridge, type Cd7. 

Elemental analyses were performed in the Microanalytical 
Laboratory of the Rudjer BoSkoviC Institute. 

The amount of water was determined using the Karl-Fischer 
method. 

Preparation of complexes 
General method of preparation. Metal(H) perchlorates as well 

as ligands were dissolved in hot absolute ethanol. Adequate 
amounts of these solutions were mixed together. After a few 
days (l-5) the crystalline precipitates were filtered off and 
washed with absolute ethanol and diethylether. The complexes 
isolated were dried at room temperature. 

[M(RPPh)d(Cf04)2.nH20. 0.75 mmol of the metal(B) perch- 
lorate (0.274g Co(ClOJ2.6HzO or Ni(Cl0&.6HrO; 0.224 g 
Cu(C104)z.2Hz0) dissolved in 3ml of hot absolute ethanol was 
mixed with I.5 mmol (0.831 g) of RPPh dissolved in 7 ml of 
ethanol. After 5 days the crystalline precipitates were filtered off 
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Table 3. Electronic spectral data and li~nd-dead parameters of the complexes 

Compound Dq B 
Medium 

(cm-‘) km-‘) 

20:8 sh, 18.7 (14.5) acetone 

21.3sh, 18.9 

2;.6sh, 18.5 (23) 

nujol” 

acetone 

20.8 sh, 18.6 (17) abs. ethanol 

20.4sh, 18.4 (27) abs . ethanol 

24.2 (12.5), 14e?sh, 
13.0 (5) 

773 929 abs. ethanol 

24.0(11.5),12.9(5.6) 766 924 

23.8,12.5,8.3,6.9 nujol” 

24.0(12), 14.7sh, 
12.9(5),?.1(7.5) 

772 918 aCetOne 

24.2 (23.53,12.9(7.5) dichloro- 
ethane 

24.2, 13.2sh, 12.8, 
8.2, 7.0 

758 950 nujol* 

24.2 (321, 14.7sh, 
12.8 (6.5) 

760 943 acetone 

23.9,14.bsh, 12.8, 
8.3,7.0 

758 928 nujol” 

11.7 (19) 

10.4 (21) 

11.4 (17.5) 

acetone 

acetone 

acetone 

x = nujol mull. 

and washed. Yields of 89.9%, 83.1% and 78.8% were obtained for 
Co(B), Ni(II), and Cu(I1) complexes, respectively. 

[M(RPPh)~I(C~O~),.4H~O. 0.5 mmol of metal perchlorate 
(0.183 g ~0(~10~)~.6H*O or Ni(CtO.@Ha0; os49g 
~u~Cl~~)~.2~~0) dissolved in 2 ml of hot absolute ethanol was 
added dropwise to a solution of 1.5 mmol of RPPh (0.831 g in 
7 ml of absolute ethanol). An immediate precipitate was formed. 
After the mixture was allowed to stand for a short time, the 
crystalline precipitates were filtered off and washed. Yields of 
44.7%, 40.3% and 46.3% were obtained for Co@), NXII), and 
Cu(II) complexes, respectively. 

[M(RPOEt)J(C204)*.2H20. 0.75 mmol of the metal perch- 
lorate (0.274 g CofC10&.6K~O or Ni(C10.&.6H& 0.2248 
CU(C~O~)~.W~O) dissolved in 3mI of hot absolute ethanol was 
added to a warm solution of 1.5 mmoi (0.784 g) of RPOEt in 10 ml 
of absolute ethanol. The crystalline precipitates were filtered off, 
washed, and allowed to stand for a few weeks to stabilize 

(repia~ement of ethanol by water molecules). Yields of g4.7%, 
78.1% and 86.5% were obtained for Co(fI), Ni(II), and Cu(II) 
complexes, respectively. 

ICo(RPOH),l(ffO,k.3HO and fNi(RPOH)~] 
(C~O~)*.2~~0~ 0.5 mmol (0,183 g) of rnet~(~) perchlorate dis- 
solved in 2 ml of hot absolute ethanol was added to a solution of 
1.5 mmol (0.741 g) of RPOH dissolved in 30 ml of hot absolute 
ethanol. After 5 days the crystalline precipitates were filtered off 
and washed. Yields of 36.5 and 63.2% were obtained for Co(X) 
and Ni(II) complexes, respectively. 
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Abstract-The t&e com~unds have been prepared from reactions of Co~CO~(~-HOR~CC*R’) or C~CO~(~- 
HOR~CC~CR*OH~ complexes with Fe(CO)s in acetone. In the latter set of reactions the homobime~~iic butatriene 
compounds, Fe2(C0)*-(P-R2C~~~R2), are also obtained. The striking feature of these reactions is the ability of 
Fe(CO)r to dehydroxylate the organic moiety and to replace a Co(CO)s unit forming mixed iron-cobalt derivatives. 
A direct interaction between the iron and the carbon atom, originally bearing the lost -OH group, is evident from 
the bulk of the spectroscopic data; thus the organic chain acts as an overall 5 electron donor, according to the 
E.A.N. formalism. The heterobimetalhc compounds have been characterized by elemental analysis, mass spec- 
trometrv. IR soectrosco~~ and NMR studies. For the ohosphine derivative F~~CO)~~Ph~*CC~CH~OH) a 
c~dely-~efi~*X-ray a&&is has been performed. * 

INTRODUCTION 
Mixed metal compounds containing metal-metal bonds 
are receiving increasing attention since it has been sug- 
gested that the presence of different metallic centres on 
the same molecule can be irn~~~t in the activation of 
organic substrates in stoichiomet~c and catalytic reac- 
tions.’ Furthermore, they might represent a source for 
the preparation of highly dispersed metals on inorganic 
supports? The development of new syntheses designed 
to produce stable heterometallic compounds is therefore 
worthwhile. 

homobimetallic compounds: Fez(CO)&-&Buz’) (which 
formally has an Fe-Fe double bond)‘, Co&O)&- 
C83* and Ni~(rl-C~H&($&)~ 

Actually, in the case of the synthesis of heterobi- 
metallic complexes, all the possible combinations of 
metallic fragments bearing carbonyl and/or cyclopen- 
tadienyl ligands have been explored. Consequentely, a 
plethora of 34 electron heterobimetallic compounds has 
been obtained, mainly by Vahrenkamp3 in the case of 
neutral complexes and by Rut? in the case of ionic ones. 
Considers only first row Group VIII metals the follow- 
ing heterobimetallic complexes have been characterized: 
FeCo(C0)6(n-C,Hs).5 FeNi(CO)3(n-CsH5)zP CoNi(C 
(n-CsH5)’ and [FeCo(CO)s-]. 

The hetero~~e~c acetylenic complex [(CO~C~Ni~~- 
CsHs)](&ZzRz) has been recently isoiated from both the 
reaction of Ni(+Z!SH5)&-CzRz) with CO,(CO)~ and the 
reaction of Co,(CO)&-C&R*) with [Ni(CO)(n- 
C5H&‘08” Its solid state structure confirmed the 
expected pseudo-tetrahedral M,C2 framework.” On the 
contrary in I%3 Bassett,‘* in an attempt to prepare an 
acetyIenic iron-nickel complex, observed only dis- 
propo~ionation: 

So far, however, there have been few reports which have 
dealt with their reactivity toward unsaturated hydrocar- 
bons. In principle an acetylenic moiety should be able to re- 
place two CO groups in each of these complexes leading to 
the tetrahedral Ma& structural framework, schematically 
represented below, already found in the corresponding 

2 FeNi(CO),(n-C,H& + RC=CR+[Fe(C0)2(n-C5H5)]2 
W(n-C~H&&R2). 

A quite different synthetic route was employed by 
Yasufuku d ~1.‘~ who carried out the reaction of an 
eth~yI~phenyiphospho~um salt with fn-CsH,)zNi and 
Fe2(CO)9 obtaining the complex [(CO)3Fe-Ni(n-CJH5)}- 
(r-Ph,P&H), formulated as an internal salt, in which the 
functionalized alkyne formally acts as a Se-donor. 

*Author to whom correspondence should be addressed. During onr previous studies of the reactions of alkynes 
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with cobalt and iron carbonyls,‘4 we found that the 
homobimetallic complex, Coz(CO)a(EtCzCHOHMe) (Ia) 
(formed in situ by oxygen incorporation from water 
present in the solvent) reacted further with excess 
Fe(CO)J to give the heterobimetallic compound 
FeCo(CO),(MeHCCzEt) @a). This reaction offers fur- 
ther evidence of the dehydroxylation ability of iron 
carbonyls toward unsaturated alcohols. With the aim of 
testing the validity of this method in synthesizing novel 
mixed iron-cobalt derivatives, we have carried out the 
reactions of Fe(CO), with Coz(CO)&-acetylene) com- 
plexes, bearing one or two hydroxyl group a to the triple 
bond. In this way several FeCo(CO)&-alkynyl) com- 
plexes have been obtained and spectroscopic analysis 
has unambiguously established their structure. 

EXPERIMENTAL 
Reactants and physical measurements 

All reactions were carried out under nitrogen. Co2(CO)s and 
Fe(CO)S were purchased from Fluorochem Ltd., 2-butyn-l-01, 
2-butyn-1, Cdiol and 2, S-dimethyl-3-hexyn-2, 5diol were from 
Farchan Division. Co&!OL(MeCCH,OH~ 
CO~(CO)~(HOCH+$CH~OH) -’ (Iej”‘ 

IIbk 
grid*- ’ ‘-’ co2cok 

(HOMe&CMe20H) (Id) complexes were synthesized 
using Co2(CO)s and the corresponding alkyne according to pre- 
viously reported procedures. I6 The purity of these compounds 
was checked by IR and MS spectroscopy, “CO (94.3%) was 
obtained from Monsanto Res. Corp. The heterobimetallic com- 
plexes were analyzed by use of a F & M 185 C, H, N analyzer 
and a Perkin-Elmer 303 Atomic Absorption Spectrophotometer. 
The IR spectra were recorded on a Perkin-Elmer 580 B instru- 
ment using 0.5 mm NaCl cells. The mass spectra were measured 
on a Hitachi Perkin-Elmer RMUdH spectrometer. ‘H and “C 
NMR spectra were recorded on a Jeol C60-HL and a Jeol-PS- 
100-FT instruments respectively. Chemical shifts were reported 
downfield positive with respect to SiMe4. Cr(acac),( = IO-’ M) 
was added as a shiftless relaxation agent for the 13C NMR 
measurements. The temperature was monitored by a Jeol-JNM- 
BT-P-5-H-1OOE temperature control unit. The physical proper- 
ties, analytical data, IR spectra for the complexes are listed in 
Table 1; ‘H and 13C NMR data in Table 2. 

Preparation of FeCo(C0)6(H2CC2CH,) (I0) 
In a typical run 1.0 g (2.7 mmol) of CO~(CO)~(HOH~CC~CH~ 

(Ib) and 2.0 ml (14.4 mmol) of Fe(CO)S were refluxed in 200 cm’ of 
acetone for IOhr. After cooling and filtration the excess of 
Fe(CO)S and the solvent were removed in uacuo and the residue 
dissolved in dicbloromethane and chromatographed on tic pre- 
parative plates (Kieselgel P. F. Merck, eluant light petroleum and 
10% diethyl ether). Besides unreacted Ia (= 20%) and a small 
amount of Fe,(C0),2, FeCo(CO)&H2CC2CHj) @lb), ( = 40%) was 
eluted. Mass spectrum m/e 336 [M+], followed by loss of six 
carbonyl groups. 

Co~(CO),(HOR,C~C=C-R’) 

t Fe(CO)5 
1 

-OH 

FeCo(CO)a(R2C-C=C-R’) 

[Ia, bl 

PIa, ITbl 

Preparation of FeCo(C0)6(H+X2CH20H) (He) 

CO~(CO)~(HOR$J-C=C-CRzOH) 

t Fe(CO)s 
1 

-OH 

FeCo(CO)ARX-CGC-CR,OH) 

t Fe(CO)s -OH 

[Ic, Id1 

Be, ndl 

Ic and Fe(COh in the above ratio were retluxed in acetone for 
1Ohr. The same separation procedure afforded unreacted lc 
( = 25%), small amount of Fes(CO)12, Fe2(C0)6(H2CC2CH2) (I&) 
( = 5%) and FeCo(CO)&H2CC2CH20H) @c), (= 25%). Mass 
spectrum m/e 352 [M+] followed by loss of six carbonyl groups 
and concomitant loss of HzO. 

[mc, IW 

Preparation of FeCo(C0)&HMeCC2CMe20H) @Id) 
Id and Fe(CO)s reacted in the same conditions to afford 

unreacted Id (= 15%), small amount of Fej(C0)12, 
Fe2(C0)6(Me2CC2CMe2) @fd) ( = 35%) and 
FeCo(C0)6(MezCC2CMe20H) (IId) ( = 25%). Mass spectkm m/e 
408 [M+] followed by loss of six carbonyl groups and con- 
comitant loss of H20. 

The heterobimetallic compounds are quite stable in the 
solid state under Nz atmosphere, but they smoothly 
decompose in solution. They all have similar IR spectra 
(see Table l), the slight shifts observed for the CO 
stretching frequencies can be related to the different 
electronic properties of the sustituents (H, Me, Et, OH). 
In the complexes IIc and IId the presence of the -OH 
group is confirmed by weak absorptions near 3600 cm-‘, 
which can be observed in concentrated CCL, solution. 

Isotopic enrichment of Ilc and IId Also their MS characteristics are very similar and 
0.2g of complex (He or Ild) were dissolved in 100cm3 of strongly resemble those of the Co&O)&-alkyne) 

cyclohexane and stirred for 4 days at t 40°C in the presence of 
< 1 Atmosphere of 13C0. Further purification on a SiOz column 
using lit petroleum with 20% CHCI? as eluant was carried out 
before running the spectra. 

Preparation of FeCo(CO),(PPh,)(H,CC,CH20H) (WC) 
1.0 g (2.8 mmol) of He was dissolved in 100 cm3 of acetone and 

added with 0.73 g (2.8 mmol) of PPh> The mixture was refluxed 
for 20hr. After cooling and filtration, the solvent was removed 
under vacuum and the residue dissolved in CH& and chroma- 
tographed on tic (eluant light petroleum and 20% CHC13. Un- 
reacted IIc ( = 25%) and FeCo(CO)J(PPhJ(H2CC2CH20H) (I&) 
( = 40%) have been eluted. 

Crystallographic dafa collection of IVc 
Red-orange crystals of IVc were grown by slow cooling of a 

saturated solution of IVc in n-heptane, chloroform 2 : I mixture 
under Nz atmosphere. A very thin crystal was used for the X-ray 
analysis. Crystal data are as follows: C2,H2,,FeCo0 P, M = 
586.21, a = 10.505(8), 6 = 12.787(12), c = 10.477(9)k, (I = 
111.13(6), 8=105.25(6), y=84.60(7)“, U=1266A’, Z=2, D,= 
1.54 g/cm’, space group PI. 

The intensities of 1949 reflections with 0 in the range 3-22” 
were measured on a Siemens AED diffractometer (using the 
Nb-filtered MO-K a radiation). but onlv 519. havine 12 2 atfl 
were considered observed and’used in & an$ysis. Tithe struct& 
was solved by Patterson and Fourier methods, but the limited 
number of the observed reflections and the poor quality of them 
prevented a satisfactory refinement of the structure. 

RESULTS AND DISCUSSION 
Although all the reactions were performed in identical 

conditions, higher yields of the heterobimetallic com- 
plexes (II) were obtained from the alkyneol reactants (Ia, 
Ih) than from the alkynediols (Ic, Id). This is due to 
successive dehydroxylation and ligand transfer to Fe, 
which lead to the well known butatriene derivatives (I&, 
IlId) as shown in the following scheme: 
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Fii. 1. Structures of the homometailic complexes (I) and (III) 
and proposed structure of the heterobimetallic complex (II). 

compounds.” It is interesting to note the relatively high 
abundance of the fragment corresponding to the 
[FeCoC3H,]’ ion. Analogous [CO~C~H,]’ fragments have 
not been observed in the MS spectra of the Co2(CO)&- 
C2Rt) complexes. This supports the view that the 
heterobimetallic moiety is bonded to three carbon atoms 
of the organic chain. The high stability of the Fe-Co 
bond is suggested from the presence of 50-80% [FeCo]’ 
ions in all the spectra. For IIc and IId the presence of the 
-OH group is further corroborated by the observation of 
a fragment ion which constitutes loss of Hz0 from [M’]. 

The assignment of the ‘H NMR signals of 
FeCo(C0)6(H2CC2CHs) (IIb) is straightforward: the 
methylene group appears as two broad singlets of relative 
intensity 1 at 6 3.98 and 3.93 respectively, the methyl 
group as a singlet of intensity 3 at 6 2.69. This pattern 
remains unchanged as the temperature is increased up to 
+ 80°C; above this temperature decomposition of sample 
is observed. The room temperature ‘H NMR spectrum of 

FeCo(CO)&feCC2CMe20H) (IId) shows four methyl 
resonances (see Table 2); as the temperature is increased 
the two lowfield signals broaden and merge into a new 
resonance at + 45°C (AG’ = 74.4 kJ/mol) and on this basis 
we assign the two lowfield peaks to the -CMe*OH group. 
This dynamic process has to be related to a partially 
hindered rotation around the =C-CMe,OH bond. 
Similar arguments were used to assign the resonances in 
the other compounds prepared here. The 13C NMR 
spectra of the title compounds are quite similar: of the 
two quatemary acetylenic carbon resonances one is 
found in the spectral region typical of the Co&JO)& 
alkyne) complexes’8 and one in a lower field region 
(117.6-123.7 ppm) of the spectrum, which is assigned to 
the acetylenic carbon bonded to the carbon u interacting 
with the iron atom. This low field shift is indicative of a 
change from sp to sp’ hybridisation and suggests a 
delocalized bonding framework for the p2- n3 system. 
In Fig. 1 are shown the structures of Coz(CO)&- 
alkyne)’ (I) and Fe,(C0).&-butatriene)‘9 (III) co- 
plexes together with the proposed structure of the title 
compounds (II). Complexes I, II and III are isoelectronic: 
two, three and four carbon atoms are engaged in the 
bonding scheme with the bimetallic fragment and the 
organic chain acts as a four-, five- and six-electron 
donor. 

Although the chemical and spectroscopic evidence 
strongly support the proposed structure (II), several 
attempts were made to confirm it by X-ray analyses. 
However all were unsuccessful. In order to overcome 
crystallization problems the FeCo(CO)5(PPh)- 
(R,CC2CR’) derivatives were synthesized. The best 
result was achieved for R=H, R’=CH20H (WC), though 
also in this case the quality of the crystals was poor and 
the crystals were twinned. An accurate structure deter- 
mination was thus impossible, but the most significant 
features of the molecular structure could be extrac- 
ted. The proposed structure, shown in Fig. 2, is in 
agreement with that proposed on the basis of the spec- 
troscopic data (II). The organic ligand is o-bonded to the 
Fe atom through the terminal C(6) carbon and $-inter- 
acts with both the metal atoms (Fe-Co distance: 2.55 A) 
via the C(7)-C(8) bond. The triphenylphosphine group 
has substituted one carbonyl in an apical position on the 
cobalt atom. Similar regiospecific substitution of the 
phosphine for CO group in Co2(CO),(PR&-alkyne) 

Fig. 2. Proposed molecular shape of the compound FeCo(COb(PPh,) (H2CC2CH20H) WC). 
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derivatives has been reported on the basis of IR20 and 
13C NMR” data. The poor accuracy of the structural 
parameters hampers a detailed discussion of the molecu- 
lar structure. The Jcx values in the r3C! NMR spectrum 
of FeCo(CO),(H,CC,CH,OH) (UC) also supports this 
picture. In the proton-coupled spectrum two triplets are 
observed at 6 62.8 and 69.2. The first shows JCH = 
142 Hz consistent with an sp’ carbon bearing an electron 
withdrawing substituent (HO-C&), while the second 
shows Jo”= 161 Hz, suggesting a partial rehybridation 
towards an sp’ character (Fe-C&). Similar features are 
observed for the corresponding monophosphine deriva- 
tive @Ve) (see Table 2). 

In conclusion, we feel that the structure of the title 
compo~ds (IQ can be envisaged as the result of building 
up two halves obtained by dividing along the organic 
chain and the metal-metal bond the two homome~lic 
~mpo~ds (Il and (III). 

AR the ‘3C NMR spectra of the title complexes show 
two sets of CO abso~tions at room ~rn~ra~e: the 
sharp Fe-CO resonances lie in the range 211.5-209.0 ppm, 
the very broad Co-CO resonances in the 207.6 
201,Oppm region. This ass~ment is consistent with 
previous ob~rvations of mixed iron-cobalt clusters, 
showing that the COs bonded to Fe resonate at lower 
field than the Co bonded ones?’ In the VT ‘% NMR 
studies of ‘3C0 enriched samples of IIc and IId, lowering 
of temperature to -80°C results in a progressive shar- 
pening of the Co-CO resonances. It then follows that the 
broadening observed in room temperature spectra is only 
due to the moderately rapid quadrupolar relaxation in- 
duced by the Co nuclei (I= 7/2). On the other hand, in 
the same temperature range the Fe-CO resonance splits 
into three peaks of relative intensity ratio 1 : 1 : 1, whose 
weighted average chemical shifts are in good accord with 
the room temperature value (IIc, -5O”C, FeCO: 212.4, 
210.3,205.6; Ild, - 6O”C, FeCO: 211.9,209.4,206.7). 

At room temperature the carbonyls are locally 
exchanging at each “M(C0)3” unit, but only the scram- 
bling at Fe(CCQJ can be frozen in the low temperature 
limiting spectrum. On the contrary the room temperature 
r3C NMR spectrum of IVe shows three CO absorptions, 
one sharp at S= 211.5 and two very broad at 6=207.6 
and 205.5 of relative intensity ratio 3 : 1 : 1. It follows 
that the presence of the bilky ~phenylphosphine group 

quenches, even at room temperature, the localized 
exchanged process at the Co(CO), unit. Owing to the 
broadening of these two resonances, no JcP could be 
extracted. 
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SYNTHESIS OF TWO DIBENZO-3,2,3-TETRAMINES 
AND THEIR Ni(II), Zn(I1) and Cd(I1) 

COMPLEXES. THE X-RAY STRUCTURE OF 
DIIODO-[2, 3: 10, ll-DIBENZO-1, 5, 8, 

12-TETRAAZADODECANE]CADMIUM(II~ 

CHRISTOPHER W. G. ANSELL,* MARY McPARTLIN, PETER A. TASKER 
and ANTOINE~E THAMBYTHURAI 

School of Chemis~y, The Pol~~bnic of North London, Holloway Road, London N7 SDB, England 

A~~~onvenient synthesis of the te~mines 2,3: 10, 1 idibenzo-1,5,8,12-tet~~d~ecane, (Ll), and 3,4:9, 
IO-dibenzo-1, 5, 8, 12+traazadodecane, ftz), are described. Both ligands form complexes with Ni(II), ZnfII) and 
Cd(H). The X-ray structure of [Cd(L1)12), confirms a five coordinate geometry for the Cd atom, where the two 
iodines are bonded to the metal and (Ll) acts as a tridentate ligand, The complex crystallises in the monoclinic 
space group P2Jc with a = 19.74114) A, b = 8.726(3) A, c = 12.221(4) A, and e = 104.55(3)‘. The structure was 
refined to R = 0.062 for 1051 reflections. 

~RODUC~ON 
recently’, macrocyclic species of the type (1) below 
have been extensively studied in this laboratory with a 
view to establishing the electrochemical properties of 
their divalent metal complexes and the coordinative 
selectivity of the ligand system towards a range of metal 
ions. 

H/--R, H 

/--N N\ 

R = -(CH+-, -(&H,)s, -(CHk 

As an extension to this work, we here report con- 
venient synthetic routes to the known’ tetramine 2,3 : 10, 
ll-dibenzo-1, 5, 8, 12-tetraa~dode~ane, (Lf), and to the 
related ligand 3, 4:9, W-dibenzo-1, 5, 8, 12- 
tetraazadodecane, (L2). Both species may be regarded as 
open chain analogues of the systems (1). The preliminary 
results of compIexation reactions of the ligands are also 
presented, together with the X-ray s~ct~e of 
F3i(WId. 

ARTS AND DISUNION 

Scheme I outlines the synthetic route to the tetramines 
(Ll) and (LZ). Refluxing methyl anthranilate and ethy- 
lenediamine together for 3 days yields the diamide (2) as 
white plates after recrystatlisation. Reduction with 
LiAlH, in diethyl ether &es (Ll) in 75% yield. 
Mixing 2: 1 quantities of ant~anilonit~le with oxalyl 
chloride in diethyl ether gives an imm~iate white pre- 
cipitate of (3) in 93% yield. Reduction of all four func- 

*Author to whom correspondence should be addressed. 

tional groups by LiAlH4 to give (L2) is accomplish~ 
readily and in 85% yield. Both (Ll) and (L2) are pale 
yellow oils which, as has been observed in their aliphatic 
anaIogues3, from solid hydrated species in moist air. 
Both readily form crystalline salts of stoichiometry 
L.2HX and L.4HX, where X =Cl- or C104-. In 
confi~ation of the reported* instability of Ll.4HX in 
aqueous media, it was found that both L1.2HX and 
L2.2HX could be readily isolated from aqueous solutions 
of the tetra-acid salt. 

(Ll) and (L2) both from complexes with Ni(II), Zn(II) 
and Cd(B), (see Table I). Reaction of a 1: 1 mixture of 
Ni(Cl~~)~.6H~O and either (Ll) or (L2) in methanol gives 
a blue-green solution which, upon treatment with excess 
NH,NCS deposits mauve precipitates of [Ni(Ll or 
L2)NCSz]. vNCS occurs as a single sharp band at 
21OOcm-’ in their infrared spectra, which is consistent4 
with N-ended thiocyanate in a single environment. This 
obse~ation, taken with the magnetic moments of 3.22 
and 3.23BM for the Ni(II) complexes of (Ll) and (L2) 
respectively, the similarity of the ligands and the analy- 

Table 1. Analytical data 

Found Required 

CHNCHN 
Diamide (2) 64.4 6.3 18.6 64.4 6.1 18.8 
(Ll).QHCl 56.1 6.8 16.0 56.0 7.0 16.3 
(Ltk4HClOd 28.3 4.0 8.0 28.6 3.9 8.3 
iL1 j.2HCl@ 40.8 5.0 12.0 40.8 5.1 11.9 
Dinitrile (3) 66.1 3.3 19.0 
(L2).4Hdl’ 

66.2 3.4 19.3 
56.4 7.1 16.7 56.0 7.0 16.3 

(L2).4HClO, 28.7 4.1 8.7 28.6 3.9 8.3 
~2).2HClO~ 40.9 3.0 12.2 40.8 5.1 11.9 
I~Ll~~S~l 48.8 5.2 19.0 48.9 5.0 19.0 
~i(L2~CS)*].H*O 47.2 5.2 18.3 41.0 5.2 18.3 
ICd(Ll)I21 30.1 3.6 8.7 30.2 3.5 8.8 
[~d(~)Izl 30.6 3.6 8.6 30.2 3.5 8.8 
[Zn(Ll)I21 32.9 3.8 9.9 32.6 3.7 9.5 
GW-2921 32.6 3.8 9.5 32.6 3.7 9.5 

POLY *,2-g 83 
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Scheme 1. The preparative routes to (Ll) and (U). 

tically coked sti~~omet~es points to a ~runs~~- 
hedral geometry for the nickel atom in both complexes, 
with the tetramine occupying the equatorial donor sites. 

Reaction of Z& and CdI, in methanol with (Ll) and 
(L2) gave good yields of the corresponding metal com- 
plexes [M(Ll or L2)1,). Crystals of the complex 
[Cd(LW could be obtained from methanol and the 
X-ray structure of this species was undertaken. Fire 1 
is a diagram of the complex, showing the numbering 
scheme. Hydrogen atoms have been omitted for clarity. 
The five coordinate geometry of the cadmium atom is 
immediately apparent. (Ll) acts as a tridentate ligand via 
the anilino-nitrogen donor N(2a) and both aliphatic 
nitrogens N(la) and N(lb). The two bonded iodines 
occupy the remainihg sites. Severe disorder was ap- 
parent for the phenyl ring incorporating the uncomplexed 
-NH2 group, but the essentials of the stereochemistry 
around the metal ion are nonetheless established. The 
geomet~ of the donors around the cadmium is best de- 
scribed as a distorted square based pyramid, with N( la), 
N@a), N(lb) and I(l) defining the base and I(2) in the 
apical position. The constituent atoms of the base are 
coplanar to within 0.24& and the Cd atom is located 
0.68 A above their least squares plane towards the iodine 
I(2). The bond lengths between the Cd atom and the 
nitrogen donors are all close to 2.4A and are similar to 
those reported’ in other five coordinate cadmium diiodide 
species con~ni~ tridentate poly~ines. The bond 
lengths between Cd and I(l), and Cd and I(2) (2.795(3) w 
and 2.791(3) A) are in the range previously reported’ for 
Cd-I bonds. More details of the environment of the 
metal ion are given in the caption to Fig. 1. 

EX~~ENTAL 
Precursors were purchased from the Aldrich Chemical Co. and 

used without further purification. All reductions were done under 
an atmosphere of nitrogen. 

2,3: 10, II-Llibenzo-I, $8, 12-tetraazadodecane4,9-dione, (2) 
Ethylenediamine (7 cm3, 105 mmol) and methyl anthranilate 

(50cm’, 387mmol) were refluxed together for three days. The 
mixture solidified on cooling and was washed with portions of 
ethanol. The white residue was recrystallised from a 1: 1 mixture 
of methanol an+ ~hioroform (S~cm~) to give the title diamide (2) 
f&On, 25%) as white plates, m.u. 246%“. Mass snectrum: 298 
(M+j expected: 298. Principal *IR bands (KBr disc) 3480(s), 
3375(s), 33OfJ(s, b), 163O(s, b), 1582(s). 

2.3: 10, 1 I-dibenzo-I, 5,8, 12.tetraazadodecane, (IX) 
Lithium aluminium hydride (2.9g, 77 mmol) was added to dry 

ether contained in a 2dm’ 3-necked flask fitted with a sealed 
mechanical stirrer and a Soxhiet extractor and condenser. (2) 
(3.7 g, 12.4 mmolf was placed in a thimbte in the Soxhlet extrac- 
tor. The ether was refluxed gently in a heating mantle, and after 
16 hr. ali the solid had been introduced to the flask. The mixture 
was treated sequentially with water (3 cm3). 15% sodium 
hydroxide solution (3 cm3), and water (8.5 cm’). The mixture was 
filtered and fhe residue washed with ether. The combined filtrates 
were dried over magnesium sulohate and evaoorated to aive the 
product as a pale Yellow oil (2.5 g, 75%). tiMR(CDCI,j: 2.68 D 
(methylene, singlet) 3.0-3.7 u (NH, broad, complex) 3.28 (r (NH, 
singlet) 3.71 6 (benzyl methylene, singlet) 6.4-7.3 6 (aromatics, 
complex). Addition of D,O causes collapse of the signals at 3.28 
and 3.0-3.7 & Mass speetntm: 27O@i+); expected : 270. 

2,2’~o%a~yfd~mino)bis(o-benzo~it~ie), (3) 
Anthranilonitrile (12.5 g, 0.1 mol) was dissolved in dry ether 

(15Ocm’). Oxalyl chloride (6.2g, 0.05 mot) was added slowly 
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Cf3al C fLal -. .-, 

N(2b) 

Cl3bl 
Fig. I. The molecular structure of [Cd(Ll)I,]. Principal bond 
lengths and angles are: Cd-I(l) 2.795(3), Cd-1(2)2.791(3), CbN(2a) 
2.398121). Cd-N(la) 2.366(21). Cd-N(lb) 2.384(23)A. 1(2)-cd-I(I) . ,_ 
106.5(l), N(2a)-CdiI(1)94.8(6), N(2a)-Cd-I(2) 1‘12:6(6),N(la)-Cd~ 
I(1) 158.1(6), N(la)-Cd-I(2) 95.2(6), N(la)-Cd-N@) 79.1(S), 
N(lb)-Cd-I(1) 95.1(6). N(lb)-Cd-I(2) 108.3(6), N(lb)-Cd-N(2a) 

132.9(S), N(lb)-Cd-N(la) 74.8(S). 

dropwise with vigorous stirring. The white precipitate of (3) was 
filtered, washed copiously with methanol and ether and dried in 
uacuo. Yield 14.3g, 93%. The nmr spectrum of this compound 
could not he obtained due to its extreme insolubilitv. Princiual IR 
bands(Nujol): 3320(s), 2250(s), 1700(s), 1620(m), i6OO(m).‘Mass 
spectrum: 266(M). Expected 266. 

3,4:9, IO-dibenzo-I, 5.8, 124etraazadodecane (L2) 
To a suspension of LiAIH, (5.2 g) in dry ether (500 cm’) in a 

I dm3 flask fitted with a reflux condenser was added in portions 
over twenty minutes (3) (10.0 g. 0.035 mol). The reaction mixture 
became yellow/green. After 12 hr under reflux the colour had 
faded, and the mixture was treated carefully and sequentially 
with water (5cm3), 15% sodium hydroxide solution (5cm’) and 
water (IScm’). The basic hydroxides left after filtration were 
extracted three times with dichloromethane (200cm3) and the 
combined extracts and filtrate evaporated after drying over 
I&SO4 to give (L2) (8.9g, 85%) as a pale yellow oil. Principal 
IR(Nujol): 3350(m), 3250(m), 1620(s), 1600(s). NMR: (CDCb): 
3.43 8 (methylene, singlet) 3.84 8 (methylene, singlet) 2.0-3.0 8 
(broad, NH) 6.4-7.3 8 (aromatics, complex). Addition of DzO 

tAtomic coordinates have also been deposited with the Cam- 9G. M. Sheldrick, SHELX-76 program system. University of 
bridge Crystallographic Data Centre. Cambridge (1976). 

causes collapse of the signal 2.0-3.0 8. Mass spectrum: 27O(Mt) 
expected: 270. 

Salts of the tetramines 
To a solution of the ligand (L.1 or L2) in I : I dichloromethane: 

methanol was added an excess of either cone; HCI or HClOd. The 
tetraacid salts precipitated on standing. The corresponding diacid 
salt could be obtained by treatment of an aqueous solution of the 
tetraacid salt with NEQ until precipitation was complete. The 
yields for both procedures are quantitative. 

[Ni(LI or L2) (NCS’)J 
Nickel(I1) perchlorate hexahydrate (I.11 g, 3 mmol) was added 

to a hot solution of (Ll) or (L2) (0.81 g, 3 mmol) in methanol and 
the blue-green solution stirred for 5 min. Ammonium thiocyanate 
(I .O g, excess) was then added to precipitate the di(thiocyanato) 
complexes as mauve microcrystalline powders, yield 1.09 g, 82%. 

[M(Ll or L2)1z]M = Zn, Cd 
0.15 Millimolar quantities of Metal(I1) iodide and tetramine 

were mixed in warm methanol (30 cm’). On standing and cooling, 
analytically pure samples of the complexes were deposited. For 
the complexes of (Ll), crystals of X-ray quality could be grown 
from methanol. The yields in the syntheses were greater than 
65% in each case. 

X-ray crystal structure 
Crystal data: [&HzzN CdIz]. M = 636.2, monoclinic, space 

group P2,,,, a = 19.741(4) A, b = 8.726(3) A, c = 12.221(4) A, p= 
104.55(3)“, U = 2037.7 A’, Z = 4. F(OO0) = 1200, p(mo-Kcl) = 
38.23 cm-‘. Cc = 2.07 gcmm3. R = 0.062, Rw = 0.065 for 1051 
unique intensity data, F > 6(a)F. 

The X-ray data were collected as previously described.’ The 
cadmium and both iodine atoms were located from a Patterson 
map and all remaining non-hydrogen atoms from subsequent 
difference maps. Anisotropic thermal parameters were assigned 
to the cadmium and both iodines. Hydrogen atoms were not 
located directly but constrained to lie 0.95 h from the parent 
carbon atom. A severe disorder was apparent for the phenyl ring 
containing the uncoordinated amino group. This disorder could 
not be satisfactorily resolved. N(2b) and C(7b) were fixed at the 
positions found in the difference map and the disordered phen 
ring refined as a regular hexagon of C-C bond distance 1.395 K 

I 
. 

Hydrogen atoms were not included on the disordered ring, N(2b) 
or C(7b). Neutral atom scattering factors were taken from 
reference 8. All crystallographic calculations were performed 
usine SHELX.9 Final atomic coordinates. bond lenaths and 
at&s together with tables of Fo/Fc have been deposited as 
supplementary material with the editor, from whom copies are 
available on request.1 
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Ah&act-T%e electrochemical reductions of {a) Cr[N(SiMe&b, Cr(NP&, Cr(NO)IN(Sie&&, Cr(NO)(NPr& and 
C~O~OBu~)~~~r~) in acetonit~e, and (b) ~[N(Si~e~)~]~ in d~me~yls~phoxide, have been studied using cyclic 
vohammetry (platinum bead electrode) and controlled potential coulometry (mercury pool electrode). The results are 
interpreted in terms of quasi-reversrble or irreversible one-electron reduction and possible side-reactions. A number of 
similar complexes of titanium, vanadium, manganese, iron and cobalt were investigated but electrochemical studies 
were precluded due to reactions with solvent and/or supporting electrolyte. 

The synthesis of the metal dialkylamides M(NR& and 
bis-trimethylsilyamides (R = Me,Si) and their charac- 
terization by spectroscopic and X-ray crystallographic 
studies have revealed considerable details concerning their 
structure and chemical reactivity”2. In particular it has 
been shown that by using particularly bulky ligands, the 
transition metals, lanthanides and actinides may be con- 
strained to abnormally low coordination numbers and 
some unusual chemical reactivity. To gain further insight 
into the chemical behaviour of some of these compounds, 
we have explored their elec~ochemic~ behaviour in 
non-aqueous solvents. It was hoped that these studies 
would reveal reversible electrochemical processes from 
which useful data on the relative stability of different 
oxidation states could be deduced. It was further hoped 
that the results might point the way to novel methods of 
synthesis of new complexes which are not amenable to 
isolation using conventional procedures. 

Since derivatives of titanium(IV and III), chromium(III 
and II) and cobalt(I1 and I) were known exhibiting two 
consecutive valence states, some of their compounds were 
selected for study. In addition it was considered worth- 
while to investigate the f&r-silylamides of iron and ytter- 
bium. 

RESULTS AND DlscUSSlON 
~though extensive studies were carried out in various 

non-aqueous solvents on a large number of compounds, 
meaningful results were obtained only on some chromium 
compounds in acetonitrile and ytterbium fris-silylamide in 
dimethylsulphoxide. Attempts were made to establish the 
electrochemical behaviour of these metal dialkylamides by 
stud~ng Cyclic Vol~mmetry at a platinum bead electrode 
and by Controlled Potential Electrolysis at a mercury pool 
electrode. 

(a) Cyclic uoftammefry 
The experiments were carried out at various voltage 

scan rates on dilute solutions of the metal di~kyl~ide 

*Author to whom correspondence should be addressed. 

(0.2-1.0 m~limolar) in aceto~t~le with te~ae~ylam- 
monium te~~uorobo~te (0.1 M) as supporting elec- 
trolyte. In Fig. 1 are shown the cyclic voltammograms of 
Cr[N(SiMe& and Cr(NP& with the behaviour of the 
supporting electrolyte alone for comparison. The 
chromium compounds each showed a main reduction wave 
which was quasi-reversible or irreversible. At very slow 
scan rates a small peak at +O.lO V appeared after the 
anodic peak of the main reduction wave and this suggested 
that a product of the quasi-reversible or irreversible 
electron transfer processes was being oxidized. Bearing in 
mind the chemical reactivity of these metal complexes it 
was considered necessary to demonstrate their stability 
under these electrochemical conditions. Thus the peak 
current for Cr[N(SiMes)& was found to be unchanged 
over a five day period giving confidence to the reliability of 
the results. Some comparative data on peak potentials (Ep) 
at the same voltage scan rate are listed in Table 1 for 
CrPWiMe& Cr(NO)NSiMe& Cr(NP&, 
Cr(NO)(NPr$ and Cr(NO)(OBu*)z(NPr$. Unfortunately 
the lack of true reversibility limits the scope for discussion 
of these data, but it is clear that the di-isopropylamido- 
complexes have slightly lower reduction poten~ls than 
the big-trimethyls~ylamido-complexes whilst the addition 
of nitric oxide appears to make only a small change in the 
peak potentials. 

Data obtained for each compound over a 40-fold range in 
voltage scan rate ~O.Ol25~.SV~sec) are presented in 
Tables 2-6 and give some indication of the elec~ochemical 
behaviour of each complex. Thus it appears that the peak 
current (ipc) was approximately proportional to the square 
root of the voltage scan rate. The “best-behaved” com- 
pounds were Cr(NPr&, and Cr(NO)(NPr& which 
showed peak potentials almost inv~iant with voltage scan 
rate in contrast with the behaviour of the chromium 
silylamide complexes. 

The ytterbium fris-silylamide Yb[N(SiMe& gave 
reproducible and reliable cyclic voltammograms in 
dime~ylsulphoxide solution (Fig. 2) using sodium perch- 
lorate as suppo~ng electrolyte. One main reduction peak 
was obtained and the peak potentials were almost in- 
dependent of voltage scan rate (Table 7). The stability of 
the ytterbium complex in dimethylsulphoxide solution was 

87 



88 D. C. BRADLEY and M. ABMED 

CNE 10 

SRBlO 

Silver wire 

CNt3iO 

Auxiliary eieetrode 
Ratinum Bead 

compartment iworking electrode) 

spiral 

Sintered disc 
Porosity No.2 

Fig. I. Electrochemical cell. (A) Electrode configuration. (B) Reference electrode. 

Table 1. Cyclic voltammetry of chromium dialkylamides 

compouna Concentration 
&@ np, nP, bE$! 

(volts) tvolts) fvolts) 

Cr[N(8iMe3f21g 0.4 -0.816 -0.570 0.246 

Cr(KJ)fN(8fWe3)2f3 0.2 -0.770 -0.440 0.330 

CrwPri2)3 1.0 -0.520 -0.435 0390 

crwoo) (NPr 
i 
*I3 0.4 -0.560 -0.430 0.130 

crwa @80tt203Plpr*2) 0.4 -0.820 -0.560 0.260 

a 
- In acetonitrfle et 25% with 0-M @ZEt4H3F4 supporting electrolyte et (L 

voltage scan rate of 0.1 volts/set., E. Ag/AgClO,. Potentials +d.ca v. 

confirmed by finding that the peak current remained 
constant over a S-day period. 

Using a mercury-pool electrode, constant potential 
coulometry was carried out at - 1.00 V (vs Ag/AgCQ 
electrode) on solutions of Cr[N(SiMe&, Cr(NP&, and 
CrfNO)(OBt&(NP& in acetonitrile. The results (Table 8) 
showed that only Cr(NP& gave quantitative reduction 
whilst the electrolysis of the other compounds was ac- 
companied by other reactions. Moreover it was noted in 
the electrolysis of Cr(NP& under controlled potential 
that the current rapidly declined to zero and the colour of 
the solution was discharged. Similarly the controlled 
potential electrolysis of Yb[N(SiMe& in dimethyl- 
sulphoxide at - 1.20 V (vs Ag/AgC104 electrode) gave 
quantitative reduction (Table 8) with the current rapidly 
declining to zero with rapid discharge of the colour of the 
solution. 

The above results suggest that one-electron reductions 

have occurred but that only in C~NPr~)~, ~[N(SiMe~~~~ 
and probably Cr(NO)(NPr& is there quasi-reversibility. 

Before discussing this interesting electrochemical 
behaviour of these low coordination complexes of 
chromium it is useful to review some of their chemistry. 
Both Cr[N(SiMe~)~~ and Cr(NP& were shown to be 
monomeric 3-coordinated paramagnetic Cr(II1) complexes 
with interesting X-ray structures*5 and electronic 
configurations as deduced from spectroscopic studies.- 
They do not form addition compounds with neutral ligands 
such as THF but react more or less readily with water, 
oxygen, nitric oxide, carbon dioxide and carbon-di- 
sulphide. The bus-di-isopropylamide is extremely sensitive 
to dioxygen and it is difficult to prepare a dilute solution 
free from the blue coloured initial product of oxygenation 
which gives an intense characteristic ESR signal.’ The 
reaction with nitric oxide gave the considerably more 
stable diamagnetic mono-nitrosyls Cr(NO)fNR& (R = 
SiMes or Pr ) in which the chromium is tetrahedrally 
coordinated.‘O The linear CrNO systems and diamag- 
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Table 2. Cyclic voltammetry of Cr[N(SiMe&]f 

0.0125 26.8 0.80 -0.730 -0.579 0.160 

0.025 26.6 1.19 -0.750 -0.570 0.180 

0.05 27.7 1.16 -0.760 -0.560 0.220 

0.10 36.0 1.00 -0.816 -0.570 0.246 

0.15 34.5 0.94 -0.845 -0.540 0.305 

0.20 33.5 0.99 -0.650 -0.580 0.270 

0.25 28.0 0.79 -0.860 -0.540 0.320 

0.30 26.5 0.80 -0.890 -0.520 0.370 

0.35 28.5 0.80 -0.910 -0.510 0.400 

0.40 31.0 0.71 6.920 -0.520 0.400 

0.50 31.1 0.64 -1.000 -0.520 0.480 

2 0.4 mM in Cli3CR at 25% using O.lM (NEt4)M4 supPorting electrolyte 

and Pt bead electrode. 

Table 3. Cyclic vol~rne~ of C~NO)~(SiMe~)~~ 

vo1taqe iP d 
Scan Rate(R) f 

iPa&, 

w4".-L.f) 
SPC =pa AEP 

Wolts/sec.) Welts) (volts) (Volta) 

0.0125 107 0.875 -0.725 -0.460 0.265 

0.025 109 0.780 -0.745 -0.460 0.285 

0.05 77 0.694 -O.Soo -0.540 0.260 

0.10 101 0.640 -0.770 -0.440 0.330 

0.15 110 0.741 -0.860 -0.510 0.350 

0.20 112 0.720 -0.890 -0.507 0.383 

0.25 132 0.697 -0.920 "O.Mo 0.420 

0.30 117 0.641 -0.940 -0.500 0.440 

0,35 122 0.555 -0,960 -0.520 0.440 

0.40 120 0,579 -0.960 -0.500 0.460 

0.55 133 0.489 -0.980 -0.520 0.460 

‘L 
0.2 rrpf in Cii3CN at 25% using O.lM t??St,fSF4 Supporting electmlyte 

and Pt bead electrode. 
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Table 4. Cyclic voltammetry of Cr(NP& 

vo1teae iP /R 
c4 iP$fPc =Pc we A% 

(volte/aec.~ (lirw.-f'*ec.~~ WOltS) Welts) Welts) 

0.0125 268 0.867 -0.51 

0.025 285 0.889 -0.51 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

295 0.909 -0.51 

304 0.948 -0.52 

315 0.951 -0.52 

331 0.960 -0.52 

338 0.976 -0.52 

338 0.962 -0.52 

326 0.959 -0.52 

311 0.964 -0.52 

298 

293 

0.950 

0.950 

-0.53 

-0.53 

-0.43 0.08 

-0.43 0.08 

a.43 0.08 

-0.43 0.09 

-0.43 0.09 

-0.42 0.10 

-0.42 o.io 

-0.41 0.11 

-0.41 0.11 

-0.41 0.13. 

-0.40 0.13 

-0.41 0.12 

i! 1.0 mM in Ui3CN et 25% using O.lM (NEt4).BF4 supporting electrolyte 

and Pt bead electrode. 

Table 5. Cyclic voltammetry of C~NO~NPr~)~ 

Vo.tacle iP /R% 
scan mtelfll c IPa/iPc Epc EPa AEP 

wo1ts/sec .) (,IAv. sW5) 
-4 

Welts) tvolts) (volts) 

0.0125 107 1.042 -0.55 -0.42 0.13 

0.025 88 1.036 -0.55 -0.42 0.13 

0.05 87 1.026 -0.56 -0.45 0.11 

0.10 82 1.077 -0.56 -0.43 0.13 

0.15 90 0.971 -0.56 -0.43 0.13 

0.20 94 1.024 -0.55 -0.42 0.13 

0.25 104 1.039 -0.56 -0.43 0.13 

0.30 99 1.241 -0.56 -0.43 0.13 

0.35 122 1.028 -0.57 -0.42 0.15 

0.40 135 1.024 -0.56 -0.42 0.14 

0.50 164 1.164 -0.57 -0.42 0.15 

5 0.4 W.i in CE,CN et 25% using O.lM (NEt4DF4 supporting electrolyte 

and Pt bead electrode. 
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Table 6. Cyclic voltammetry of Cr(NO)(OBu’)2(NPr$a 

Voltage iP 0% 
Scan Rate(R) c 

oIP.".-L.~I 
IPa/lPc WC Epa A@ 

wolts/sec.) Welts) Wo1t.s) WOlts) 

0.0125 125 0.536 -0.73 -0.58 0.15 

0.025 92 0.345 -0.78 -0.60 0.16 

0.05 98 0.340 -0.80 -0.57 0.23 

0.10 114 0.333 -0.82 -0.56 0.26 

0.15 73 0.643 -0.86 -0.54 0.32 

0.20 107 0.417 -0.88 -0.58 0.30 

0.25 104 0.385 -0.88 -0.54 0.34 

o-00 

s 0.4 m14 in m3CN at 25% using 0.l~ tNet4YSF4 supporting electrolyte 

and Pt bead electrode. 

I I 

-0.20 -0.40 -O.bO -O%O -1.0 Cl -1.20 -l.LO -1.60 -1.80 -2.00 - 

POTENTIAL VS. Ag/AgcioL tvl 

.O 

Fig. 2. Cyclic voltammograms in acetonitrile (25°C). (A) (NEt,JBFd (0.1 M), voltage scan rate 0.3 V sec.? (B) 
Cr[N(SiMe&l3 (0.4 mhQ, (NEb)BK (0.1 M), voltage scan rate 0.3 V se?. (C) Cr(NP&(0.4 M), (NEQBF, (0.1 M), 

voltage scan rate 0.3 V sec.-‘. 
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Table 7. Cyclic voltammetry of Yb[N(SiMe&lJ 

Voltage iP /Ilk 
scan Rate CR) c iP,/iP, Epc ma AEp 

(Volte/sec.) (U*".-lsec.+) (Volts) (volts) (volts) 

0.01 20.6 0.523 -1.04 -0.80 0.24 

0.02 14.7 0.519 -1.04 -O.BJ 0.24 

0.03 17.5 0.362 -1.05 -0.80 0.25 

0.04 15.3 0.663 -1.06 -0.80 0.26 

0.05 17.9 0.512 -1.04 -0.76 0.28 

0.06 16.7 0.735 -1.04 -0.78 0.26 

0.07 21.2 0.571 -1.08 -0.76 0.32 

0.08 21.9 0.645 -1.08 -0.76 0.32 

0.10 21.5 0.603 -1.10 -0.74 0.36 

5 0.4 r&l in DMSO at 25% using 0.4M NaC104 supporting electrolyte 

and Pt bead electrode. 

Table 8. Coulometric results 

Ccmpound 

CrtN(BIWe3)213b_ 

Mol. Electrolysed Qla+ge 
(X10") mc.ulombs) II-" 

2.19 0.410 0.19 

2.44 0.155 0.49 

3.41 0.610 0.25 

2.44 1.045 0.44 

cr (NPri2) 3b 

Cr(NOo) (OBut12WP' 
ib- 
2) 

4.31 4.595 1.10 

3.97 3.805 0.99 

5.16 5.450 1.09 

4.85 5.045 1.08 

4.63 1.550 0.35 

4.32 1.400 0.33 

4.87 2.250 0.48 

4.28 3.940 0.95 

2.90 2.840 1.01 

2.75 2.750 1.04 

3.82 3.540 0.96 

3.44 3.250 0.98 

5 n = Ratio of Paradays per No1 electrolysed. 

b 
Electrolysis at -1.00 volts (Ag/AgC104) in CE3CN at 25% using O.lM 

omt4) (BF~) supporting 63ctrolyte. 

c 
Electmlysis at -1.20 vOlts (Ag/AgC104) in t4e2Bo et 25°C using 0.41 

NaC104 supporting electrolyte. 
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netism suggested that the low-spin electronic structure 
corresponded to a pseudo-C@) 3d4 complex due to the 
NO acting as a 3-electron donor. By contrast the truly 
bivalent complex Cr[N(SiMe&(THF), was isolated as an 
extraordinarily oxygen-sensitive paramagnetic square 
planar (trans) compound with the high spin 3d4 configura- 
tion.” 

It seemed reasonable to expect that the electrochemical 
reduction of Cr(NR& (R = SiMea or Pr’) might give rise to 
a reversible l-electron transfer involving the formation of 
an unstable 3-coordinate Cr(II) anion [Cr(NR&-. 

Cr(NR& t e G [Cr(NRW. (1) 

Since the solvent CH,CN is potentially a donor ligand the 
unstable anion might then react by forming either a neutral 
high spin square planar complex Cr(NR&(CH,CN), or a 
diamagnetic tetrahedral anion [Cr(NR&(CH&N)]-. 

[Cr(NR&l- t ZCHXN $ Cr(NR2)2(CH,CN)2 t NR; 
(2) 

[Cr(NR&- t CHXN e [Cr(NR&(CH,CN)I-. (3) 

In the first case, the dialkylamide anion NR; released (eq. 
2) might react with the solvent leading to irreversible 
reactions. Metal dialkylamides are known to react with 
acetonitrile.‘* Additional experiments confirmed that 
lithium dialkylamides did react with solutions of the 
supporting electrolyte in acetonitrile. In the anodic phase 
of the cyclic voltammetry the dialkylamide anion could be 
oxidized to the radical which could also lead to irreversible 
reactions. 

NR;- e+NR2 (4) 

2NR, + RzNNR2 (5) 

2NR2+ R,NH t imine. (6) 

The feasibility of the alternative reaction of [Cr(NR&]- 
with one molecule of CH,CN (eqn 3) should depend on the 
ability of one acetonitrile ligand and three dialkylamido 
groups to promote sufficient splitting of the d-orbital 
energy levels to produce a stable tetrahedral diamagnetic 
Cr(II) species. 

Dealing first with the electrochemistry of 
Cr[N(SiMe3)21s the data in Tables 2 and 8 suggest that the 
electron-transfer reduction is not wholly reversible but it is 
not clear what chemical reactions are subsequently in- 
volved. The formation of Cr[N(SiMe,),12(CH,CN), (eqn 2) 
analogous to the THF complex would be accompanied by 
the release of [N(SiMe&]- which in the form of its lithium 
derivative reacts rapidly with the supporting electrolyte in 
acetonitrile. In assessing the possibility of forming a stable 
diamagnetic tetrahedral species Cr[N(SiMe,)&(CH,CN) 
it must be noted that the 3dS complex Fe[N(SiMe,)& is 
high-spin.‘.‘” Unfortunately we found that Fe[N(SiMe& 
reacted immediately with acetonitrile with decomposition 
and we could not determine whether it would form a 
low-spin complex with one molecule of CH,CN of ad- 
dition Although the strong ?r-acceptor NO’ does cause 
spin pairing by coordination with Cr[N(SiMe&-, it 
seems that CH,CN (which is not a good n-acceptor is not 
capable of producing a stable diamagnetic adduct and thus 
eqn (2) appears to be favoured relative to (3) for the 
silylamide complex. 

The data in Tables 4 and 8 show that the electrochemical 
reduction of Cr(NP& is quasi-reversible and its cyclic 
voltammogram (C) in Fig. 1 looks much more reversible 
than that of Cr[N(SiMe$& (B). It also appears that 
Cr(NP& has a less negative reduction potential than the 
silylamide. Therefore the reduced species from the di- 
isopropylamide is more readily formed and is more stable 
than the corresponding disilylamide complex. Thus if 
[Cr@lPr$(CH&N)]- (eqn 3) is relatively stable, a more 
reversible system is expected to occur. It is relevant to note 
here that in Cr(NO)(NP& the NO stretching frequency 
(1643cm-‘) is lower than that in Cr(NO)[N(SiMeJ2], 
(1698 cm-‘)“, which implies greater delocalisation of the 
two pairs of d-electrons into the n* antibonding (NO’) 
orbitals in the di-isopropylamide complex and presumably 
greater stability. Therefore it is reasonable to suggest that 
although CH&N is not a strong ?r-acceptor it would in fact 
form a more stable adduct with [Cr(NPr$]- than with 
Cr[N(SiMe&j ;. 

Turning now to the electrochemical behaviour of the 
nitrosyl complexes Cr(NO)[N(SiMe&, Cr(NO)(NP& 
and Cr(NO)(OBu’)2(NPri), the data in Tables 3, 5 and 6 
show that the peak potential of the silylamido complex 
varied most with the voltage scan rate whereas the 
potentials for the tris-di-isopropylamido complex were 
practically independent of the scan rate. Somewhat sur- 
prisingly the data for Cr(NO)(NR*),(R= SiMe3 and Pr’) 
are very close to the values for the parent 3-coordinated 
species Cr(NR2)s. Assuming that a one-electron reduction 
gives the anionic species [Cr(NO)(NR&l- the additional 
electron must be accommodated in a higher energy 3d- 
orbital unless there is an electronic rearrangement. 

Cr(NO)(NR2)s t e c= [Cr(NO)(NR&]-. (7) 

The NO could change into a Zelectron donor or it might 
dissociate or be replaced by acetonitrile (viz. eqns 8 and 9) 
depending on whether R = SiMe, or Pi. 

2CHXN t [Cr(NO)(NR3,1- 
-+ Cr(NR2)2(CH,CN)2 t NR; t NO (8) 

CHXN t [Cr(NO)(NR2)J G= 1Cr(NR2)s(CH&N)I-t NO. 
(9) 

Thus the dissociation (eqn 8) might be expected for the 
silylamide but the di-isopropylamide derivative may retain 
its nitric oxide as a Zelectron donor in preference to 
acetonitrile (eqn 9). The electrochemical behaviour of the 
mixed ligand complex Cr(NO)(OBu’)2(NPri) is interesting 
in view of the value of its VNO 1684 cm-’ which is nearer to 
that of Cr(NO)[N(SiMeX),la than to Cr(NO)(NPr&‘O In 
fact its cyclic voltammetric (Table 6) behaviour was indeed 
more akin to that of the tn’s-silylamido complex’and its 
coulometric behaviour (Table 8) showed that the electron 
transfer reduction process was accompanied by other 
reactions. 

Finally we note that the electrochemical behaviour of 
Yb[N(SiMe& in DMSO showed a quasi-reversible l- 
electron reduction. A cyclic voltammogram is shown in 
Fig. 2 and the data in Table 7 show that the peak potentials 
are almost independent of voltage scan rate. The cou- 
lometric data in Table 8 also show that a simple reduction 
takes place implying considerable stability for the Yb(II) 
species formed. This is not surprising since the anion 
Yb[N(SiMe& (eqn 1) would be isoelectronic with the 
stable neutral lutetium complex Lu[N(SiMe&‘4.‘5 In 
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fact the solvent would probably coordinate to give 
~b[N(SiMe,)J3(DMSO))- since it has been shown that 
the lanthanide tris-silylamides form stable complexes with 
phosphine oxides Ln[N(SiMeX)&(R,PO).‘6.‘7 

EXPERIMENTAL 
All of the compounds studied, especially the 3-coordinated 

complexes, are air-sensitive and it was found to be essential to take 
extremely rigorous precautions in manipulating the dilute solutions 
used in the electrochemical measurements. 

Preparations 
The compounds were prepared by using essentially the 

original methods reported”‘and purity was checked by an 
appropriate physical measurement (i.e. m.p., IR-, NMR- or 
mass-spectra) and elemental analyses. The following 
compounds were prepared: Ti(NEt&, TiCl[N(SiMe& 
Ti[N(SiMe&, V[N(SiMe& Cr[N(SiMe&l,, 
Cr(NP&, Cr(NO)[N(SiM&l~, Cr(NO)(NP& 
Cr(NO)(OBu’)z(NPri), Mn[N(SiMe& Fe[N(SiMe&, 
Co[N(SiMe& and Yb[N(SiMe&],. 

Careful preliminary work was carried out to determine 
whether stable solutions in a suitable non-aqueous solvent 
could be made in the presence of an excess of a supporting 
electrolyte. Unfortunately some of the above compounds 
proved to be too reactive towards either the solvent or the 
electrolyte. Solvents tried were acetonitrile, dimethyl- 
sulphoxide, dimethylformamide, methylene chloride and 
propylene carbonate and the electrolytes were tetraalkyl- 
ammonium salts of chloride, iodide, perchlorate, 
tetrafluoroborate and tetraphenylborate. 

ELECTROCHEMICAL STUDIRS 

Acetonitrile was very rigorously purified by the method 
of Walter and Ramaley” and finally collected by fractional 
distillation. Dimethylsulphoxide was purified as described 
by Mann19 and stored over molecular sieve (type 5A). 

For Cyclic Voltammetry a standard three-electrode, 
IR-compensated system was used (Fig. 3) with an Elec- 
trochemical Instrument. Calibration was made using 
aqueous [Fe(oxalate)J3- solution and also bis-cyclo- 
pentadienyliron(I1) in acetonitrile with 0.2 M NaC104 as 
supporting electrolyte. 

Platinum wire was used for both the auxiliary and the 
working electrodes. The reference electrode was 
Ag/AgC104(0.02 M){(NEtJBF.,, (0.2 M)} in acetonitrile20 
and was separated from the test solution by a salt-bridge 
containing the same solution of supporting electrolyte in 
acetonitrile as used in the test solution. The platinum bead 
working electrode was cleaned in nitric acid (1 M), washed 
with water and rinsed with the acetonitrile/supporting 
electrolyte solution. The current-voltage data were dis- 
played on a Tektronix D13 storage-oscilloscope and/or an 
X-Y recorder. Measurements were performed using posi- 
tive feedback circuitry to minimize the IR drop in potential. 

All measurements were made at 25.0 * 0.2”C under an 
atmosphere of purified argon. 

Coulometric measurements were made on 50ml solu- 
tions using a mercury-pool electrode (dia. 4.6cm) at a 
constant potential on the plateau of the reduction wave. 
The very small contribution from the background current 
due to the supporting electrolyte was subtracted. 

0.00 - 0.20 -040 -0.60 -0.80 -l*OO -1.2 0 -140 -1.60 

POTENTIAL vs. Ag/AgCIOb (V I 

Fig. 3. Cyclic voltammograms in dimethylsulphoxide (25”). Yb[N(SiMe&]s (0.4 mM), NaC104 (0.4 M) voltage scan rate 
0.05 V sec.-‘. 
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Ahstraet-Chlorohemin (Fe(III)PPCI) undergoes photoreduction when irradiated in pure pyridine solution with 
400-450 nm light. A thermal reduction is observed to occur simultaneously with the photochemical one, but after a 
one hour irradiation about 75% of the reduction product is formed in a photochemical way. Both five- and 
six-coordinated species are observed to be present in solution; however, only the Fe(III)PPpy+ five coordinated 
complex is photoreducible. A mechanism is proposed whereby the primary photochemical act is an axial 
pyridine + iron electron transfer process yielding Fe(II)PP and py+ species. The Fe(II)PP moiety gives rise to the 
formation of the spectrophotometrically detectable Fe(II)PP(py), complex. ESR spin trapping results are consistent 
with the formation of 2-pyridyl radicals from py+ cation by fast transfer of a proton to a pyridine molecule. 

INTRODUCTION 

The study of porphyrin iron complexes under conditions 
approaching the physiological state appears very useful 
for a thorough understanding of the vital functions these 
compounds play in biological systems. Thus, redox pro- 
cesses involving the central iron as well as the porphyrin 
ring are a matter of particular interest due to the role that 
the cytochromes, heme-containing proteins, play in the 
transfer of electrons in the respiratory chain. 

The use of photochemical methods appears quite well 
suited to the study of electron transfer processes in 
complex molecular systems such as iron porphyrins, 
since irradiation, at suitably selected wavelengths, allows 
one to avoid the difficulties arising from simultaneous 
reactions that often occur when more usual chemical 
methods are used. Recently, Bartocci et al.’ reported a 
study on the photochemical reduction of Fe(M) proto- 
porphyrin IX chloride (chlorohemin) in pyridine-contain- 
ing aqueous alcoholic solutions. In that paper it was 
observed that, under irradiation, Fe(II1) was reduced to 
Fe(I1) and that a bis-pyridine Fe(I1) protoporphyrin 
complex was formed. However, the use of aqueous 
mixed solvents presented some problems in establishing 
the photoreduction mechanism since, under those con- 
ditions, complex coordination equilibria impeded a clear 
identification of the photoreactive species.2 For this 
reason, although an alcoholate -, iron electron transfer 
was indicated as the most likely means of photoreduc- 
tion, other mechanisms involving pyridine or OH- could 
not be ruled out. 

In a recent paper’ on the photoreduction of fer- 
rideuteroporphyrin in benzene, water, or micelle solu- 
tions containing primary or secondary alcohols, Bizet et 
al. indicated that an alcoholate + Fe(II1) intramolecular 
electron transfer was responsible for the primary pho- 
toreduction. 

However, the results reported in this paper cannot be 
correlated with those obtained by Bartocci et a/.’ due to 
the different natures of both the solvents and the sub- 
strate used. Therefore, in order to provide a clearer 

*Author to whom correspondence should be addressed. 

understanding of the possible mechanism in the pho- 
toreduction of hemin, the photochemical beliavior of 
chlorohemin in pure pyridine is reported here. The use of 
pure pyridine produces two advantages with respect to 
mixed aqueous solvents: (i) it allows one to study the 
photochemical behavior of chlorochemin under conditions 
which approach the aprotic environment of the heme- 
containing protein sheath. (ii) a better understanding of 
the nature of the axial ligands can be obtained. 

Materials 

EXPERIMENTAL 

Commercial chlorohemin (Fluka) was recrystallized following 
the reported’ glacial acetic acid method. 

Spectroscopic grade pyridine (Merck) was dried with calcium 
hydride, twice distilled and used within 24hr after the 
purification. Phenyl-tert-butylnitrone (PBN) (Aldrich) was used 
without further pnritication. All the other chemicals were reagent 
grade commercial products. 

Apparatus and methods 
UV-VIS snectra were recorded in the 35&700-nm ranae with a 

Varian Cary 219 Spectrophotometer. X-band elect& spin 
resonance spectra were recorded with a Bruker 220 SE spec- 
trometer and calibrated using a,a’diphenylpicrylhydrazyl 
(DPPH). Irradiations were carried out with a 150 W xenon lamp, 
equipped with a glass filter which cut off lit with wavelengths 
shorter than 400nm. The irradiation light was focussed on the 
reaction vessel through quartz lenses. In order to identify radical 
intermediates, solutions contained in 2-mm tubes were irradiated 
in the presence of PBN as spin trap’ in the ESR cavity. 

All other experiments were carried out using spectropho- 
tometric cells as reaction vessels. The solutions were degassed 
be-fore irradiation to less than 10-r Torr by means of at least 
three vacuum line freeze/thaw pump cycles. Before running the 
experiments in oxygenated solutions, oxygen was allowed to flow 
into the previously degassed solutions until a pressure of I 
atmosphere was reached. 

RESULTS 

Irradiation of 1 x 10m4 M deaerated pyridine solutions 
of Fe(III)PPCI by light with A >4OOnm resulted in the 
spectral variations shown in Fig. 1. The new bands at 
480, 524 and 556nm are typical of Fe(II)PP(py), (bis- 
pyridine hemochrome) formed in the photoreduction 
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500 550 600 650 nm 

Pig. 1. Spectral variations observed upon A > 400 nm irradiation of a 1 x lO+ M deaerated solution of Fe(III)PP~i in 
pure p~dine at 2YC, 0, initial spectrum; ~diation periods, 10 min. * 

process.’ The net isosbestic points observed at 535, 544 
and 578nm indicate that the photoreaction did not in- 
volve the porphyrin ring.’ 

In Fig. 2 the spectral variations observed when an 
identical solution was kept in the dark during the above 
phot~hemi~~ run are reported. It can be observed that 
spectral variations are qu~i~ti~ely the same as those 
observed under i~~iation (Fig. 1). This suggests that 
both thermal and phot~hemi~~ reduction of 
F~I)PPCl occur s~ui~neousIy to yield Fe~I)PP~y)*. 
Polarographic meas~ements6 showed that the Fe(U) 
concentration ~mediately after the dissolution of the 
c~orohemin in pyridine was quite negtigible. This per- 
mits the calculation of the Fe(II)PP~y)~ fraction formed 
by the thermal reaction. Using absorbance variations 
reported in Figs. 1 and 2, it was seen that 24% of the 
reduction product was t~rrn~ly formed after 1 hr. 

No appreciable photoreduc~on was observed to occur 
under the following conditions: 

(1) By ~radiation with light of h > 450 nm. 
(2) In an oxygen atmosphere (see Ex~~rnent~). 

When oxygen was allowed to bubble into the previously 
irradiated solutions, spectral variations were observed 
indicating that the expected re-oxidation of the Fe(U) 
complex was occurring very slowly. 

(3) In the presence of an excess of chloride (i.e. the 
py~dinium salt). In this case there is a wide difference 
between the abso~tion spectra of ~hlorohemin in pyri- 

dine solutions with or wi~out an excess of chloride (Fig. 
3). 

At 100 K, 2 x 10s3 M pyridine solutions of chiorohemin 
exhibit a typical? high-spin ESR spectrum with g, = 6 
and gr = 2 (Fig. 4). The addition of excess Cl- or oxy- 
genation did not modify the ESR spectrum. 

BSR experiments were carried out at room tem- 
perature during the irradiation of carefully deaerated 
pyridine soIutions of ~hiorohemin containing 5 x IO-* M 
phenyl-beg-butylnitrone (PBN) as a spin trap. An intense 
spectrum increasing with irradiation time was revealed 
(Pig. 4), suggesting the involvement of radical inter- 
mediates in the photoredu~tion process. It consists of 
I : 1: 1 doublets with as = 14.5 G and aH = 2.2G. An 
identical solution kept in the dark did not exhibit any 
ESR signals. Since the use of a nitroso spin trap yields 
direct i~ormation on radical species st~~ture~ it is 
often utilized. However, when irradiated with A > 400 nm 
lit the pyridine solutions of nitroso compounds usually 
used as spin traps (e.g. 2,4,~t~-fed-butylnitroso~nzene, 
TBN), exhibit ESR signals which clearly indicate the 
photoins~biiity of these compounds. 

D~U~ON 
The apparent thermal reduction of Fe(I~I)PPCl in pure 

pyridine is a very striking phenomenon. In fact, some 
noticeable reduction of this compound in pyridine was 
observed several years agop although the presence of 
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Fig. 2. Spectral variations observed when a 1 x 10e4 M pyridine solution of Fe(III)PPCI was kept 1 hr in the dark. 0; 
initial spectrum. 

Fe(U) under these conditions was afterwards ruled out 
by other authors.“*” To date, the nature of this self- 
reduction is not clear. One cannot rule out the possibility 
that, even after a careful purification of all chemicals 
used, some impurities remain in solution, and are res- 
ponsible for the observed reduction. 

Comparison of the spectral variations reported in Figs. 
1 and 2 indicates that formation of the reduced species 
Fe(II)PP(py)2 is strongly accelerated under irradiation 
and that more than 75% of the reduction products are 
formed by photochemical means. 

When chlorohemin is dissolved in pure pyridine, axial 
complexes are formed.‘0”2 Several structures consisting 
of bis-pyridine and chloro-pyridine six-coordinated as 
well as chloro and pyridine five-coordinated complexes 
could be proposed. Our ESR results, however, indicate 
that only high-spin species are present, ruling out the 
presence of appreciable amounts of Fe(III)PP(py), 
which is knownI to exhibit an ESR spectrum typical of 
low spin or, at most, mixed high-spin/low-spin species. 
Thus the only possible Fe(II1) protoporphyrin complexes 
present in pyridine solutions of chlorohemin are 
Fe(III)PPCl, Fe(III)PPpy’ and Fe(III)PPpyCl. The 
presence of iron porphyrin complexes containing undis- 
sociated chloride l&and in pure pyridine is not un- 
expected. In fact, the replacement of Cl- by pyridine is 
not likely due to the low coordinating ability of pyridine 
on Fe(II1) porphirin axial positions as well as its low 

solvating power with respect to Cl- ions. On the other 
hand, the clear change in the absorption spectrum 
observed when an excess of pyridinium chloride is 
present (Fig. 3) suggests that appreciable amounts of 
pyridine-containing complexes are in equilibrium with 
chloro-containing complexes. Therefore, the situation in 
a pyridine solution of chlorohemin can be accurately 
described by Scheme 1. 

- 
N-N N-N 

PY 

Iu 

Scheme 1. 
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3. Absorption spectra of Fe(III)PPCI in pure pyridine: -- immediately after the dissolution, - after the 
addition of an excess of pyridinium chloride. 
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Pi. 4. ESR spectrum of a 2 x 10m3 M pytidine solution of Fe(III)PPCI at 100 K. 
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Fe(III)PPpy’ + *Fe(III)PPpy+ 

Fe(III)PPpy’ + Fe(II)PP . . . py+ 

Fe(II)PP . . . py+ + Fe(III)PPpy’ 

Fe(II)PP . . . py’ + Fe(II)PP + py+ 

Fe(II)PP + 2py + Fe(II)PP(py)z 

PY+ + products 

Scheme 2. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

In the presence of excess Cl-, the equilibria reported 
in Scheme 1 predominantly favow species I and/or III. 
The absence of appreciable photoreduction in these 
conditions clearly indicates that Fe(III)PPpy’ is the only 
photoreducible species. On these grounds three 
mechanisms can be proposed for the photoreduction 
process. 

(1) Intermolecular electron transfer from the pyridine 
solvent to the excited Fe(III)PPpy’ complex. 

(2) Intramolecular electron transfer from coordinated 
pyridine to central Fe(II1). 

(3) Intramolecular electron transfer from the por- 
phyrin ring to central FeWI). 

Due to the short lifetime of the excited species,” 
bimolecular processes involving excited states are known 
to be quite unusual and hence mechanism 1 can be ruled 
out. Mechanism 3 implies that a porphyrin+Fe(III) 
charge transfer transition is responsible for the pho- 
toreduction. However, unless pyridine leads to a drastic 
change in the excited state energy of the complex it is 
very likely that a fast deactivation to low-energy d-d 
states occurs before any photoreduction can occur. 
Therefore, an electron transfer from the coordinated 
pyridine to central Fe(M) (Mechanism 2) appears to be 
the most probable process. On this bases, Scheme 2 
summarizes the photoreduction mechanism. 

Due to the probable dissociative character of the 
pyridine --) Fe(II1) charge transfer excited state, the exci- 
tation (eqn 1) is followed by an instantaneous charge 
separation (eqn 2). The diffusion away of Fe(II)PP and 
py* moieties (eqn 4) occurs in competition with the 
solvent-cage back electron transfer (eqn 3). The coor- 
dination of two pyridine molecules in the axial positions 
of Fe(II)PP (eqn 5) gives the spectrophotometrically- 
detected Fe(II)PP(py), complex. 

The ESR trapping results (Fig. 5) show that radical 
species are formed as photoredox products. The signal 
observed, consisting of a triplet of doublets, and the 

hyperfhte splitting values are consistent with the 2-pyri- 
dyl radical” trapped by PBN: 

This suggests that the pyridine radical cation formed in 
the primary photoreduction (eqn 4) gives rise to very fast 
proton transfer to a pyridine molecule yielding a 2- 
pyridyl radical (eqn 7). 

(7) 

. . 
A 

There seems to be a discrepancy between the observed 
photoinactivity of the Fe(III)PPpyCl complex and the 
primary photoreduction which occurs through an elec- 
tron transfer from coordinated pyridine to Fe(M). 
However, this discrepancy can be justified by taking the 
electron donor character of the chlorine ligand into con- 
sideration. In fact, coordination of Cl- in the axial posi- 
tion trans to pyridine increases the central metal electron 
density, making inner-sphere Fe(II1) reduction more 
difficult in the pyridine chloro complex than in the pyri- 
dine complex. As a consequence, the pyridine+Fe(III) 
CT absorption band is expected to be shifted towards 
wavelengths lower than those of the irradiating light. 

The re-oxidation of Fe(II)PP(py),, observed when 
previously-irradiated hemin solutions are kept in an 
oxygen atmosphere, is very slow in accordance with the 
knownI stability of this complex towards oxidation by 

5G 

Fig. 5. ESR spectrum obtained at 2% K after 1 hr irradiation with A > 400 nm light of Fe(III)PCI in pyridine solution 
containing 5 x IO-* M PBN. 
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oxygen. For this reason, when irradiation is carried out 
in an oxygen atmosphere the absence of any appreciable 
photoreduction can be ascribed to fast re-oxidation of 
intermediate Fe(II)PP before pyridine axial coordination 
(eqn 5), rather than to oxidation of the final product. 

The irradiation wavelength range (see results) within 
which the photoredox process has been observed, sug- 
gests that a charge transfer pyridine+Fe(III) absorption 
band should be present in this spectral region, although 
the very intense +-?r* band centered at 400nm (Soret 
Band) hides it completely. 

These results point to the strong possibility that a 
mechanism involving an electron transfer from pyridine 
to Fe(II1) is involved in hemin photoreduction in pyri- 
dine-containing mixed solvents, although other 
mechanisms, e.g. alcoholate +Fe(III) electron transfer, 
may be more likely in these cases. 
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NOTES 

Metal template synthesis of chromium@I) complexes 

(Received 24 February 1982) 

Abstract-Chromium(III) complexes of Schit? bases resulting from the condensation of one mole of diacetyl with two 
moles of ethylene-diamine or 1,3 diaminopropane has been isolated by metal template reaction. The isolated 
complexes have been assigned cis con8gurations. 

A large number of metal template reactions, particularly for the 
synthesis of macrocyclic complexes, have been reported. But all 
these reactions have been carried out in the presence of divalent 
metal ions like Cu(II), Ni(II), Co(H), Zn(II) and Mn(II).‘-’ A 
trivalent metal ion due to its higher nuclear charge should be 

equally efficient in polarisingthe ‘C=O bond and hence should be 
/ 

efficient for metal template reactions. Unfortunately there are not 
many reports on the metal template reactions of trivalent metal 
ions? Hence we attempted the metal template reactions of 
cbromium(III) for the condensation of diacetyl and ethylenedi- 
amine or 1,3-diaminopropane and we were able to isolate com- 
plexes of the ligands A and B in appreciable yield. 

A 

-AL 

Elemental analysis. Carbon and hydrogen was analysed by the 
courtesy of the microanalyst of the University of Madras. Nitrogen 
content was evaluated using micro-Kjeldahl technique and 
chromium was analysed as chromate after oxidising an aqueous 
solution of the complex with alkaline peroxide. 

Conductivity measurements. Conductivity measurements were 
performed using a Mullard conductivity bridge. Molar conductance 
were determined at 25°C in acetonitrile solution (lo-’ M). 

Spectral measurements. The electronic spectrum of the aqueous 
solution of the complexes were measured using a Pye-Unicam SP 
1800 spectrophotometer. IR spectra of the complexes were 
obtained with a Perkin-Elmer 337 model grating spectropho- 
tometer and KBr mull sampling technique. 

Preparation of [Cr A(HsO)s](ClO&. Chromium(III) acetate 
hexahydrate (3.4g) in 50 ml of acetonitrile was refluxed with 
diacetyl(O.86 g) for 15 min. Then ethylenediamine (1.2 g) was added 
to the reaction mixture and again refluxed for another 4 hr. Volume 
of the solution was reduced to 25 ml by rotary evaporation. To this 
solution NaCI04 (3.4 g) was added, filtered and cooled. The red 
orange crystals which formed were removed by filtration, washed 
with cold methanol and ether. Found: C, 17.41; H, 3.81; N, 9.92; Cr, 
9.12. Calc. for Cr(CsHsrN403(ClO&: C, 17.25; H, 3.95; N, 10.06; 
Cr, 9.34%. 

Preparation of [Cr B(HtO)d(ClO&. This complex was prepared 
in a similar way as the above one by taking 1,3 diaminopropane in 
the place of ethylenediamine. Found: C, 20.32; H, 4.49; N, 9.44; Cr, 
8.81. Calc. for Cr(CraH~,N403(ClO& C, 20.53; H, 4.45; N, 9.58; 
Cr, 8.8%. 

Preparation of [Cr A(HrO)(NCS)](NCS)s. The diaquo complex 

[Cr A(HsO)d(ClO& (1.1 g) was refluxed with KSCN (0.58 g) in 
30 ml of acetonitrile for 30 min. The oreciuitated KC104 was filtered 
off. On cooling the solution the desired product was obtained. 
Found: C, 31.72; H, 4.89; N, 23.52; Cr, 12.48. Calc. for 
Cr(CsH2oN.+O)(NCS)r: C, 31.88; H, 4.83; N, 23.67; Cr, 12.56%. 

Preparation of [Cr B(HsO)(NCS)](NCSh. It was prepared in a 
similar way as the above complex by treating the diaquo complex 
[CrB(Ha0)2](ClO& with KSCN. Found: C, 35.12; H, 5.48; N, 
22.03; Cr, 11.62. Calc. for Cr(CtoHBN4O)(NCS)s: C, 35.29; H, 5.42; 
N, 22.17; Cr, 11.76%. 

RESULTS AND DISCUSSION 

The elemental analyses show that 2 molecules of diamine have 
condensed with I molecule of diacetyl. Even when the reaction was 
carried out with the molar ratio of diamine and diketone as I: 1, the 
same products were obtained, showing that the SchitFs base 
formed does not react further with another molecule of diketone to 
form a macrocycle. The charge characteristics of the complexes 
have been determined by conductivity measurements. Molar 
conductance of the complexes [Cr A(HzO)d(ClO&, 
[Cr B(Hs02kl(ClO&, iCr A(H2O)WS)I(NCS)2 and [Cr B(H20) 
(NCS)](NCS)s were found to be 399, 372, 224 and 219 a-’ cm’ 
respectively. It is evident therefore, that in the absence of added 
thiocyanate, the compounds crystallize as diaquo complexes and in 
the presence of added thiocyanate as aquothiocyanato complexes.’ 

The electronic spectral data for the complexes are shown in 
Table 1. All the complexes show two absorption bands in the visible 
region due to the A2,(F)+4T2,(F) and 4Ass(F)+4T@) tran- 
sitions. The thiocyanato derivatives show the high energy charge- 
transfer bands in addition to the d-d transitions. If the complexes 
were to have trans configuration, one would expect splitting of the 
d-d bands: but in the present case no splitting has been observed. 
The spectra are typical of cis conliguration. 

The IR spectra of all the complexes show bands in the region of 
1630-16OOcm-’ (C=N stretch) and no band which could be 
assigned to carbonyl stretching frequency is observed. All the 
complexes show strong bands in the region of 3300-328Ocm-’ 
(N-H stretch). The wagging mode of coordinated water shows up 
in the region 82&790 cm-‘. The thiocyanato complexes show an 
additional band at 2066 cm-’ whereas the diaquo complexes have 
additional bands in the region of 1150-1100 cm-’ for 

P 
erchlorate. 

Absorptions in the CHz rocking region (940-860 cm- ) have been 
used by previous workers for assigning configuration of cobalt and 
chromium complexes.6The complexes isolated show three medium 
intensity bands in this region, which is typical of the cis-configura- 
tion. Trans-complexes are known to show 4-5 bands in this region. 

The fact that ring closure to give a macrocycle does not take 
place, is again indicative of a cis-configuration for the isolated 
complexes. In a folded cis-contiguration the macrocycle with four 
imine linkages will be highly strained. In a planar trans-conllgura- 
tion ring closure would have been much easier. The template 
synthesis of macrocyclic complexes of chromium(III) would also 
have been possible if the precursor complexes were in a trans- 
conliguration. 
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Table 1. Electronic spectral data 

Compound hman/nm l max/M-’ cm-’ hmaxlnm emarlM-’ cm-’ Amax/nm cma,lM-’ cm-’ 

Kr 521 56 398 52 

[Cr 

A(HzOhl:: 

BW%l 519 :; 398 51 - [Cr 511 397 12 294 364 
[Cr A(H20)(NCS)lss B(HrO)(NCS)I 509 49 3% 16 295 312 
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Hexahalogenotin(IV) complexes in aqueous mixed hydrogen halide solutions in the glassy 
state 

(Received 27 July 1982) 

Abstract-The configurations of hexahalogenotin(IV) complex ions in glassy aqueous mixed hydrogen halide 
solutions were determined by Miissbauer and Raman spectroscopies. Trans-(SnF&12)2-, (SnCljBr)2m and trans- 
(SnF,Br2)*- ions are the main tin complex ions in the aqueous Sn(IV)-HF-HCI, Sn(IVbHCI-HBr and Sn(IV)-HF- 
HBr solutions in the glassy state, respectively. 

INTRODUCTION 
It is well known that Sn(IV) ions in aqueous solution containing 
excess HX (X= F, Cl and Br) exist as hexahalogenotin(IV) 
complex ions (Sn&2-).‘-3 In considering the differences of the 
complex formation abilities and sixes of halide ions (F-, Cl- and 
Br-), it seemed interesting to investigate what configurations 
among various mixed-halide tin(IV) complex ions are stabilized 
in a binary mixture of aqueous HX solutions at low tem- 
peratures. 

As Miissbauer and Raman spectroscopies are both powerful 
tools for elucidating a local configuration around a complex ion 
in the solid, we used both methods in this study to characterize 
the mixed-halide tin(IV) complex ions in binary hydrogen halide 
solutions in the glassy state. It is shown that employment of both 
spectroscopic methods enabled us to determine the contigura- 
tions of mixed-halide tin(IV) complex ions more easily than the 
case where only one method would have been employed. 

gXPERIMENTAL 
Aqueous sample solutions were prepared from anhydrous 

SnF,, SnC& and SnBq by dissolving them in aqueous HX solu- 
tions and subsequent diluting and mixing resultant aqueous 
solutions: 3SnF, * 1OOHF - 3OOHr0, 6SnCl, * 1OOHCl~ 600H20, 
6SnBr,~100HBr600H20, and three solutions of the composition 
3SnX,~3SnY,~50HX~50HY600H20 (X and Y denote ditferent 
halide ions: F-Cl- and Br-). Glass formation was attained by 
quenching each solution in liquid nitrogen. 

The Mdssbauer spectra of the glassy solutions (0.6cm3, cor- 
responding to the absorber thickness of 6mgSn/cm2) were 

measured at 77 K against a Ca ““Sn03 source with a constant 
acceleration type spectrometer. All isomer shit data are reported 
with respect to BaSnO, resonance at room temperature. The 
Raman spectra were taken with a JASCO R-800 spectrometer 
using 500-600 mW of the 514.5 nm line of a CR-8 argon-ion laser 
as an exciting source. The details of the Miissbauer and Raman 
measurements were essentially the same as those previously 
reported.3” 

RESULTS AND DISCUSSION 

The Miissbauer spectra for all the glassy solutions are shown 
in Fig. 1 together with the obtained Mijssbauer parameters 
(isomer shift: 6 and line width: I) for each spectrum. The 
Miissbauer parameters obtained for the monohalide solutions are 
in good agreement with the reported values’” for the [Sn&12- 
complex ions, confirming that Sn(IV) ions exist as [SnX$ in 
these mono-halide solutions in the glassy state. From the results 
for the mono-halide solutions, it is expected that Sn(IV) ions in 
the mixed-halide solutions also have the six coordination as the 
total concentration of halide ions is the same as that in the 
mono-halide solutions. 

As compared with the mono-halide complexes, line broadening 
was observed in all mixed-halide solutions. There are two pos- 
sible causes for the observed line broadening: one is due to the 
result of unresolved quadrupole splitting and the other the exis- 
tence of several different mixed-halide tin complexes in the 
mixed-halide solutions. However, the line broadening is almost 
the same magnitude as that for the mixed-halide complexes of 
the type [(C2H,)4N]2jSnX4Y2],’ indicating that one or two com- 
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Hexahalogenotin(IV) complexes in aqueous mixed hydrogen halide solutions in the glassy 
state 

(Received 27 July 1982) 

Abstract-The configurations of hexahalogenotin(IV) complex ions in glassy aqueous mixed hydrogen halide 
solutions were determined by Miissbauer and Raman spectroscopies. Trans-(SnF&12)2-, (SnCljBr)2m and trans- 
(SnF,Br2)*- ions are the main tin complex ions in the aqueous Sn(IV)-HF-HCI, Sn(IVbHCI-HBr and Sn(IV)-HF- 
HBr solutions in the glassy state, respectively. 

INTRODUCTION 
It is well known that Sn(IV) ions in aqueous solution containing 
excess HX (X= F, Cl and Br) exist as hexahalogenotin(IV) 
complex ions (Sn&2-).‘-3 In considering the differences of the 
complex formation abilities and sixes of halide ions (F-, Cl- and 
Br-), it seemed interesting to investigate what configurations 
among various mixed-halide tin(IV) complex ions are stabilized 
in a binary mixture of aqueous HX solutions at low tem- 
peratures. 

As Miissbauer and Raman spectroscopies are both powerful 
tools for elucidating a local configuration around a complex ion 
in the solid, we used both methods in this study to characterize 
the mixed-halide tin(IV) complex ions in binary hydrogen halide 
solutions in the glassy state. It is shown that employment of both 
spectroscopic methods enabled us to determine the contigura- 
tions of mixed-halide tin(IV) complex ions more easily than the 
case where only one method would have been employed. 

gXPERIMENTAL 
Aqueous sample solutions were prepared from anhydrous 

SnF,, SnC& and SnBq by dissolving them in aqueous HX solu- 
tions and subsequent diluting and mixing resultant aqueous 
solutions: 3SnF, * 1OOHF - 3OOHr0, 6SnCl, * 1OOHCl~ 600H20, 
6SnBr,~100HBr600H20, and three solutions of the composition 
3SnX,~3SnY,~50HX~50HY600H20 (X and Y denote ditferent 
halide ions: F-Cl- and Br-). Glass formation was attained by 
quenching each solution in liquid nitrogen. 

The Mdssbauer spectra of the glassy solutions (0.6cm3, cor- 
responding to the absorber thickness of 6mgSn/cm2) were 

measured at 77 K against a Ca ““Sn03 source with a constant 
acceleration type spectrometer. All isomer shit data are reported 
with respect to BaSnO, resonance at room temperature. The 
Raman spectra were taken with a JASCO R-800 spectrometer 
using 500-600 mW of the 514.5 nm line of a CR-8 argon-ion laser 
as an exciting source. The details of the Miissbauer and Raman 
measurements were essentially the same as those previously 
reported.3” 

RESULTS AND DISCUSSION 

The Miissbauer spectra for all the glassy solutions are shown 
in Fig. 1 together with the obtained Mijssbauer parameters 
(isomer shift: 6 and line width: I) for each spectrum. The 
Miissbauer parameters obtained for the monohalide solutions are 
in good agreement with the reported values’” for the [Sn&12- 
complex ions, confirming that Sn(IV) ions exist as [SnX$ in 
these mono-halide solutions in the glassy state. From the results 
for the mono-halide solutions, it is expected that Sn(IV) ions in 
the mixed-halide solutions also have the six coordination as the 
total concentration of halide ions is the same as that in the 
mono-halide solutions. 

As compared with the mono-halide complexes, line broadening 
was observed in all mixed-halide solutions. There are two pos- 
sible causes for the observed line broadening: one is due to the 
result of unresolved quadrupole splitting and the other the exis- 
tence of several different mixed-halide tin complexes in the 
mixed-halide solutions. However, the line broadening is almost 
the same magnitude as that for the mixed-halide complexes of 
the type [(C2H,)4N]2jSnX4Y2],’ indicating that one or two com- 
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RAMAN SHIFT /CM-’ 

Fig. 3. Raman spectra of the Sn(IV)-(HCI, Sn(IV)-HBr and Sn(IV)-HCI-HBr solutions in the glassy state. 

RAMAN S H I F T /CM-' 

Fig. 4. Raman spectra of the Sn(IV)-HF-HCI and Sn(IV)-HF- HBr solutions in the glassy state. 
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Complexes of bivalent cations with a hydroxamic acid from maize extracts 

(Received I I August 1982) 

Cyclic hydroramic acids may constitute up to 2% of the dry Gramineae may play a role in the plant mineral nit&ion? We 
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RAMAN SHIFT /CM-’ 

Fig. 3. Raman spectra of the Sn(IV)-(HCI, Sn(IV)-HBr and Sn(IV)-HCI-HBr solutions in the glassy state. 
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Fig. 4. Raman spectra of the Sn(IV)-HF-HCI and Sn(IV)-HF- HBr solutions in the glassy state. 
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(DIMBOA), the main hydroxamic acid 
extracts4 

ExpMtlMgNTAL 
were determined by Stability constants of the complexes 

ootentiometric titration of a 3.4 mM solution of the cation (as 

isolated from maize 

chloride) in 0.66 mM HCI04 with a 10 mM solution of the anion 
of DIMBOA (pH 8.9, under constant ionic strength (0.1 M with 
NaCl03. Titrations were carried out at 3?0.5”. Under these 
conditions the decomposition of DIMBOA,’ was negligible (half- 
life = 32.7 hr) compared with the time needed for titration 
(20min). The pK, of DIMBOA at this temperature and ionic 
strength was 6.%. The data obtained was analyzed by the method 
of Bjerrum.6 Distribution diagrams were calculated with a 
modified version of the program COMICS.’ 

RESULTS AND DlscUsSlON 
The formation curves (Fig. 1) allow the estimation of the 

logarithms of the stability constants of the 1: I complexes of Cu 
(5.4), Ni (4.9, Zn (4.2), Mn (3.4) and Ca (3.0) and of the 2 : I 
complexes of Ni (3.6) and Zn (3.5). The low stability of the Mg 
complex and the insolubility of the Fe complex precluded the 
estimation of their stability constants. A precipitate appeared 
during the titration of the Cu when an I value of 0.5 was 
reached. 

1.20 - 

IC 0.65 - 

Ni cu 

0.10 - 
I , , I 
3 L 5 6 

PA 
Fig. 1. Formation curves for complexes between DIMBOA and 

bivalent cations. pA = -log [DIMBOA]. 

*Author to whom correspondence should be addressed. 

The formation constant of the 1: 1 complex between DIMBOA 
and Cu has been determined by the method of Irving-Rosotti at 
10.20 and Up? Extrauolation of these data to 3” nives a value of 
lou K, = 5.7, comparable to that reported in this paper. The 
formation constants of the 1: 1 complexes follow the Irving- 
Williams order. i.e. Mn(Ni(Cu)Zn. as shown for other liuands? 
The complexes of DIMBOA. were less stable than those of 
hydroxamic acids of the type Ar-NOH-CO-Ar,‘” probably a 
reflection of the greater pK. values of these latter acids. 

The distribution of species in a solution containing DIMBOA, 
citric acid and malic acid, and Cu(II), Zn(II), Ca(II), Mn(I1) and 
Fe(II1) cations was calculated at pH 5.5, the pH of the plant 
extract. Citric and malic acids are two of the most abundant 
complexing agents found in maize exudates. The concentrations 
used in the calculations were those determined in whole 
plants.““~‘2 Formation constants were obtained from the lit- 
erature.‘.” Under these conditions, 57% of the DIMBOA 
remained uncomplexed, while the complexes CaL, FeL, + FeLj, 
CuL, ZnL t ZnL2 and MnL with L = DIMBOA anion were 35,7, 
0.1,0.5 and 0.3% of the total DIMBOA, respectively. In all cases, 
these complexes accounted for a substantial proportion of the 
total cation (Table 1). More of each cation was complexed by 
DIMBOA than by citric and malic acids together. Thus, it is 
oossible that DIMBOA and other related hvdroxamic acids in 
Gramineae may participate in the plant mineral nutrition as 
chelating agents. To further establish the participation of 
hydroxamic acids in mineral nutrition it would be necessary to 
determine their concentration as well as that of organic acids, 
cations and hydrogen ions in the different plant compartments at 
the tisstdar and cellular levels. 
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Table 1. Complexation of cations by DIMBOA, citric acid and malic acid at pH 5.5 

Cation % of total metal complexed by % of free 
DIMBOA Citric acid Malic acid ion 

Fe(II1) 74.6 25.3 0.1 0.0 

Zn(I1) 70.3 4.2 2.8 22.7 

Cu(I1) 55.1 37.6 5.7 1.6 

WII) 22.8 0.8 10.1 66.3 

Ca( II) 11.8 0.6 1.1 86.5 

Concentrations used (mM): DIMBOA (71, citric acid (1.9), malic 

acid (1.3), Fe (0.211, ZD (O.O4), ou (0.021, Mn (0.075) and 

Ca (21). 
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Isolation of dithiocarbamate anions as salts of biscyclopentadienyl 
titanium(W) chelates 

(Received 23 August 1982) 

Abstract-A series of [Cp;TiL]+[RR’NC&]- complexes, where L is the conjugate base of acetylacetone, benzoyl- 
acetone or I-hydroxyquinoline and R = CHs, R’ = &H&Hz; R = CZHJ, R’ = C.&CH~; R = H, R’ = CsH9; RR’ = 
C6Hj2, have been synthesised in aqueous medium by the reaction of [Cp2TiL]+Cl- with RR’NCS;Na+. Conduc- 
tivity measurements in nitrobenzene solution indicate that these complexes are electrolytes. Both the IR and NMR 
studies demonstrate that the l&and L is chelating in all these complexes. Consequently, tetrahedral coordination 
about the titanium atom is proposed. In addition to these studies, elemental analyses and magnetic susceptibility 
have been carried out for these complexes. 

INTRODUCTION 

During the course of our recent investigations,‘-’ we elucidated 
that coordination of four oxygen or two oxygen and two nitrogen 
atoms by strong covalent bonds to the RR’M*+(IV) moiety (R = 
R’ = C5H5; R = C5H5, R’ = C4H4N; R = C5H5, R’ = C9H7 and M = 
Ti or Zr) would lead to weakening of the metal-ring bonds. In this 
communication we report-an extension of these studies to the 
dithiocarbamate derivatives of biscyclopentadienyl titanium(IV) 
chelates, with the aim that behaviour of free dithiocarbamate 
anion would provide additional information on the nature of 
bonding. A number of complexes of the type 
[Cp2TiL]+[RR’NCSd-, where L is the conjugate base of acetyl- 
acetone, benzoylacetone or S-hydroxyquinoline and R = CHj, 
R’ = C6HsCH2; R = C2H5, R’ = CeH&Hj, R = H, R’ = CsH9; 
RR’ = &HI* have been synthesised. These compounds possess a 
low solvation energy, as evident from the ease of their pre- 
paration. 

EXPERIMENTAL 

Reagents and general techniques 
All the chemicals and reagents used were of analytical grade. 

Biscyclopentadienyl titanium(IV) dichloride was obtained from 
Fluka AG Switzerland and used as such without further 
purification. Nitrobenzene for conductance measurements was 
purified by the method described by Fay et a1.4 Sodium dithio- 
carbamates were prepared by the method of Gilman and Blatt.5 

Microanalyses of carbon and hydrogen contents were carried 
out in our Departmental Microanalytical laboratory. Titanium, 
nitrogen and sulphur were estimated by the standard methods as 
described by Vogel.6 

Conductance measurements were made in nitrobenzene at 
30.00 + O.OS”C usina an Elico Conductivity Bridge Model CM82. 
Solid state IR spectra were recorded in “KB; pellets” in the 
region 4000-200 cm-’ with a Perkin-Elmer 621 grating spec- 
trophotometer. Magnetic measurements were carried out by 
Gouy’s method using mercury tetrathiocyanatocobaltate(II) as 
calibrant. Proton NMR spectra were recorded in CDCI, on a 
Perkin-Elmer R-32 spectrophotometer at a sweep width of 

900 Hz. The magnetic field was calibrated with a standard sample 
of CHClj and TMS (1% by volume). 

Preparation of complexes 
An aqueous solution of [Cp,TiL]+Cl- where L is the conjugate 

base of acetylacetone, benzoylacetone or S-hydroxyquinoline 
was obtained by stirring an aqueous solution of Cp2TiCh with 
slight excess of acetylacetone, benzoylacetone or S- 
hydroxyquinoline for 2 hr. Any resulting precipitate was removed 
by filtration. The filtrate was then added slowly with shaking, to a 
concentrated hot aqueous solution of appropriate sodium dithio- 
carbamate. The precipitate so obtained was digested on water 
bath at 60-70” for 1 hr. It was then filtered, washed with hot 
water, diethyl ether (40-60”) and finally dried under vacuum. In 
order to remove any acetylacetone impurity, the precipitates 
were dissolved in dichloromethane and reprecipitated by adding 
petroleum ether (60-8p). 

RESULTS AND DISCUSSION 

Table 1 lists the analytical data and physical characteristics of 
the complexes. The complexes are quite stable in the solid state 
and in solution. They are moderately soluble in dichloromethane, 
chloroform, carbon tetrachloride and nitrobenzene. All the com- 
plexes are thermally stable but decompose slowly at higher 
temperatures without melting. Conductivity measurements reveal 
that the chelates are 1: 1 electrolytes in nitrobenzene. Magnetic 
susceptibility values at room temperature indicate that all these 
complexes are diamagnetic in nature. 

The assignments of IR bands have been made on the basis of 
published work. The IR spectra of the compounds show usual 
peaks for C5H5 group,’ viz., the C-H stretching frequency at 
-3000 cm-‘, 
-860 cm-’ 

the perpendicular hydrogen wagging mode at 
the parallel hydrogen wagging vibration at 

-1030cm-“. The band owing to C-C stretching mode and ril$ 
breathing mode of r-bond occur at -1430 and -1170 cm 
respectively. Apart from this, an additional band near 440 cm-’ 
can be assigned to Ti-CsHs vibrations.* 
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Table 1. Analytical data and physical characteristics 
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The bands occurring around l%Ocm-‘, 152Ocm-’ and 
475cm-’ in the [Cp~Tia~c]+[RR~CS~]- and [C&T& 
zac]‘[RR’NCS$ complexes may be assigned to Y(CLZO), 
v(C = C) and v(Ti-0) vibrations.9 Further, the phenyl group of 
benzoylacetonato group is indicated by additional peaks at 
-1640 cm-’ (C-C stretching), - 1340 cm-’ (C-H stretching), 
-760 cm-’ (C-H out of plane bending) and -700 cm-’ (methy- 
lene rocking vibration).‘O 

The IR spectra of [Cp~Tiox]‘[~‘NC~]- complexes show an 
intense absorption at -134Ocm-’ due to the vibration of the 
C ZN bond in the I-hydroxyquinolinato group. The free 8- 
hydroxyquinoline shows this absorption in the 145615OOcm-’ 
range. This indicates considerably less double bond character of 
the (C-N) bond in the I-hydroxyquinolinate group. It may be 
assumed that the lone pair on nitrogen is involved in the for- 
mation of a coordinate bond with the ti~ni~(~) ion, thus 
reducing double bond formation of the C Z_X N bond as com- 
pared to free 8-hydroxyquinoline and indicating that the 8- 
hydroxyquinolinato group is chelating in all the 8- 
hydroxyquinoline complexes.4’ Apart from this, the bands 
occurring around 7.50,1100,530 and 505 cm-’ may be assigned to 
in plane ring deformation, C-O stretching, v(M-0) and v(C-0) in 
plane bending frequencies. ‘L’~ 

The ‘H NMR spectra of these complexes have been recorded 
in deuterated chloroform. The resonance signal due to cyclo- 
pentadienyl groups were observed as a singlet near 6 6.60 ppm. 
The existence of a single sharp CjHs resonance is attributed to 
rapid rotation of the ring about the metal ring axis. 

The y-protons (-CH=) resonance of the acetylacetonato and 
benzoylacetonato group in the chelates occur at a lower field (8 
6.1-6.Oppm). This is probably due to at least, in part to the net 
positive charge on the complex ion. The 6 values of methyl 
protons (6 2.5 ppm) in acetylacetonato and benzoylacetonato 
moiety in the complexes is also lower than the values reported 
for other acetylacetonato and benzoylacetonato complexes. It 
may also be due to the cationic charge on the complex ion.” The 

*Author to whom correspondence should be addressed. 

‘H NMR spectra of 8-hyd~xyquinol~ato chelates show that the 
pr6tons at C2 absorb at a lower field (8 9.05, q, J = 4.0 Hz, 1.8 Hz) 
than observed for free 8-hydroxyquinoline (8 8.78). This supports 
the conclusion that 8-hydroxyquinolinato ligand is chelating. 

The resonance signals of different alkyl, cyclopentyl and hex- 
amethylene groups in the dithiocarbamate moiety occur at almost 
the same frequency as for the free dithiocarbamate ligand. The 
intensities of all the resonance lines were determined by plani- 
metric integration. The integrated proton ratios correspond to the 
formula assigned for these complexes. 

Both the IR and ‘H NMR studies carried out for the present 
complexes indicate that ligand L is chelating and CpJi’+ moiety 
possess a wedge like sandwich structure with essentially tetra- 
hedral coordination about the metal atom similar to that of 
dichlorides.‘s Typical vibrational frequencies assigned to the 
di~i~b~ate moiety in all the chelates fully support the view 
that di~~b~ate anion is free anion. 

The possibility of ligand L bonding by simple hardsphere 
coulombic interactions to Cp2Tiz+ moiety is ruled out because in 
such cases a bischelate complex in contrast with the present 
observations, with four oxygen or two oxygen and two nitrogen 
atoms in the xy plane and parallel cyclopentadienyl rings could 
be isolated. Such a structure would maximise the coordination 
number of the metal ion and sim~~eously maximise the total 
metal ring overlap. Since, the K-clouds are used in the formation 
of metal-ring bonds and would exert a less steric effect on the 
equatorial ligands, this configuration cannot be described as 
unstable on the basis of steric grounds. 
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Abstract. Glycine coordinated to cupric ions reacts in basic solution with a stoichiometric 

quantity of aldehydes to give B-hydroxyaminoacids. When the reaction contains a mixture of 

aldehydes, one of them being acetaldehyde, threonine is produced in the solution together with 

a variable amount of the bulkier substituted serine. An intermediate complex may be isolated 

which affords a larger proportion of substituted serines with predominance of the three iso- 

mers. Acetaldehyde and benzaldehyde give a 66% yield of three S-phenylserine. 

Introduction. Condensation of aldehydes on amino acids complexed to metal ions' leads to va- 

rious products. Such reactions provide a route for the synthesis of S-hydroxyaminoacids', but 

even under mild reaction conditions, serine for example undergoes a complex degradation pat- 

tern3. Schiff base formation has been used to protect amino groups, but yields are only fair4. 

This prompts us to report that mixed aldehyde condensation reactions can give specific S-hy- 

droxyaminoacids in good yields. 

Results. When 20 mmoles of acetaldehyde or acetone are added together with 20 mmoles of an 

aliphatic or aromatic aldehyde to 10 mmoles of cis bia-glycinato copper (II) monohydrate (z), 

a variety of condensation products is observed. Concentrated solutions precipitate blue to 

green complexes at room temperature after a few hours. The solids and the mother liquors 

treated as previously described5 give different aminoacids in total recovery yields of 60 to 

84% after recrystallisation from water/EtOH. The final products, analysed by 'H NMR, are 

listed in the table. The yields are not statistically distributed and reflect stereoelectronic 

effects. 

Acetaldehyde is the most reactive aldehyde and threonine in the three to erythro ratio 

of 6/4 can be produced (run 8) in 96% yield. When acetaldehyde is mixed with other aldehydes, 

as in runs 9, 15, 17 and 18, threonine is the major product isolated from the mother liquors. 

However, these same reactions also give solid precipitates which rarely contain unreacted gly- 

tine, and yield less threonine than the other possible B-hydroxyamino acid. Comparing runs 10 

and 11, the proportion of threonine increases when the stoichiometric ratio acetaldehyde/(;) is 

greater than 2. Strongly basic conditions or long reaction periods often result in the partial 

decomposition of the amino acids. The runs with acetone typically develop a gray color and brown 

to black copper precipitate. Operating under a nitrogen atmosphere (run 2) only slightly increases 

the recovery of amino acids. 

Of special interest is the high three to erythro ratio of substituted serines (2) obtained 

from the solid intermediate complexes (a), as evidenced in runs, 9, 12, 13 and 15 to 18. We 

improved the results of run 13 with a larger scale reaction and obtained a 66% yield of the pure 

three isomer (see experimental part). This clearly makes a mixed aldehyde method as attractive as 

the Schiff base one. Indeed, we only obtained a 21.5% yield of phenylserine as a mixture of isomers 

from a modification of the previously used procedure on N-pyruvilideneglycinatoaquo copper6. 

Discussion. Erlenmeyer synthesized phenylserine in 1893 by condensing two moles of benzaldehyde 

on one mole of glycine, with no other metal than sodium. Aliphatic aldehydes, however, require 

cupric ions to promote the reactions, the only reported exception to our knowledge being isobuty- 

raldehyde7. The small yields of three and erythro phenylserines obtained (run 14) and reported' 

when benzaldehyde is used alone could reflect condensation on uncomplexed glycine (copper hydroxide 

precipitates quantitatively from (,I) at pH 12). Phenolic aldehydes do not react to give the desired 

products. Salicylaldehyde for example prefers to chelate the cupric ions in a Schiff base type 

complex. 4-methyl-benzaldehyde, on theother hand,mixPd with equSmlar acetaldehyde pro&ces tolylserine' 

in 39% yield. 
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Another feature of the mixed aldehyde method is that excess aldehydes are not needed. 

We also note that a stoichiometric quantity of 4 moles acetaldehyde for one mole (&), run in 

D20 and NaOD, gives a 94% yield of threonine after 5 hours, with no indication of deuterium in- 

corporation at the a-carbon. Acetaldehyde reacts rapidly at the coordinated nitrogen to form a 

N-hydroxyethyl derivative (a), as evidenced by the rapid colour change from blue to violet. 

Subsequently or simultaneously, the seond aldehyde reacts with the a-carbanion formed under basic 
10 

conditions and cyclises to give the his-oxazolidine copper (II) complex (a) . 

R-Ctio 

RCHO 
CU(NH,CH,CO,),. H,O b 

OH- 
-CH ‘NH\C”,2 

@ 1 0’ C- 

b (2 

dCH0 

‘3’ -b 
OH- 

dec. NH,-CH-COOH 

4 I 
R’-CHOH 

(IV) 

It has been suggested that steric interactions in intermediate complexes are responsi- 

ble for the enantioselectivity in related aldol condensations 
11 

and reactions on similar amino 

acid12 and peptide 
13 

Schiff base complexes. A recent report states stereoselectivity may be 

ascribed to steric inter-cycle interactions 
a 

inanalogy withconclusions drawn from reactions on 

octahedral cobalt (III) complexes 
14 . This is unlikely to hold true for labile square-planar 

copper (II) complexes. The exclusive formation of three phenylserine from (m) and of the 

three isomer of threonine by electrodecomposition arises from intra-cycle steric interactions 

between substituents on the oxazolidine ring. Analysis of the solids in runs 15 to 18 shows 

threonine is present in threo/ertho ratios of 75/25 and the other substituted serines in cor- 

responding ratios near 90/10, except for t-butylserine with a 40/60 ratio 15 . When the bulky 

substituents R and R'in (&I$ occupy pseudo equatorial positions in the oxazolidine ring then 

the three isomer results. An erythro product requires R' in a pseudo axial position. A 

threo/erythro ratio near unity is observed for all amino acids isolated from the mother liquors, 

reflecting epimerisation at the a-carbon in basic solutions. Oxazolidines are known to be formed 

with very high stereoretention 
16 . 

Conclusion. Inpreviouswork formaldehyde coupled with acetaldehyde gave inconclusive results 17 . 
Our findings show mixed aldehyde condensation without formaldehyde give B-hydroxyaminoacids 

readily and provide insight into the mechanism of this reaction. 

Experimental. Cis-his glycinato-copper (JJ,) monohydrate was prepared by mixing aqueous solutions 

of two moles of glycine with one mole of copper sulphate and adjusting the pH to 7. The 

precipitate was recyrstallized once from water. The aldahydes used were of commercial origin. 

n-Rutyraldehyde, isobutyraldehyde and pivalaldehyde were of technical grade. 
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The condensation reactions were carried out with magnetic stirring in tightly closed 

Erlenmeyer flasks, to avoid loss of acetaldehyde by evaporation. Because the reactions are 

exothermic, a Stirr-Kool model SK-12 from Thermoelectrics was used to maintain the temperature 

below 28' in the initial stages. In several runs, the solid precipitates were separated from 

the mother liquors by filtration. Both fractions were decomposed with concentrated ammonia 

and the aminoacids were recovered from a Dowex SOW-8X resin by elution with 1 M NH4OH, followed 

by evaporation to dryness in vaouo. The products were recrystallized by slowly adding ethanol 

to concentrated aqueous solutions. Theweight of the fractions was determined and the mole % of 

amino-acids determined by integration of the corresponding NMR peaks in D20 solution. In some 

cases, the three to erythro isomers gave distinct absorptions. Paper chromatography was used for 

semi-quantitative separation of three and erythro isomers with a solvent composed of 40 ml 

n-butanol, 5 ml acetone, 30 ml H20 and 5 ml concentrated NH40H, followed by revelation with 

ninhydrin. 

Z'hreo phenylserine in 66X yields was obtained by condensing 5.7 ml acetaldehyde and 10.2 ml 

benzaldehyde on 11 g of (;) in 10 ml H20 + 20 ml NaOH 1 M in a 50 ml closed Schlenk Tube. An 

85 hours reaction period gave a blue complex (m) which was washed with cold ethanol (yield 

16.5 g). This compound was insoluble in water (with or without acetic acid) and could not be 

electrolysed. It was decomposed with concentrated ammonia and gave 11.96 g of phenylserine. 
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Abstract - The INDO method was applied to estimate the interaction energy attributable to 

clathration in Hofmann's benzene clathrate using a model. Host-guest and guest-guest 

interactions were clarified and a stabilization energy fairly consistent with that obtained 

by differential scanning calorimetry was calculated. 

INTRODUCTION 
1 

In previous work, the enthalpy changes associated with guest liberation of the Hofmann's 

clathrates Ni(NH3)2Ni(CN)4.2G (G= C6H6, C4H4S, C4H5N, and C6H50H) were determined by differ- 

ential scanning calorimetry(DSC). The enthalpy changes for the pyrrole and phenol clathrates 

were greater than those for the benzene and thiophene clathrates by ca.10 k.l mol 
-1 

respective- 

ly. The difference seemed too great to be explained in terms of dipole-dipole interaction 

among the guests and it was mainly ascribed to the TI hydrogen bond between the CN group of the 

host lattice and the hydrogen atom (-NH_ or -OH) of the guest molecule. The presence of such 

bonding in the anPline clathrate and its contribution to the stability were pointed out earli- 

er in connection with its study by infrared spectroscopy? In that paper, the presence of a 

hydrogen bond between ammine ligand and aromatic guest was also suggested. It stimulated the 

author to evaluate the host-guest interaction by the molecular orbital method and relate it 

to the enthalpy change. Methods ranging from the extended Hiickel MO to ab initio SCF MO have 

been used to investigate the TI hydrogen bond for various systems? To the author's knowledge, 

such an estimate of the stabilization energy by MO calculations has not been made for Hofmann's 

clathrate. However, a single crystal of Hofmann's pyrrole or phenol clathrate has not yet been 

obtained4 and only data from powder X-ray diffractometry are available. Therefore the author 

first carried out MO calculations for the benzene clathrate, whose crystal structure was ana- 

lyzed first by Rayner and Powell? 

METHOD 

Since the d orbital cannot be treated in the version of the CNDO/2 and INDO programs used 

here! the calculations were performed on the model illustrated in Figures 1 and 2. In the 

model, both the octahedral and the square planar nickel atoms were ignored and HCN was used 

instead of the CN group. The carbon and nitrogen atoms of HCN were located at the same posi- 

tions as those in the original crystal structure? The interatomic distance and bond angle of 

NH3 were assumed to be identical with those of the equilibrium structure in the gas phase. 

The intermolecular energy was calculated as the difference between the total energy of the 

P0l.Y 2/*-o 115 
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coupled molecule and the sum of the total energy of the 

calculations were performed using both CNDO/Z and INDO, 

result by the latter method, noting that no significant 

sults using both methods. 

RESULTS AND DISCUSSION 

separate molecules. Although the 

the author describes here only the 

difference was found between the re- 

The results of the MO calculations proved that NH3-C6H6, CN-C6H6 and C6H6-C6H6 interac- 

tions contribute to the stabilization arising from clathration. 

The interaction between NH3 and C6H6 was calculated by rotating NH3 about its C3 axis : 

the rotation of the ammine ligand with little hindrance was known from proton magnetic reso- 

nance spectra? The dependence of the intermolecular energy(LE) on the rotation angle(O) of 

NH3 is shown in Figure 3. From least-squares fitting using the program of SALS! equation(l) 

was obtained. 

@E = -0.001410 - 0.000788 sin(3(0 + 18.40)) (1) 

It indicates that the mean value of the energy for interaction between NH3 and C6H6 is 

0.001410 a.u.. There being four NH 
3 
molecules around a C H molecule, the mean value of the 

66 
total interaction energy is 0.005640 a.u., which was ascertained by performing the MO calcu- 

lation on the combination of a C6H6 molecule and four NH3 molecules. In this case, the 

intermolecular energy is due to the 71 hydrogen bond forming between NH3 as the proton donor 

and C6H6 as the n electron donor. The variation of the energy with the rotaion angle corre- 

sponded to that of the charge transfer from C6H6 to NH3. 

As to the interaction between CN and C6H6, the bond order matrix indicated that the in- 

teraction between 1s orbitals of the hydrogen atoms of C6H6 and 2p orbitals of the carbon 

Table 1. Intermolecular energy( OE) calculated by INDO for the model. 

M f!E(a.u.) n 

NH3 
-0.001410 4 

HCN(1) -0.000580 4 

HCN(2) -0.000267 4 

C6H6 
-0.001174 2 

M : Molecule interacting with a C6H6 molecule. 

n : Number of M. 

See text as to HCN(l) and (2). 
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I 
I 

I C(l) 
I 

A C(2) 

H(1) 
(36) 

I. 

l :H, O:C, @:N,:-;‘:Ni 
Fig. I. Model of the Hofmann’s benzene clathrate for the MO 
calculation. The hydrogen atoms of C& were omitted in this 

illustration. 

m ;’ , , . --._ . , 8 l ’ , , 

.:H, o:C, O:N 

Fig. 2. Arrangement in horizontal section of the model. The 
hydrogen atoms of C&I6 and NH3 were omitted. 

Fig. 3. Dependence of the intermolecular energy (AE) on the rotation angle (0) of NH3. The numbering of atoms is 
consistent with that in Figure I. 
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atom of HCN contributed to the stabilization. The effect was greater for HCN almost perpen- 

dicular to the ring of C6H6 ( HCN(1) in Table 1 ) than for HCN almost parallel to the ring of 

C6H6 ( HCN(2) in Table 1. See Figure 2.). In this case, it may as well be distinguished from 

the 71 hydrogen bond because the hydrogen atoms of C6H6 are unlike those of NH3, which are par- 

tially positively charged. When C6H6 rotated about the C2 axis perpendicular to the nickel 

cyanide network, the minimum point of the interaction energy was found in the vicinity of the 

angle actually found in the crystal structure? Therefore the orientation of C6H6 seemed to be 

determined by the interaction between the guest molecule and the CN group of the host lattice. 

The guest-guest interaction energy was calculated between a C6H6 molecule and others ly- 

ing vertical to it, while no appreciable interaction was found between a guest and others ly- 

ing parallel to it(See Figure 2). The bond order matrix showed that the interaction between 

2p orbitals of the carbon atoms of a C6H6 molecule and 1s orbitals of the hydrogen atoms of 

another C6H6 molecule contributed to the stabilization just as in the case of C6H6 and HCN. 

The results of the INDO calculations are listed in Table 1. The stabilization energy 

from clathration amounted to ca.30 kJ mol 
-1 
, consistent with the result obtained by DSC! 

It is impossible to perform a similar calculation on Hofmann's phenol clathrate because 

single crystal structure data have not yet been obtained. However, the interaction energy for 

the 71 hydrogen bond between the hydrogen atom of the OH group and the CN group of the host 

lattice was calculated, assuming (a) that C6H50H was situated in the middle of the adjacent 

nickel cyanide networks whose separation was known from X-ray powder data and (b) that the 

orientation of the guest molecule was identical with that of the benzene clathrate. The inter- 

molecular energy was ca.21 kJ mol 
-1 It is greater by ca.20 kJ mol 

-1 . than that of the benzene 

clathrate. The value is thought to correspond to the difference between the enthalpy changes 

of the respective clathrates? 

The model for Hofmann's clathrate adopted here poses considerable problems in some respects. 

For example, the electron density of each atom in the model is not identical with that in the 

original clathrate. The structure of NH3 assumed here must be a little different from that in 

the actual clathrate. The interaction between the guest molecule and the hydrogen atom of HCN 

was not negligible in the MO calculation. However, the result obtained here seems to be reason- 

able and may well hold also for the actual clathrate. 

AckmwZedgmmzt-The author thanks Prof. T. Iwamoto for his advice. 
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COMMUNICATIONS 

The characterization and thermal stability of a clust.er 

HRu3(CO)10(W3i$ grafted on silica surface 

(Received 28 June 1982) 

Abstract-Rur(CO)i2, supported on silica in the absence of oxygen, reacts with silanol groups of the surface to 

produce a grafted cluster HRus(CO),~(OSi$, which has been characterized by IR and Raman spectroscopy; the 

molecular formula of this cluster is in agreement with the stoichiometric balance of CO evolved during its formation 
from Rus(C0)i2. The grafted cluster is an intermediate step to produce by thermal decomposition small metallic 
ruthenium particles of 14 8, together with some Ru(II) carbonyl species encapsulated in the silica surface. 

Recent interest has been devoted to the chemical behaviour 
and the catalytic activity of mononuclear or cluster carbonyl 
complexes supported on inorganic oxides.’ 

Some attentibn has been paid to the chemistry of Rur(CO)ir on 
silica2A since it was renorted that RuI(CO)U on silica is active in 
various catal 
isomeratior? P 

tic reactions, such as- o-olefm hydrogenation or 
or CO reduction to hydrocarbons. 

However, in the previous works,” which were mainly sup- 
ported by surface IR studies, it was difficult to understand the 
real surface chemistry, because the experiments were not carried 
out in the absence of surface adsorbed water and of dioxygen, 
since the samples were always prepared in the air. On the 
contrary under our standard experimental conditions,’ we could 
investigate the adsorption of Ruj(CO)r2 on silica surfaces, treated 
under high vacuum at 500°C for 16-20 hr, and follow the trans- 
formation of the supported cluster under different experimental 
conditions, including progressive heating in high vacuum. 

In this way, we have found that the first “species” obtained by 
thermal decomposition of Ru,(CO),r physisorbed on partially 
dehydrated silica is a grafted molecular cluster 

HRus(CO)ia(OSi<) resulting from the oxidative addition of a 

surface silanol group into the metal-metal bond of the original 
cluster. Such grafted cluster thermally decomposes only above 
ca. 373 K to produce, upon aggregation, ruthenium metal parti- 
cles covered with CO and some oxidized Ru(II) carbonyl surface 
species. 

When Rur(C0),2, dissolved in pentane solution, is adsorbed 
under vacuum onto a silica disc which was previously treated at 
773 K under vacuum (10e5 torr) for 16 hr, the resulting IR spec- 
trum exhibits bands at 2063 (s), 2032 (m), 2018 (m, sh) which are 
identical in freauencv and intensitv to those of Rur(COh2. BY 
treatment under-vacuum at cu. 353-K for a few h0urs.a p&es- 
sive modification of the spectrum is observed with new carbonyl 
bands appearing at 2111 (w), 2077 (m), 2066 (m), 2033 (s, br) and 
1995 (sh) cm-‘. 

The new IR spectrum is quite similar in intensity and frequen- 
cies to that of the well characterized osmium cluster 

(H)Osj(CO)idOSi<) grafted on a silica Surface’; in addition 

similar IR spectra are reported for molecular clusters of the type 
(H)Rur(CO)ioX (X = SC2H5)9 (Table I). 

The Raman spectrum of the supported cluster after decar- 
bonylation at 318K has been recorded using low power (< 
30 mWJ of the 647.1 nm laser line and sample spinning cell 
techniaues in order to avoid any decomposition. In the low 
frequency region this spectrum exhibits several bands of the 
starting RUDER cluster” and two additional new bands at 201 
and 162cm-’ which can be tentatively assigned to metal-metal 

stretching vibrations of a grafted cluster. The stoichiometry of 
the surface reaction: 

Ru3(C0)r2 t HOSi{+(H)Rus(CO)i~OSi$ t 2C0 

is confirmed by the following experiment. A pentane solution of 
RudC0),2 (30 mg; 0:05 m.mole) was adsorbed onto a silica sam- 
ple (about 1 g) previously treated at 773 K under vacuum for 16 hr. 
After removal of the solvent under vacuum at room temperature, 
thermal decomposition of the supported cluster at increasing 
temperature, resulted in the evolution of 1.7 kO.2 moles of 
CO/mole of cluster in the temperature range of 343-393K. No 
significant evolution of Hr nor CO2 was observed in this tem- 
perature range which is in agreement with the proposed structure 

HRur(CO)ia(OSi<). 

The thermal stability of the grafted ruthenium cluster has been 
followed by analysis of the gas phase during thermal decom- 
position by infrared spectroscopy and electron microscopy 

Upon heating the grafted cluster (H)Rur(CO)ro(OSi<) above 

393 K, a progressive evolution of about 10 moles of CO per mole 
of cluster was observed when the temperature was increased up 
to 523 K. Meanwhile a certain amount of Hr was evolved, which 
may be ascribed to a partial oxidation of zerovalent ruthenium by 
surface OH groups with formation of surface oxidised Ru(II) 
(CO), species.* After thermal decarbonylation of HRu~(CO),~(O- 

Sic) above 393 K or at 393 K for 16 h under high vacuum 

(IO-’ mm H-g), the IR spectrum presented a broad peak centered 
at 2037cm , typical of CO coordinated to metallic ruthenium, 
and some peaks of smaller intensity at 2122,208l and 1957 cm-’ 
probably corresponding to Ru(II) (CO), (n = 2,3) species formed 
in low concentration. 

As it is well known for CO coordinated to metallic ruthenium” 
a progressive decarbonylation occurs with increasing tem- 
perature, corresponding to a shit of v(C0) frequency from 
2037 cm-’ at 13 = 1 to 1985 cm-’ at 8 = 0.1. Such decarbonyl- 
ation is reversible as determined by the frequency and intensity 
of the v(C0) band obtained after recarbonylation at 25°C. The 
presence of small particles of ruthenium metal was confirmed by 
electron microscopy. Such particles exhibit a very narrow dis- 
tribution of particle size around 14A. Similar sizes have been 
obtained in another laboratory.” 

The assignment of the other IR bands to a mixture of Ru(II) 
carbonyl species is substantiated by the easy formation of sur- 
face species characterised by similar IR absorptions, by thermal 
encapsulation of Ru(II)CO~Cl? into silica (Table I). These oxi- 
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Table 1. 

Compound v(C0) cm.-’ (M - M) cm.? Ref. 

R~J(co)l2 

HOss(CO)rdOSi<) 

HRu~(CO)dSGH~) 

HRus(CO)tdOSi) 

DW’W2Chlm 

[Ru(CO)dOSiPh&lx 

[Ru(CO)s(OSi<)& 

IRu(CO)dOSi<)d. 

CO/Rum,,, e = 1 
8==0.1 

2060 vs, 2030 s, 2011 m” 
2059 s, 2054 sh, 2039 m, 2025 s, 
2016 s, 1998 s, 1986mb4 
2063 vs, 2032 m, 2018 shC 

2114 w, 2079 s, 2068 s, 2032 vs. 
2012 sh, 1995 m 

2105 m. 2064 s. 2056 s, 2025 vs, 
2012m, ZOOS s, 1994 ma 

2111 w, 2077 s, 2066 s, 2033 s, br. 
1995 sh 

2182w, 2132 s, 2113 ms, 2080 sd 
2136 s, 2075 s, 2051 se 
2070 s, 2006 se 
2143 s, 2082 se 
214Os, 2692 s, 2066 s, 2045 w, 

159,118 

This work 

8,10 

9 

200,155 This work 

2026 w* 

15 
15 

t : 
15 

2076 vs, 2018 vs* 
2662 s, 1995 s’ 

2138 m, 2073 s, 2014 ss 
2150 s, 2092 vs, 2035 m” 

2072 s, 2002 ss 

16 
This work 

This work 
This work 

This work 

2085 s, 2027 sh This work 
2037 br This work 
1985 br This work 

This work 
This work 

“hexane; *nujol mull; ‘on silica heated in vacuum at 500°C; dCHrBr2; ‘CHrClr; ‘CHrCl3; sfrom RUDE on 
Silica heated in vacuum at 5o(pc; hfrOm [Ru(Co)3Cl2]2 on silica heated in vacuum at 5OO”C. 

RU.J(CO),* /Pentsne 

1 
Ru3(C0),2(adsorbed) 

-4 1% 353-373 K 

2co 

m &i, 

I T > 373 K 

Ru--RI,-Ru 
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dised species are in thermal equilibrium of decarbonylation (and 
carbonylation) (Table 1): 

[Ru(CO)iOSi<b.l. g [Ru(COh(OSi$& t n CO. 

Similar species are obtained by treatment of RUBLE adsorbed 
./ on silica or the grafted cluster (H)Rrrs(CO)r0(0St) with oxygen, 

confirming that an oxidation of the ruthenium atoms occurs. 
Finally a molecular species with similar IR absorption bands at 
2062 (s), 1995 (s) cm-’ is obtained by treatment of [Ru(CO)sCl& 
with TlOSiPhr (Table 1). 

The various steps leading to surface grafting and then to the 
formation of metallic particles and R”(H) carbonyl species (see 
Scheme) require well defined and narrow conditions, so that all 
these species may coexist if the experiments are not carried out 
under the appropriate conditions, which explains some of the 
previous results.’ It is worth mentioning that Rtr~(CO)rr reacts 
much lie OsJ(CO)rr with the silanol groups of silica, whereas 
Fel(CO)I, exhibits a different behaviour.” 

However in contrast with the corresponding osmium species, 
the ruthenium grafted cluster is not stable at room temperature in 
the presence of oxygen or adsorbed water. 

It is probably for this reason that this particular surface 
species was not detected by previous workers,‘.’ whilst the 
corresponding surface osmium species (H)Os,(CO)raX (X = 

OSi<, OAl(, OZn, OTi$, were observed even if the original 

samples were prepared in the air.” 
In addition, in contrast to osmium, the ruthenium grafted 

cluster decomposes above ca 393 K to metal particles covered 
with CO and to oxidised R”(B) surface carbonyl species, whilst 
with osmium the metallic state is reached under more drastic 
conditions.* 
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REACTIONS OF METAL COMPLEXES WITH CARBOHYDRATES. 3.1.2 

THE CRYSTAL STRUCTURE OF (ETHYLENEDIAMINE)(*-[(2+lINOETHYL)AMINO]- 

L-DEOXY-L-SORBOSE)NICKEL(II) DICHLORIDE HEM1 METHANOL - 

[Ni(en)(L-sor-en)]ClR*&H3OH 

TAR0 TSUBOMURA, SHIGENOBU YANO*, SADAO YOSHIKAWA* 

Department of Synthetic Chemistry, Faculty of Engineering, 

The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan 

KOSHIRO TORIUMI, TASUKU IT0 

National Institute for Molecular Science, Okazaki-city 444, Japan 

(Received 17 August 1982) 

We have previously reported the synthesis and characterization of new nickel(I1) 

complexes containing N-glycoside which were derived from the reaction of tris(ethylene- 

diamine)nickel(II) dichloride dihydrate with D-glucose, D-mannose, or D-fructose, 

including the X-ray structure determination of the complex derived from D-fructose 

(Figure 1). 
1 C(10) 

The bindings of carbohydrates to metal ions are 
N(4) 

C(9) 

3 
interesting matters as coordination phenomena, and 

as bioinorganic systems. As a part of study to 

elucidate interactions between metals and carbo- 

hydrates, we present both the synthesis and the 

crystal structure of a nickel complex containing 

an N-glycoside (L-sor-en) formed by the reaction 

8) 

between ethylenediamine and L-sorbose. where L- 
C(1) 

sor-en is 2-[(2-aminoethyl)amino]-2-deoxy-L-sorbose 
Figure 1. A perspective drawing 

2+ 

(Figure 2). 
of [Ni(en)(D-fru-en)] . 

L-sorbose, which is C5 

epimer of D-fructose, is considerably I P 
H 

lym,,, 

important as an intermediate in the 

chemical synthesis of L-ascorbic acid. 

"o,&$C+H+NH#C"p%*H+ 'In2 

L-s0rtms.e e” L-sor-en 

The complex was synthesized as 
Figure 2. Reaction scheme. 

follows. L-Sorbose (17.6 mmol) was 

added to the solution containing [Ni(en)a]Cl, *Hz0 (8.8 mmol) in 80 mL of methanol. As 

a catalyst NH,+Cl (8.8 mmol) was added. 
4 

The violet solution was refluxed for lh., then 

it became blue. It was evapolated to 40 mL and loaded on a Sephadex LH-20 gel permea- 

tion column, and eluted with methanol. The reaction materials seperated into violet, 

blue, yellow, and orange bands. The blue fractions were collected and concentrated to 

about 15 mL, then it was kept at 5OC. Blue crystals were obtained and were recrystal- 

lized from a minimum amount of hot methanol. 

Elemental analysis indicates that this complex has one ethylenediamine ligand (en), 

and one N-glycoside ligand (L-sor-en). Calculated for [Ni(en)(L-sor-en)]Cl 2';CH30H 

(Clo.sH2eN,+05.sC12Ni>: C, 29.46; H, 6.61; N, 13.09; Cl, 16.56 Found: C, 29.19; H, 6.86; 

N, 13.36; Cl, 16.50. The near infrared and visible spectrum of methanolic solution 

shows three bands with comparatively low intensities, which are characteristic of octa- 

hedral Ni(I1) complex (Figure 4). The magnc'ic moment at room temperature is 3.16~~ 

which falls within the range of reported octahedral nickel(I1) complexes. The struciure 

of this complex was determined by as X-ray crystallographic study. This compound crys- 

tallizes in the monoclinic space group C2 with a = 17.862 (2) A, b = 8.212 (1) A, 
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c = 12.644 (2) A, 8 = 90.89', and z = 4. After absorption correction, the structure was 

solved by heavy atom methods, and structure parameters including almost all hydrogen atoms 

were refined by least-square methods to R = 0.032 (Rw = 0.042)5 for 2680 independent ref- 

lections with Fo>3a(Fo). 

UNICS III.6 

All calculations were performed with universal program system 

A perspective drawing of the complex cation 

showing thermal motion is given in Figure 3. It 

reveals that nickel is octahedrally coordinated 

with a bidentate ethylenedismine ligand and a 

tetradentate N-glycoside ligand of L-sor-en. The 

pyranose ring is in the usual c~-~C~ chair form. 7 

The conformation of bidentate ligand en is 6. 

The absolute configuration of the secondary Figure 3. A perspective drawing 
nitrogen atom is S. The nickel-nitrogen bond of [Ni(en)(L-sor-en)12+. 
distances fall within the expected range 

(Table 1). Each of the interior angles of Table 1. Selected bond length and angles. 

five-membered chelate rings subtended at bond length (A) angles (degree) 

nickel atom is smaller than ninety degrees. Ni-O(l) 2.137(3) O(l)-Ni-N(1) 76.1(l) 

They are normal for five-membered chelate Ni-O(3) 2.118(2) O(3)-Ni-N(1) 78.2(l) 

rings. Ni-N(1) 2.109(3) O(3)-Ni-N(2) 162.8(l) 

The CD spectra of [Ni(en)(L-sor-en)12+ Ni-N(2) 2.068(3) N(l)-Ni-N(2) 84.6(l) 

and [Ni(en)(D-fru-en)] 
2+ 

in methanol are Ni-N(3) 2.059(3) N(3)-Ni-N(4) 83.3(l) 

shown in Figure 4. They have opposite Ni-N(4) 2.078(3) 1 

sign of CD curves in the first absorption region. 

It is generally accepted that the contribution of vicinal 

effect to optical activity, which is the effect of asy- 

mmetric groups on the ligand, is small. The structure 

of [Ni(en)(L-sor-en)] 
2+ 

ion is similar to that of 

[Ni(en)(D-fru-en)] 
2+ 

ion except for the absolute con- 

figurations around the C(5) atom and the gauche confor- 

mation of bidentate ethylenediamine chelate, which 

usually makes a rapid interconversion between 6 and A in 

solution. Therefore, it is a very interesting fact that 5. 

the CD spectra of both complexes are quite different 

from each other as stated above. 
101 & 

10 15 20 25 x1 35 
1. ?, 

AE 

106 

IOL 

102 

1 

m2 

-004 

006 

The result of two crystal structures suggest the 

usual coordination patterns of the N-glycoside ligands 
Figure 4. Absorption and CD 

derived from ketoses. 
spectra of [Ni(en)(L-sor-en)] 

2+ 
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IN THE SOLID STATE 
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ABSTRACT-The title complexes with the formula Co(salen)L where L is a series 

of 2,4_pentanedionates underwent thermally induced one-electron transfer 

reactions from L to Co(m). The reaction left behind a stoichiometric amount 

of the crystalline Coll(salen) complex which took up oxygen in a molar ratio 

of co:02 = 2:l. The kinetic analyses showed that the electron transfer 

reaction rate was.apparently dominated by activation entropy rather than by 

activation enthalpy. 

Thermally induced intramolecular electron transfer reactions occurring in solid 

transition metal complexes are of significance in connection with the catalytic behavior 

of metal complexes. However, there have so far been only a few investigations on such 

redox reactions. 192 Present paper comnunicates that upon heating, the solid Com(salen)L3 

undergo one-electron transfer reaction from the L to the Co(m) ion and leave behind a 

stoichiometric amount of Col*(salen) in the crystalline form which is active toward oxygen 

uptake in the solid phase. 

TG and DTA curves recorded in a flowing nitrogen atmosphere showed that Co(salen)L 

were endothermally decomposed in the 440-490K temperature ranae. The weiaht-loss in the 

TG curves corresponded to the following decomposition scheme: Com(salen)L+Col'(salen). 

The analytical data and ueff q 2.51 pB(300K) of the solid pyrolysis product also supported 

the above scheme. Moreover, the IR spectra and X-ray powder diffraction patterns of the 

pyrolysis products were in fair agreement with those of the authentic CoII(salen) complex 

prepared by the literature method.4 The pyrolysis gas chromatographic measurements' 

carried out under the conditions: Column packing, DEGA; pyrolysis temperature, 490K, 

confirmed that the gaseous products evolved by the pyrolysis included l/2 mol of the 

corresponding free HL per mole of the.pyrolyzed Co(salen)L complex. For Co(salen)(acac), 

gaseous products were found to include, besides HL, non-stoichiometric amount of acetone, 

methanol, and ethanol. 

Under non-isothermal conditions,5 

contracting-disc equation: 1-(l-a)"2 

the reactions were found to proceed followinq the 

= kt, where a is the molar fraction of the Co(I1) 

complex produced from the Co(m) complex; k, the rate constant; and t, the reaction time. 

The kinetic results are given in Table 1. As Table 1 shows, ttie rate constants at 

460K increase in the following order of the mixed ligand L: acetylacetonato < propionyl- 

acetonato < rr-butyrylacetonato < n-caproylacetonato. Therefore, from the increase in the 

rate constants the activation enthalpy AH4 may generally be expected to decrease in the 

above order. However, contrary to this expectation the AH'+ values actually increase in 
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Table 1. Kinetic data of the thermal electron transfer reactions of Co*(salen)L 

L AH'(460K)/kJ mol-' log(A/s-‘) AS*( 460K)/JK?nol- kf460K)/s-' 

acetylacetonato 193+3 18.7kO.5 101+9 (2.00+0.72)x10-4 

propionylacetonato 227+6 23.4kO.6 190+11 (1.38+0.27)x10-3 

n-butyrylacetonato 252+9 26.6kO.9 252+17 (3.o9+o.92)xlo-3 

n-caproylacetonato 298511 32.251.4 359+26 (7.75+2.45)X1o-3 

AH', Activation enthalpy; A, pre-exponential factor; k, rate constant. The values of 

activation entropy bS"f, were calculated from the relation, AS+= R(ln~ - lf, where R is 

gas constant, k Boltzman constant, h Plank constant, and T absolute temperature, 

The kinetic analysis was carried out on the basis of the fact that all reactions followed 

the contracting-disc equation. 

this order. This fact led us to take the entropy term into consideration. The AS~values, 

activation entropy, calculated by assuming K(transmission coefficient) = 1 are shown in 

Table 1. It is seen from Table 1 that the AS*value for L = n-caproylacetonato complex is 

ea. 3.5 times larger than that for t = acetylacetonato complex. Thus, it is clear that 

the activation entropy plays an important role in the present solid 

positive and rather large AS% values are considered to suggest that 

determined by the dissociation process of L6, which occurs with the 

transfer process. 

It is noticed that the pyrolysis of the complexes gave rise to 

in a crystalline form. On standing this Co'I(salen) complex in dry 

state reactions. The 

the reaction rate is 

concomitant electron 

the Co'*(salen) complex 

air or oxygen atmos- 

phere at room temperature, it took up oxygen in a few hours and turned the color from 

brown to black. The 02-adduct liberated oxygen endothermally at ea. 340K with a weight- 

loss 4.8%, corresponding to the composition of the 02-adduct, [Co(salen)1202. The 02- 

adduct showed peff = 1.06 pB at 300K. 
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Chelating polymer resins have been widely applied to metal ion collector 

in the fields of environmental chemistry and chemical industry. 
1 

Since the 

stability of a metal complex increases with the number of chelate rings, it is 

desirable tQ immobilize multidentate ligand into polymer matrix. Blasius 

prepared chelating resins by the reaction of alkylpolyamines with chloromethylated 

styrene-divinylbenzene copolymer. 
2 
But the intra- and interstrand bridging 

reactions are inevitable by the N-alkylation of the primary and the secondary 

amino groups of polyamine. These bridging reactions bring about the decrease 

in ligand content introduced in the polymer and steric restrictions for the 

chelate formation. Improved methods have been reported to avoid such bridging 

reactions, 3‘4 but they require relatively long reaction steps. 

In this communication we report a simple method to introduce multidentate 

ligands based on diethylenetriamine into polystyrene beads without causing the 

undesirable bridging reactions. The preparative scheme is given in Fig. 1. 

Reaction scheme 

H-C@ 
'SNa 5 

CH2cN~-<Na- 

Preparation of the chelating resins. Reaction of bis(salicylidene- 

imi~ate)diethylenetriamine (93.3 g) with resin A5 (26.0 g) in refluxed dioxane 
(400 cm3) for 48 h gave yellow resin,&. Yield: 50.4 g. Hydrolysis ofA(49.1 g) 

with 6M HCl (600 cm3) at 60 OC for 12 h yielded,&in hydrochloride form. 

The resin in the free amine form was obtained by treatment with 2 M aqueous 

ammonia. Yield: 30.5 g. A mixture of sodium monochloroacetate (117.5 g in 200 

cm 
3 of water) andA(30.0 g) was heated at 70 OC for 12 h. Aqueous sodium 

carbonate solution was added to maintain the reaction solution basic (pH 9-10). 

The resin was washed with 2M HCl, water and acetone and vacuum dried. Yield: 

49.9 g. ResinAwas obtained by stirring resin2 (5 g) with carbon disulfide 

(15.2 g) and sodium ethoxide (13.4 g) in ethanol (100 cm31 at 50 OC for 12 h. 

Yield: 7.9 g. The analytical data of the resins are summerized in Table 1 

along with the concentration of ligating groups and the reaction conversion. 
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Table 1. Analytical data and concentration of ligating groups of the resins 

Resin Analytical data (%) Concentration of,) 
b) 

Cl N ligating group Conversion (%) 
( mmole/g-resin ) 

22 20.5 5.78 

ZI 1.09 8.81 2.10 94 

z 0 12.70 3.02 72 

a 0 7.74 1.84 87 

5 0 7.58 1.80 78 

a) Calculated from actual chlorine content (A), and nitrogen content (A, ;?/ & 

anda. 
6 
Concentration of ligating group = %N - X 10, where n=number of 

nitrogen atom. 14 n 

b) Based on the ratio of the actual ligand content to the theoretical value 

calculated from total displacement of chlorine by ligand. 6 

Characterization and evaluation of the resins. The Schiff base bound 

resin2i.s presumed to have a structure as depicted in Fig. 1 in which direct 

N-alkylation has occurred. It is noted that bis(salicylideneiminate)ethylene- 

diamine did not react withA, indicating that 0-alkylation of the hydroxide 

groups in the ligand did not take place. Hence&does not contain bridging 

structures in the ligand moiety. Resin2 gave IR band at around 1630 cm -' due 

to (C=N) stretching vibration of the pendant ligand. Acid hydrolysis ofAgave 

_3, where v(C=N) band disappeared. Strong band of v(C=O) was observed at around 

1730 cm 
-1 for the resin$indicating that the desired reaction had took place. 

7% 
\ < 3.0- cu2+ 

-5 
A 

.r- 

g-’ 
s2o-[ KNi2+ 02+ 

0 

E .- 

; l.O- 
u fl. -Zn2+ 

All the chelating resins form complexes 

with various transition metal ions, i.e. Cu 2+ , 
Ni2+, Co2+ and Zn2+ and most of the reactions 

are accompanied by an obvious change in color of 

the polymer beads. The chelation capacities 

(maximum uptake of metal ion by 1 g of dry resin) 

of the present resins are in the range 1.2 to 

3.0 mmole/g-resin at the optimum pH region. 

Resin&can retain metal ions at wide pH range 

(Fig. 2) and the chelationcapacities are much 

=1111111( nigher than those of commercially available 

1 2 3 4 5 6pH 
resins containing iminodiacetic acid. This is 

Fig. 2 Chelationcapacityvs.pH 
because the ligand moiety of,$ consists of two 

sets of iminodiacetic acid and can react with 
curves for theresin 
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SYNTHESIS 
COMPLEXES 

AND SPECTRAL STUDIES ON PLATINUM 
WITH MONO- AND BIDENTATE N-DONOR 
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~~-Platin~~I) complexes of types PtLX,, P&X2, PtLX’ and the Pt(IV) complexes PtLXY (where 
L = mono- or bidentate organic ligand containing nitrogen donor atoms; X = Cl or Br; x’ = oxa!ate or malonate and 
Y = Br) have been synthesized and characterized from their elemental analysis, IR and X-ray photoelectron 
spectral data. The Pt 4f7,* binding energies indicate that !,8-naphtha!ene-diaminae ligand is a better donor of electron 
density to the meta! &an other ligands studied here. The Cl 2~s~ binding energies in t!re square planar Pt(X) 
complexes are observed in the range 198.8 2 0.8 eV. The Y (PM!!) vibrations (ca 335 and 320 cm-‘) correspondii 
to two cisC1 ligands were observed in the IR spectra. 

The extent of the interaction between cisdichloro-his-(theophy!!ine)p!atinum(II) with ca!f thymus DNA has 
beenstudied. The UV difference spectra resulting from aquated Pt”(theoph)s-DNA interaction exhibit bands at 282 
and 292 nm at~~~!e to the change in t!re electron ~s~bution of the base moieties induced by biiding with 
platinum and due to the loss of base stacking. Melting proilles for the DNA samples treated with Pt-complex 
showed decrease in the meltinn temperature. Binding of the guanine residues of the DNA, involving probably 
(N7)-0(6) positions to the metal-is implied. - 

~ODU~ON 
The encouraging and rapid progress in clinical develop- 
ment of anti-turnour platinum drugs has been the main 
impetus behind studies of the mechanism of action. 
Currently’ the most convinci~ mec~~sm for the cyto- 
toxic action of these agents on cells in culture is that 
reactions with DNA impair its function as a template for 
further DNA replication. The anti-cancer action of cis- 
~c~oro~mmmine pla~~(I~ cj~-PtCl~NH~)~ (cis-pla- 
tin), which is currently used in many hospitals in the 
treatment of ovarian, testicular and other forms of 
cancer, is thought to involve coordination to a guanosine 
residue in DNA. Little is presently known about the 
specific covalent attachment sites of ci~-PtCl*(NH~k and 
platinum uracil blues on DNA. However, various studies 
have implicated N-7 and possibly O-6 of guanine?-5 
Although high overall response rates for cis-platin in the 
~eatment, p~c~~Iy ovarian and testicular forms of 
cancer, were reported6*’ when the drug was used in 
combination with vinblastine and bleomycin or dox- 
orubicin, efforts increasingly are being made to syn- 
thesize new plating compo~ds with decreased toxicity 
and greater therapeutic properties. We have, in con- 
tinuation of our work’ on Pt(II) and Pd(II) chelates, 
synthesised several new Pt(I1) complexes of the type, 
PtLX2, PtL2X,, PtLX and Pt(IV) complexes PtLXY 
where L= mono- or bidentate ligand, such as, 8- 
aminoquinoline, 1,8naphthalenediamine or a derivative of 
l,lO-phenanthroline, theophylline, S-nitrod-amino- 
pyridine, etc. X = Cl or Br; X’ = oxalate or malonate; 
Y=Br. 

Some of these compounds were screened for their 
activity at Imperial Cancer Research Fund Laboratories, 
London, and the preliminary in vitro tests indicate ap- 
preciable antitumo~ activity, especially for the com- 
pounds dic~oro(8-~inoquinoline)Pt~I) and oxalato(8- 
aminoquinoline)-Pt(I1). Furthermore, we have also stu- 

iNCL ~ommu~cation No. 2841. 
*Author to whom correspondence should be addressed. 

died in solution the reaction of ~C~oro-~i~~~ophyI- 
line)Pt(II) with calf thymus DNA by recording the UV 
difference spectra at various pH’s and temperatures. 
Solubiity problems precluded the study of other Pt- 
complexes. 

EXPERIMENTAL 

KsPtCl,, and KsPtBr, were prepared by the reported 
me~s.9,‘o The hgands, 5-notro- and 5,7 - dibromo - !,!O - 
phenant!uoline, 5 - nitro - 2 - aminopyndme, 1 - isonicotinyl - 
2D - glucosylhydrazine, theophylline, 7 - methyltheophy!!ine, 6 - 
amino - 5 - nitroso - !,3 - dimethy! uracil were synthesized by the 
known procedures.t’-‘~ Their purity was checked by elemental 
analysis~ mps and spectra! data. Calf thymus DNA (Type I), 
thvmine hydroc!tloride. 8 - amino - suinoline and 1.8~nanh- 
thalenediiine were purchased. (Sii chemical Co., Fhtka AG, 
Buchs SG, Switzerland and A!drich Chemical Company, Inc., 
U.S.A.) Al! other chemicals used were of reagent grade. Solvents 
were purhled and dried prior to use. IR spectra were recorded on 
a Perkin-Elmer mode! 599B infrared spectrophotometer. 

X-ray photoelectron spectra were recorded using a VG 
Scienti!ic ESCAJMK-2 electron spectrometer. Powered samples 
were rno~t~ on a nickel sample holder. Magnesium K, radia- 
tion (1253 * 6) was used as a source. Nitrogen is, Pt 41, Cl 2p, Br 
3p binding energies were referred to C 1s line of impurity carbon 
at 283 eV. An attempt was also made to reference the spectra to 
the Au 4f,,, line at 83 eV by vacuum deposition of gold onto the 
sample. The %a! values of the binding energies for each sample 
were determined from measurements in triplicate on several 
sample preparations and their accuracy is within 20.20eV. 
Visual examination of the samples after measurement revealed 
no evidence of radiition damage. 

DNA stock solutions were prepared by dissolving DNA in 
0.01 M phosphate buffers pHs 6.8, 8.04 and 9.95 containing 
0.01 M NaCl by gentle stirring in a refrigerator. The concen- 
tration of DNA was estimated by absorbance measurement at 
266 run using the coefficient f (P) = 6650.16 The p!atinum com- 
p!exes were dissolved before use in 0.01 M p!tosp!tate !mffer, pH 
6.8 containing 0.01 M NaC!. The aquated cir-Pt(theoph)f+ was 
prepared by stirring solutions of stoichiometric amounts of 
AgNO, and cis-Pt(t!reoph)2C!z overnight at room temperature in 
dark. The AgC! that precipitated was removed by &ration and 
t!te clear filtrate was diluted wit!t bu!Ier to the !&a! stock con- 
centration [LO x 10~“M aq cis(theoph)~Pt”‘]. The pH adjust- 
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ment of all solutions to 6.8 was made by the addition of standard 
NaOH solution. All the pH measurements were made on a 
digital pH meter, model PHN63 (Radiometer, Copenhagen). 

Reactions were carried out at different concentrations of DNA, 
concentration of aq. cis-(theoph)9t++, temperature and pH. The 
difference spectra were obtained using four 1 cm path length 
cells. The sample compartment contained two cells, one contain- 
ing the reaction solution (cis-(theophykPt”/DNA) and the other 
containing the buffer solution, whereas the reference compart- 
ment contained individual cells of DNA and the aquated cis- 
(theoph),Pt++ solutions respectively at the same conditions 
(0.01 M phosphate buffer, pH, temperature and initial concen- 
tration). The difference spectra reported at 30°C were obtained 
on a 0.500 expanded absorbance scale on a Pye Unicam Model 
SP8-100 spectrophotometer. The melting temperature, Tm, is 
defined as the temperature at half denaturation.” Melting profiles 
were recorded manually (rate of heating S”/min. initially and 
l”/min. in the steep part of the curve at 260 nm. 

Pt(II) complexes of the type Pt(II)LX2, Pt(II)L,X, were syn- 
thesized by following the general procedure given below: 

Clear (filtered if necessary) solutions of K,PtCl, or K,PtBr, in 
water (10 ml) and the appropriate organic ligand in excess of hot 
water (80 ml) in 1: 1 or 1: 2 mole ratios were mixed together and 
heated on a water-bath for about 8-l2hr. (In case of 5 - nitro - 
and 53 - dibromo - 1,lO - phenthroiine solvent DMF was used 
and the mixture was refluxed; in the preparation of I-isonicotinyl 
- 2D - glucosyl hydrazine complex, the reaction mixture was 
stirred at room temperature for 24hr.) The solid products that 
separated out were collected on a filtered under suction, washed 
with hot water repeatedly (5mI portions) and dried under 
vacuum. Yield - 80%. 

(I) Dichloro(S-aminoquinoline)platinum(ll), Pt(&NH2Q)C12: 
m.p. decomp 335°C (33o”C).‘* Found: C, 27.2; H, 2.10; N, 7.2; Cl, 
16.9; Pt,47.41. Calc. forC9HsN2C12Pt: C,26.35;H, I.%; N,6.83;Cl, 
17.28; Pt, 47.56%. 

(2) Dibromo(8 - aminoquinoline)plutinum(ZZ), Pt(8-NH2Q)Br2: 
decomp. - 190°C. Found: C, 22.71; I-I, 1.93; N, 6.19; Br, 31.4; Pt, 
39.44. Calc. for CJsN2Br2Pt: C, 21.63; H, 1.6; N, 5.61; Br, 32.00; 
Pt, 39.09%. 

(3) Dichforo(l,lO - phenanthrolifle)plutum(Z~, Pt(l,lO - 
phen)C&: was prepared dy the reported method” and also by the 
general nrocedure usinn DMF solvent. Found: C. 31.9: H. 1.95: 
it, 43.2,. Calc. for C,&NtCIZPt: C, 32.29; H, 1.81; Pi, 43.73%: 

(4) Dichloro(5 - nirro - 1,lO - phenanfhroline)platum(ZZ), Pt(5 
- NOI - 1,lO - phen)CIZ: decomp. 315°C. Found: C, 30.4; H, 1.94; 
N, 7.9; Cl, 14.61; Pt, 39.52. Calc. for CIZH7N302C12Pt: C, 29.3; H, 
1.44; N, 8.56; Cl, 14.43; Pt, 39.71%. 

(5) Dich/oro(5,7 - dibromo - 1,lO - phenanBro/ine) 
plutinum(ZZ), Pt(5,7 - Br2 - 1,lO - phen)Clz: decomp. - 
295°C. Found: C, 24.07; H, 1.36; N, 4.60; Pt, 31.82. Calc. for 
C,2H6N2Br2C12Pt: C, 23.84; H, 1.0; N, 4.64; Pt, 32.3%. 

(61 Dichlorofl.8 - naohthalenediamine)olafinumlll). Pt(1.8 - 
NH; - Naphth)Cl;: decohp. > 250°C. Fouid: C, 28.h;.k, 2.6; N, 
6.0; Cl, 16.74; Pt, 45.52. Calc. for C,,&,NzClzPt: C, 28.29; H, 
2.36: N. 6.6: Cl. 16.71: Pt. 45.99%. 

(7j i)ichio&l - ‘isokcoGny1 - 20 - glucosylhydrazine) 
0la~inumlZZk dihvdrate. PtflSNGHlCl,.2H,O: decoma. 
-240°C. Fo&d: C, i3.84; H, 3.2;; Cl, 12.bl{Pt,j3.46. Calc. & 
C,ZH2,N30sC12Pt: C, 23.95; H, 3.52; Cl, 11.79, Pt, 32.44%. 

(8)- Dichlo~bis(me~hy~theophylline)pJakuun(ZZ), Pt(7-CH,- 
theoahbC1, decomn. 310°C. found: C. 29.80: H. 3.3: N. 16.87; Cl, 
10.2; Pt, 29.35. Cit. for C&&sO&Pt: C, i9.u; fi, 3.08; N, 
17.12; Cl, 10.83; P&29.82%. 

(9) Dichlorobis(~heophylline)platinum(ZZ), Pt(theoph)&: 
decomp. -340°C. Found: C, 27.54; H, 3.4; N, 16.36; Cl, 11.78; 
Pt, 30.93. Calc. for C14H16Ns01C12Pt: C, 26.84; H, 2.57; N, 17.89; 
Cl, 11.31; Pt, 31.11%. 

(10) Dichlorobis(2-aminopyridine)plarinum(ZZ), Pt(2- 
NH,py)& decomp. 280°C (285°C)za. Found: C, 26.28; H, 3.2; 
Pt, 43.05. Calc. for C,&lIZN4C12Pt: C, 26.42; H, 2.64; Pt. 42.%%. 

(11) Dichlorobis(5 - nitro - 2 - ominopyridine)platinum(ZZ): 
Pt(5 - NOz - 2 - NH2 - py)& decomp. >3oo”C. Found: C, 
21.11; H, 2.5; N, 14.83; Pt, 36.18. Calc. for C,,J&NN60&1~Pt: C, 
22.05; H, 1.84; N, 15.44; Pt, 35.86%. 

(12) Dichlon, bis(6 - amino - 5 - nitroso - 1.3 - dimethyl uracil)-: 
platinum(H), Pt(6 - NH2 - 5 - NO, 1,3-CHs Urac)+&: decomp. 
-216°C Found: C, 22.63; H, 2.92; N, 16.82; Cl, 11.0; Pt, 30.38. 
Calc. for C,2H,J$06CIZPt: C, 22.72; H, 2.53: N, 17.67; Cl, 11.18; 
Pt, 30.76%. 

(13) DichIoro bis(thymine)p/a~inr(ZZ), Pt(thyhC& decomp. 
280°C. Found: C, 22.20; H, 2.6; N, 9.48; Cl, 12.84; Pt, 38.03. Calc. 
for Cl,&N,C12Pt. C, 23.17; H, 2.33; N, 10.81; Cl, 13.68; Pt, 
37.65%. 

(14) TetrachloroQ - ominoquinoline)pfolium(ZV); Pt(8- 
NH,Q)Cl,: Chlorine was bubbled into a well stirred suspension 
of Pt(8-NH2Q)C12 (0.41 g; 0.001 mole) in dry chloroform (- 
120 ml) for 20-25 min. After an additional 20 min. of stirring, the 
yellow product was filtered out, washed twice with CHCI, (5 ml 
portions) and vacuum dried. Yield of the greenish yellow product 
0.32~ (66%). decomo 300°C. Found: C. 21.36: H. 1.87: N. 6.24: 
Pt, $.?l. dale. for t$HsN$I.,Pt: C, 22.51; Hi I.&l; N; 5.83; Pt; 
40.64%. 

(IS) Dibromodichloro(8 - ominoquinoline)platum(ZV): Pt(8- 
NH2Q)C12Br2: To a suspension of Pt@-NH*Q)CI, (0.41 g; 0.001 
mole) in chloroform ( - 50 ml) bromine (2 g) in chloform (50 ml) 
was added dropwise with stirrii at room temperature. The 
stirring was continued for 4hr. The greenish brown solid 
obtained was collected on a filter, washed with chloroform (2& 
25 ml) and dried in vacuum. Yield, 0.40 (71%), decomp. - 260°C. 
Found: C, 19.94; H, 2.02; N, 4.76; Pt, 33.6. Calc. for 
C9HsN2ClZBr2Pt: C, 19.09; H, 1.41; N, 4.92; Pt, 34.23%. 

(16) Oxolaro(8 - nminoquinoline)plo~inum(ZZ), Pt(8-NH2Q) 
(Oxal): Clear (filtered if necessary) solutions of potassium bis- 
oxalatoplatinate(I1) dihydrate2’ in water (10 ml) (0.39 g; 0.001 
mole) and S-aminoquinoline in hot water (25 ml) (0.14 g; 0.001 
mole) were mixed together and heated on a water bath for 4hr. 
The deeply coloured violetish-black solid that separated was 
collected on a filter, washed with hot water and dried under 
vacuum. Yield 0.3 g (69%); decomp - 290°C. Found: C, 30.52; H, 
2.49; N, 5.%; Pt, 44.78. Calc. for C,,HsN204Pt: C, 30.82; H, 1.89; 
N, 6.56; Pt, 45.66%. 

(17) Ma/onalo(S-aminoquino/ine)plntinum(ZZ), Pt(S-NH,.Q) 
(Malon): was prepared by following the above procedure starting 
with potassium bis-•alonatoplatinate(I1) dihydrate and S- 
aminoquinoline: Yield -65%. decomp. - 310°C. Found: C, 
31.64; H, 2.66; N, 6.72; Pt, 43.78. Calc. for C,2HrON20dPt: C, 
32.64; H, 2.28; N, 6.35; Pt, 44.21%. 

RESULTS AND DISCUSSION 

The interaction of platinum complex, dicbloro-bis- 
(theophyUine)platinum(II) with calf thymus DNA in 
buffer solutions was followed by UV difference spectral 
and melting techniques. The UV difference spectrum for 
the DNA solution mixed with cis-Pt-@heoph),Clz did not 
change indicating no reaction with DNA bases. However 
when the aquated Pt-complex was mixed with DNA, the 
spectrum exhibited large hyperchromism with a 
wavelength shift of the peak absorption from 259 to 
2&?-29Omn (Figs. 1 and 2). It was postulated22.23 that 
reactions of compounds such as cis-PtC12(NHl)2 with 
the DNA bases and even DNA itself in viuo go through 
an aquation product, supposedly [Pt(NH&(H20)J2’. 
Rosenberg et 01~~~ recently have shown that aqueous 
solutions of the aquation product are very complex and, 
in addition to such species as the above contain sub- 
stantial amounts of hydroxide-bridged species containing 
two, three and four platinum atoms. The aquated cis- 
Pt(theoph)2C12 solution may contain presumably cis- 
[(theoph)2Pt(H20),12’, cis-[(theoph)zPt(H20)(OH)J+ 
species along with hydroxide bridged species containing 
two or three platinum atoms. The extent of the reaction 
depends on pH, time, temperature and the mole ratio of 
Pt/DNA system. The time required to reach the end of 
the reaction under optimum conditions (PH 8-9, time 
24 hr; mole ratio 1: 2) is of the order of 24-30 hr at 30°C. 
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Fig. I. UV difference spectra resulting from aquated cis-(theoph)? P&DNA interaction pH, 6.8; T 30 and 60°C 
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It seems well established4~28 now that the interaction 
between Pt compounds and DNA takes place through 
the complex aquated charged species of platinum and 
that a high concentration of chloride ions ( > 0.01 M) 
inhibits the reaction to an appreciable extent. The aquo 
complexes bind more readily to cellular targets such as 
DNA since water is relatively a good leaving group. 
Furthermore, the formation of charge aquo complexes 
equally may raise the atkity of the complexes to phos- 
phates.29 The UV difference spectrum in the reactions 
with aquated species of the P&complex with DNA at pH 
6.8 and at pH 8.04 exhibit A,., at 282 nm and at 292 nm 
respectively while r\,in was observed in both at 25Omn. 
AA at 282nm and at 292nm increased with increasing 
concentration of DNA as well as Pt-concentration. 
Similar changes were noticed when DNA was treated 
with another Pt-complex namely potassium bis-malona- 
toplatinum(H)dihydrate. The reaction with DNA was 
however, rapid compared with [(theoph)zPt(OH)(H,O)l+. 

Melting protiles of DNA samples treated with platinum 
complexes were examined and the results show increase 
in melting temperatures, Tm. (Tm for (theoph),Pt(II), 65” 
and for K2PtC3HH204, 61°C). Situ-Iii of the P&complex 
to DNA distorts the secondary structure of neighbouring 
base pairs in DNA and helps to destroy the secondary 
structure of DNA on heating.” The results suggest that 
the increment of AA at 282 MI may be attributed to the 
loss of base stacking. The increment of AA at 292mn 
may be due to the change in electron distribution of base 
moieties induced by binding with platinum. 

The interaction of the aquated species cis- 
[(theo)zPt(OH)-(H~O)]’ conceivably liberates a 
hydroxide from the coordination sphere on complexation 
which would yield a net increase in PH. It was in fact, 
observed that at pH - 9.00 the shift of the 259 nm band 
(of DNA) was quite large. It is also possible that the 
aquated species binds to guanine residue at N-7 position 
with the resulting liberation of proton at N-l position as 
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Fig. 2. UV difference spectra resulting from aq cis-(theoph)l P&DNA interaction pH 9.95 T 30°C; 68 hr. 

has been postulated3o in the cis-(NH,),Pt(II)-inosine 
reaction. Scobell and 0’Connor3’ observed in their stu- 
dies of aquated cis-(NH3)zPtQI) with nucleic acid con- 
stituents that deprotonation of the guanosine does not 
occur and that in the complexation reaction monodentate 
coordination occurs with displacement of water. The 
interaction of the aquated species [(cis- 
(theophhPt(H20)2]2’ with DNA may be predominant at 
pH 6.8. Millard er ai.” have suggested that in the cis- 
(NHs)2Ptn interaction with DNA, guanosine acts as a 
chelate, bindii through the N-7 and O-6 positions. The 
binding mode of cis-(NH3)2Pt(II) to DNA as an inter- 
base crosslink which corresponds to the intrastrand 
crosslii has also been suggested.33-35 The large shift of 
the 259 nm band of DNA to 292 nm at pH - 9.00 obser- 
ved in the UV difference spectrum of aquated cis- 
(theop),Pt(II)-DNA interaction, is indicative of chelation 
possible involving N-7-O-6 positions of the guanine 
residues, rather than Pt-intrastrand crosslinking. In the 
UV difference spectra resulting from aquated cis- 

(NH,),Pt(II)-guanosine interaction the peak was obser- 
ved3’ at - 290 nm. 

The XPS data for the platinum complexes investigated 
are given in Table 1. The Pt 4f,,* binding energies of 
compounds Nos. l-5 imply a marked decrease of elec- 
tron density on the metal relative to lb-naphthalenedi- 
amine complex. All the complexes are formally square 
planar Pt(I1) compounds presumably containing cis- 
PtC12 fragment. Variations in relaxation effect should be 
minimized in this series and the differences in metal 
binding energies should primarily be due to differences in 
the electron donating ability of the coordinated ligands?6 
The data indicate that l&naphthalenediamiqe is a better 
complexing agent, i.e. better donors of electron density 
compared to $6 - dibro - 1,lO - phenanthroline or 7- 
methyl theophylline. The substantial shift in the binding 
energy of N(ls) clearly co&ms a net electron transfer 
from nitrogen to platinum in these complexes. The N(ls) 
photoelectron spectra of these complexes consist of 
doublets or broad bands indicative of unresolved peaks. 
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Fig. 2(a). Concentrations same as Fii. 2 after 140 hr. 

The directly coordinated nitrogen has presumably the 
greater positive charge. 

The change in the Pt 4f,,, bindii energies shows both 
the effect of oxidation state and of lid character. The 
higher the formal oxidation state of platinum the higher 
the binding energy. All the platinum(II) complexes of the 
general formula PtnX2L2 or P&L investigated here 
have 4f,,, binding energies ranging from 74.4 to 73.4 eV, 
which is in agreement with the range reported by Kiggs3’ 
for Pt(II) complexes. 

The Cl(2p,,& binding energies for all the complexes 
studied studied are in the range 198.8 20.8 eV. In 
general, within the closely related series of complexes, 
the chlorine binding energy gives a good indication of the 
effect of changes in overall electron density on the Pt-Cl 
bond. The Cl(2p) bindii energies of these complexes of 
the type PtLJ& or PtLClz are lower than that of 
K,(PtCL) indicating partial ionic character of the Pt-Cl 
bond. In complexes, where L = a bidentate lii, the 
square planar geometry presumably implies &-Cl 
contiguration. The IR spectral date confum this. The 
other complexes may also have cis-chlorines in view of 
the observed narrow range of Cl(2p) binding energies. 
X-ray crystallographic data show quite clearly that there 

is a considerable increase in metal-halogen bond length 
in going from trans- to c&isomer in square planar 
Pt(II) and Pd(fI) complexes of the type (PR3)JHX2. For 
X = Cl, n.q.r. data= suggest that the bond lengthening is 
accompanied by a considerable electron drift to chlorine. 
Clark and Adams” observed that in a given cis-trans 
pair, the binding energy of the metal is the same but that 
of the halogen is considerably lower in the &isomer. 
The 3sC1 resonance signals in the three rrufr&PtCh 
complexes are found at higher frequencies than in the 
corresponding cis-complex and this difference is related 
to the charges on the ligands. The tentative conclusion is 
that the trafts- inthtence in the “Cl quadrupole 
resonance of the complexes of the type LzMClz [M = 
PtO or PdfJI), NitIf)] manifests itself in a general 
lowering of the frequencies on going from rrafrs- to the 
cis-complex and the dilference A being related to the 
position of the ligand L in the truns-series. There is 
evidence,“’ however, that relative to PtCl,*-, the binding 
energy of the cis-ctdorines is raised (decrease in negative 
charge) and that of the rruns-chlorine is lowered. This is 
in agreement with the other ground state phenomena 
which relate to the tram- effect; increase in Pt-Cl bond 
length is accompanied by electron drift to chlorine. 
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Fig. 2(b). Concentrations same as Fii. 2 after 4 hr, T 55°C. 

The infrared spectra of Pt(I1) complexes with organic 
ligands, I-aminoquinoline, 5-r&o- or SJdibromo-l,lO- 
phenanthroline, l-isonicotinyl-2Dglucosyl hydra&e, 
theophylhne and its methyl derivative, etc. show ab- 
sorptions in the region 600-2OOcm-‘. assignable to Pt- 
halogen stretching vibrations which are absent in the 
spectra of the corresponding ligands. The spectrum of 
the complex Pt(8-NH,Q)C12 shows two medium intense 
absorption at co. 335 and at ca. 320cm-’ ascribable to 
v(Pt-Cl) vibrations corresponding to two Cl ligands in 
c&arrangement. The @t-Cl) absorptions in the spectra 
of the complexes, Pt(S-N02-1,lO phen)Cl,, Pt(5,7-Brz- 
l,lO-phen)C& and Pt(ISNGH)Cl* are observed at 340 and 
335 cm-‘; 345 and 335,330 and 300 cm-’ respectively. In 
the IB spectra of Pt(I1) complexes with nitrogen donor 
ligands (mono- or bidentate) bands observed at co. 330 
and 320cm-’ have been assigned to asymmetric and 
symmetric v(Pt-Cl) vibrations corresponding to two Cl 
ligands in cis-arrangement.18*2” The medium intense band 
observed at ca. 270 cm-’ with a shoulder at cc. 275 cm-’ 
in the spectrum of Pt(&aminoQ)Br2 may arise due to 
(Pt-Br)-vibrations. In view of the bidentate nature of the 
ligand and the square planar geometry presumed for 
these complexes, these bands may tentatively be assig- 

ned to cis-v(Pt-Br) vibrations. v(Pt-Br) vibrations in 
Pt(I1) complexes with N-methyl imidazole4’ and in Pt(I1) 
complex anions4* were reported to occur at cu. 220 cm-’ 
and at cc. 205 cm-’ respectively. 

In the spectra of Pt(IV) complexes, Pt(&NH,Q)CI, 
and Pt(8-NH2Q)C12Br2 (isolated by the reactions of 
Pt(8-NH2Q)C12 with halogens), absorption bands at 
35O(sh), 345 and 320 cm-’ were observed. It is, however, 
ditkult to locate precisely the trans- v(Pt-Cl) vibrations 
since this region is obscured by the strong absorptions 
caused by the equatorial chlorides. However, the ab- 
sorption observed at ca. 255 cm-’ in (Pt(8-NH2Q)C12Br2 
may arise due to trans-Y(Pt-Br) vibrations. In Pt(I1) 
complexes with l,lO-phenanthroline and its derivatives, 
axial bromides are reported” to absorb at 251-253 cm-‘. 
All platinum complexes containing the bidentate ligand, 
8-aminoquinoline show v&H) at cc. 3120 cm-’ in their 
IB spectra indicating a coordinated NH2’8*43. 

The Pt(II) complex with methyl theophylliie shows 
bands at 350(s), 345(s) assignable to asymmetric and 
symmetric cis-@t-Cl) vibrations. The Pt(II) complex 
with theophylline shows medium to strong intense band 
at 330 cm-’ with a shoulder at 325 cm-‘. The shoulder 
could be due to symmetric Pt-Cl vibration and indicates 
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Table 1. N(ls), Pt(4f), Cl(2p) and Br(3p) X-p.e. binding energies (eV) for platinwn complexes 

Compound Pf4f712 Nls,/z C12P,,2 BdPl,23n 

1. K2PtCI, 73.4b 

2. K*PtBr, 
3. Pt(ISNHG)CI, 
4. Pt(7-CHrtheoph)2C12 
5. Pt(theoph)$I* 

6. Pt(5,6-Br2-l,lO- 
phen)Cl, 

7. Pt(8-NH,Q)CI, 

8. Pt(phen)Cl, 
9. Pt(S-NO*-2-NHrpy),C12 

10. Pt(thym)2C12 
11. Pt(2-NH2py)+& 
12. Pt(S-NO*-l,lO-phen)Clz 
13. Pt(&NH2Q)oxal) 
14. Pt(8-NH*Q)Br, 

15. Pt(l,B-NH2Naph)C12 

(73.9), 74.46 

73.9’ 
74.44 
74.44 
14.4 

397.8,401.88 
398.88.402.52 
398.2,402.4 

74.32 397.8,402.0 

74.32 397.68,401.4 

74.2 
74.08 

74.08 
74.08 
73.72 
73.72 
73.5 

398.4,401.64 

g; 
397.68;&0.92 

400.8 
398.28,402.4 
397.67,400.2 
397.2,400.68 

73.44 398.76,402.24 

199.4b 
198.0 

(200.3) 
(200.7) 

183.8 
l99.08 
199.84 
200.0 
200.08 
200.08 

199.9 
200.9 
199.6 
198.88 
200.92 
199.84 
199.24 
199.6 

189.2 
182.8 

199.2 

“Binding energies are in electron volts. 
‘*‘Data from electron spectroscopy. D. A. Shirley (Editor), pp. 713,725 and from reference, Anal. 

Chem., 1972,44,830. 

the cis-complex. The IR spectrum of Pt(II)-theophylline 
complex shows strong bands at 1500-1700 cm-’ and 1200- 
1250 cm-’ attributed to theophylline coordination.” 
Theophylline anion is bound to metal through N-7 in most 
of the reported metal-ion theophylline complexes,4s*46 and 
various other ligands are attached to the central metal. In 
fact the anion does not seem to act as a chelate in many 
complexes whose structures have been determined.” 
Recently a new mode of theophylline anion metal bond- 
ing-a trimeric complex with trimethyl platinum(IV) which 
contains Pt-N(7hN(9)-Pt bridges and a weak direct (C-6) 
0-Pt bond has been however, reported by Hall et ai.” In 
methyl theophylline (caffeine) anion formation through 
loss of a proton on nitrogen (N-7) is not possible and N-9 
lone pair is the only nitrogen site available for bonding. The 
crystal and molecular structure of aquadichloro caffeine 
copper( [CUC~~(C,H,~N~O~)H~O], has been deter- 
mined.49 The caffeine ligand acts as a uuidentate and N-9 is 
involved in bonding with copper. 
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Abstract-The crystal and molecular structure of [N,N’-(3,3’-dipropylamine)bis(salicyclideneami~~o)- 
monoacetate]cobalt(III) complex has been determined by a three-dimensional X-ray diffraction study. In the complex, 
the cobalt ion has an octahedral coordination environment with cis-geometry for the two salicyclideneaminato 
moieties. An oxygen atom of the acetate ion is coordinated to cobalt ion and another oxygen atom is hydrogen-bonded 
to the secondary amine nitrogen atom. 

INTRODUCTION 

It is well known that the complex [N,N’-(3,3’-dipropyl- 
amine)bis(salicyclideneaminato)]cobalt(II) (1) reacts 
reversibly with molecular oxygen to form the 1:l O2 
adduct complex.’ Recently, a single-crystal X-ray 
diffraction study has confirmed that the coordination 
geometries of the precursor complex (1) and its 1:l O2 
adduct complex (2) are a trigonal bipyramid and an 
octahedron, respectively, with trans-geometry for the 
two salicyclideneaminato moieties as shown in Fig. 1.’ 
This result implies that the conformational rearrange- 
ment of the ligand has occurred during the formation of 
the O2 adduct. 

In this study, the crystal structure of the title com- 
pound containing the same ligand, has been determined 
by the single-crystal X-ray diffraction technique. Since 
the electronic structure of the 1:l O2 adduct was 
assumed to be Co’*‘-02- based on the ESR spectral 
investigation,3 it is of interest to compare the coor- 
dination geometry of the present complex with that of 
the 1:l O2 adduct. In addition, this structural result can 
be expected to propose a clearer idea for the con- 
formational rearrangement during the formation of the 
O2 adduct (2) from the precursor complex (1). 

*Copies are available, on request, from the Editor at Queen 
Mary College. 

RESULTS AND DISCUSSION 

The structure of the title compound with the atom 
numbering scheme is shown in Fig. 2. As shown in Fig. 2, 
the cobalt atom assumes an octahedral coordination 
array with cis-geometry for the two salicyclideneaminato 
moieties and the dihedral angle between the two benzene 
rings is 82.8”. The average Co-O(phenolic) bond length 
of 1.888(7)A is shorter than the Co-O(3)(acetate) bond 
length of 1.924(7)& The average Co-N(imine) bond 
length of 1.933(8) 8, is shorter than the Co-N(secondary 
amine) bond length of 1.983(9) A. An oxygen atom of the 
acetate is coordinated to the cobalt atom. It is note- 
worthy that another oxygen atom is hydrogen-bonded to 
the secondary amine nitrogen atom and the distance 
(O(4) * * - N(4)) is 2.825 A. 

The saturated six-membered chelate ring defined by 
Co, N(l), C(8), C(9), C(10) and N(2) taices a boat con- 
formation and the other six-membered chelate ring 
defined by Co, N(2), C( 1 l), C(12), C( 13) and N(3) takes a 
chair conformation. 

The coordination geometry of the present complex is 
apparently different from both the trigonal bipyramid of 
the precursor (1) and the octahedron with trans- 
geometry of the 0, adduct (2). The coordination geo- 
metry containing this type of ligand system seems to be 
affected by both the sixth ligand, i.e. O2 and CHSCOO-, 
and the hydrogen bond. In the present complex, a 

1 2 
Fig. I. Structures of the precursor complex and the I: I O2 adduct. 
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Fig. 2. Perspective drawing of the molecule. The thermal ellipsoids are drawn at 20% 
hydrogen atoms are omitted for clarity. 

probability level and 

hydrogen bond between an oxygen atom of the acetate 
and the secondary amine nitrogen atom might be one of 
the important factors in the adoption of a &-geometry. 
The observed c&geometry of the Schiff base ligand is 
similar to those of the binuclear CL-peroxo-cobah 
complex [41 and the 1: 1: 1 peroxyquinolato-cobalt(IIIl 
complex obtained from 2,4,6-tri-t-butylphenol, molecular 
oxygen and the cobalt(U) complex.’ However, the con- 
formation of the two saturated six-membered chelate 
rings assumes chair-envelope and skew-chair forms for 
the former and the latter complexes, respectively. These 
structural results indicate that the ligand system is 
flexible. 

-AL 
The title complex was prepared according to the literature.’ 

Brown rhombic crystals suitable for the X-ray diffraction work 
were obtained from the ethylether solution. A crystal was 

examined with a Kigaku Denki AFCd four-circle automated 
diffractometer. The unit cell dimensions and their estimated 
standard deviations were obtained from a least-squares fit to 
setting angles of 15 reflections using MO Ku graphite monoch- 
romatized radiation at room temperature. The crystal data are as 
follows: Co04N&H%, F.W. = 455.4; Found; C, 57.79; H, 5.84: 
N, 9.18. Calc. C, 58.02; H, 5.75; N, 9.23%. Monoclinic space 
group = P2r/n, a = 16. 

Y 
4), b = 9.417(2), c = 14.032(4) A, ,9 = 

111.29(l)“, V = 2074.1(9) 3, 4 = 1.44 (by flotation method in 
aqueous KI solution), 4 = 1.458 g. cm-3, Z = 4, r&I40 Ko) = 
10.3 cm-‘. 

Intensity data were collected by the 0 - 20 scan technique with 
a scan rate 8”min-‘. For the weak reflections the peak scan was 
repeated up to four times depending on their intensities. The 
intensities of three standard reflections were monitored every 100 
reflections and showed a good stability. A total of 3628 
reflections with 2.5”< 20 <48” were collected and of which 2381 
independent reflections with lFo[ >a(lFol) were used for the 
structure determination. The intensity data were corrected for 
Lorentz and polarization effects, but not for absorption. 

The structure was solved by the conventional heavy-atom 

Table l(a). Bond distance (A) with their estimated standard deviations 

-ia) Coordination Sphere 

Co-O(l) 1.885(7) Co-N(l) 1.918(8) 
co-O(21 1.891(7) CO-N(~) 1.983(9) 
co-O(3J 1.924(7) Co-N(3J 1.947(B) 

0(11-C(1) 
C(l)-C(2) 
c(2~-C(3) 
C(3)-Cl41 
C(4)-C(5) 
C(5)-C(6) 
C(b)-C(l) 
C(6)-C(7) 
C(7)-N(1) 
N(l)-C(8) 
C(8)-C(9) 
C(Y)-C(lfJ) 
C(10)-N(2) 
N(2)-C(ll) 
C(ll)-C(12) 

Llgand 

1.312(13) 
1.407(16) 
1.378(16) 
1.377(18) 
1.352(18) 
1.428(16) 
1.393(151 
1.417i16j 
1.298(14) 
1.463(15) 
1.526(18) 
1.532(1Y) 
1.478(16) 
1.4Y4(15) 
1.4Y8(18) 

C(12)-C(13) 
C(13J-N(3) 
N(3)-Ccl4J 
C(S4)-C(15) 
C(15)-C(16) 
C(16)-C(17) 
C(17)-C(18) 
ciiei-ccirj 
C(19)-C(20) 
C(ZO)-C(15) 
C(20)-0(2J 
O(3)-C(21) 
C(Zl)-cc221 
C(21)-O(4) 

1.538(1&j 
1,462(15) 
1.288(13~ 
1.444(14) 
1.409(15) 
1.345(17J 
1.3U8(17) 
1.361(1b) 
1.414(15) 
1.426(14) 
1.300~12~ 
1.274(12) 
1.508(18) 
1.256(14~ 
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Table l(b). Bond angles (9 with their estimated standard deviations 
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<aI Metal Coordination Sphere 

O(l)-CO-O(Z) 9o.e(2) 
O(l)-co-O(3) 17b.6(3) 
O(l)-Co-N(lJ 90.3(j) 
O(l)-CO-N(2) Y1.3(3) 
O(l)-CO-N(~) 87.8(3) 
O(2)-CO-O(~) 85.7(21 
O(2)-Co-N(l) 87.1(3) 
O(Z)-CO-N(~) 176.7(3) 

(b) Ligand 

co-O(l)-c(1) 
C0-O(L)-C(2U) 
Co-O(3)-C(21) 
Co-N(l)-C(7) 
Co-N(l)-C(8) 
C(7)-N(l)-C(18) 
CO-N(2)-C(10) 
CO-N(2)-CI11) 
C(lU)-N(2)-C(111 
CO-N(3)-C(13) 
CO-N(3)-C(14) 
C(13)-N(31-C(141 
O(l)-C(l)-C(2) 
O(l)-C(l)-C(6) 
C(2)-C(l)-C(6) 
C(l)-c(2J-C(3) 
C(2)-C(3)-C(4) 
c(3)-c[4)-c(b) 
C(4)-C(5)-C(61 
C(>)-c(61-C(1) 
C(5)-C(6)-C(7) 
C(l)-c(6j-C(7) 

121.2(b) 
12O.Y(6) 
132.1(b) 
121.8(7) 
120.3(b) 
117.t1(9) 
114.4(7) 
115.1(6) 
111.3(E) 
120.1(6) 
122.6(b) 
llb.918) 
lle.b(9, 
123.519) 
118.3(Y) 
120.5(10) 
121.7(11) 
118.5(11) 
12L.O(llJ 
118.7(10) 
120.0(10) 
120.8(10) 

O(2)-Co-N(3] 
O(3)-Co-N(l) 
O(3)-CO-N(~) 
O(3)-CO-N(~) 
N(l)-CO-N(~) 
N(1 CO-N(~) 
N(i 3o-N\3! 

C(6)-C(7)-N(1) 
N(l)-C(E)-C(9) 
C(E)-c(9)-C\lO) 
C(9l-C110l-N~2) 
N(2)-C(ll)-C(12) 
C(ll)-C(12)-C(13) 
C(12)-C(13)-N(3) 
N(3)-C(14J-C(15J 
C(14)-C(l5)-C(lb) 
C(14)-C(15)-C(20) 
C(16J-C(lSJ-C(20) 
C(lS)-C(16)-C(17) 
C(lb)-C(17)-C(18) 
c(17)-CllE)-C(19) 
C118)-C(19)-C(20) 
c(lY)-c(2u)-C(lS) 
c(lY)-c(2u)-u(2J 
c~15J-c~201-0(2) 
0(3)-C(21)-C(22) 
W3J-C(ZlJ-O(4) 
c(2~)-~(21)~O(4) 

89.7(3) 
89.4(3) 

92.0(3) 
92.1(3) 
90.4\3) 

176.4(3) 
Y2.7(3) 

125.2(10) 
110.3(9) 
114.0(1OJ 
112.3(10) 
112.1(Y) 
114.1(10) 
113.2(9) 
124.319) 
120.9(9) 
119.7(E) 
118.7(9) 
123.5(10) 
117.8(11) 
121.3110~ 
122.2(101 
116.1(91 
llY.4(8) 
124.1(n) 
l13.L(9) 
12b.4(101 
120.3[10) 

method, and refined by block-diagonal least-squares, in which the 
function minimized was tw((Foj - ~IFcI)~, where k is scale factor 
and w = 1 is adopted. The atomic scattering factors were taken 
from the International Tables for X-ray Crystallography Vol. IV.6 
Anomalous dispersion corrections for Co were also taken from 
the literature.6 All the calculations were carried out on a FACOM 
M-200 computer at the Computer Center of Kyushu University 
by the use of a local version of the UNICS II system?* 

Final refinement including hydrogen atoms which were 
experimentally determined yielded the final values of 8.69 and 

;i?$oI - I~~,ZW~FO~~]“~ 
RI = - (Fc(ld(Fol and R2= 

respectively. The final shifts in the 
atomic parameters of the ‘nonhydrogen atoms were less than 
0.251~. A final difference Fourier synthesis showed no peaks 
higher than 0.7 eAm3. 

Final positional and thermal parameters with their estimated 
standard deviations and a list of observed and calculated struc- 

*Values of atomic positional parameters have also been 
deposited with the Cambridge Crystallographic Data Centre. 

ture factors have been deposited as supplementary data.* Bond 
lengths and angles are given in Table l(a, b), respectively. 
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Abstract-Interaction of the tetra-nuclear phosphinecarbonyl complex of zero-valent palladium, Pd,(COb(PEt& 
(I), with a four-fold excess of E-(cr-bromomkrcuryethyl)quinohne gives a new neutral heteronuclear cluster 
PdJIa~Br&OMPEt,)~ (IV). The structure of (IV) was determined bv an X-W analvsis. The molecule of (IV) _ -- 
contains a”bu&lIy’ Pd&CO),(PEts), moiety, bhose triangular “wings” are capd by Hg atoms bonded also 
to bromo-hgands. The metal HgsPd, polyhedron consists of two heteroatomic Pd,Hg tetrahedra with a common 
Pd-Pd edge. The IR- and “P-NMR spectra of (IV) were also studied. 

INTRODUCTION 

As has been found recently, the mononuclear carbonyl 
derivatives of zero-valent palladium tend to form poly- 
hedral cluster complexes under mild conditions.‘** A high 
reactivity of the compounds thus obtained, their diver- 
sity and interconversions of clusters with diierently 
sized and shaped Pd. polyhedra, observed in organic 
media, give rise to a growing interest to this area of 
coordination chemistry.3-7 To date structural studies 
have been made of a number of cluster complexes of Pd 
with carbonyl ligands, including tetra-nuclear derivatives 
wherein the Pd, moiety has a configuration of a planar 
tetragon,’ “butterfly”? distorted’ and symmetrical6 
tetrahedron. The recently synthesized complex 
Pd4(C0MPR& (I, R= Et, Bu”), probably having a 
“butterfly” structure, by analogy with the earlier studied 
cluster P&(COMPMe2Ph)., (II):’ may serve as a starting 
compound in the synthesis of more complex homo- and 
heternuclear Pd clusters. The transformation of (I) into 
the symmetrical tetrahedral complex Pd,(CO)s(PRs), 
(III), found in solution, and the ability of (I) to further 
condensation with coordination of phosphme to give 
decanuclear Pd clusters6 suggested rich synthetic poten- 
tialities of reactions involving (I). Until recently, 
however, the only chemical interactions of homo- and 
heteronuclear Pd clusters studied have been limited by 
their interconversions under variation of ligand concen- 
tration>’ whereas the action of “modifying” reagents on 
complexes of the Pd.(CO),(PR& type has resulted in 
the complete decomposition of the polynuclear structure. 

In the present study we have found a method of 
modifying (I) by treatment with the organomercury 
compound, 8-( a-bromomercuryethyl)quinoline,* and 
determined the structure of the resulting heteronuclear 
cluster. A peculiarity of this reaction, in contrast to the 
earlier cases studiedP.’ consists in retaining a metal- 
loligand framework existing in the starting complex and 
in its “enlargement” by two HgBr fragments to form a 

*Author to whom correspondence should be addressed. 
tReactions of phosphiae-carbonyl Pd clusters with other 

organomercury compounds wig be described elsewhere. 
*Atomic co-ordinates have also been deposited with the Cam- 

bridge Crystallographic Data Centre. 
PProgram modification was carried out in our laboratory by A. 

I. Yanovsky and R. G. Gerr. 

heteroatomic Hg2Pd4 metallopolyhedron, wherein the Hg 
atom increases its coordiition from a linear one in the 
starting compound to tetrahedral in the reaction product. 

EXPERIMENTAL 
All the operations involved in the synthesis, isolation and 

investigation of Pd,Hg,Br2(CO).,(PEt,), (IV) were carried out 
under CO. The IR spectrum was measured with an IR-10 in- 
strument in KBr pellets. The “P-NMR spectrum was studied at 
-70°C in toluene with a Bruker-HX-98 spectrometer. Chemical 
shifts were measured relative to H3P0, (85% concentration). 

Synrhesis of (IV) 
To a suspension of 8-(bromomercuryethyl)quinoline* (1.22 g) in 

benzene (28 ml) was added Pd,(COMPEt& (0.73 a). obtained as 
described elsewhere,2 and them&e w& stirred under CO at 
20°C for 30 min. CO was evolved and a black precipitate (Pd, Hg) 
formed. The reaction mixture was left for 15 hr at 5°C then the 
solution was filtered off from the precipitate, and pentane 
(200 ml) was added to the orange &rate. The orange-red crystal- 
line precipitate of (IV) was filtered off, washed with pentane and 
dried in UMUO. 0.26~ (23.5%) of (IV) was obtained; dec. temp. 
86°C. Found: C, 21.81; H, 3.91; Br, 10.45; Hg, 25.79; Pd, 26.98. 
CaRd. for C&,s0,P,Br2Hg2Pd,, C, 21.41; II, 3.85; Br, 10.18; 
HR. 25.55: Pd. 27.89%. IR (v. cm-‘): CO 1855 (s). 1897 (ml: C-H 
2880 (s), 2908. (s), 2930 (s): j’Pd’I&NMR, 8 &pm): 817 ‘triplet, 
2P; 20.9 triplet, 2P; ‘J (31P, “P) 23.1 Hz. 

For an X-ray structural analysis the rubycoloured crystals of 
(IV) were obtained in a similar manner with the only difference 
that the tiltrate, after separation of the black metal precipitate, 
was diluted with pentane (100 ml). 

X-Ray structural study of (IV) 
The crystals of (IV) are monoclinic, a = 20.205(5), 6 = 

16.815(6), c = 13.183(4) A, jl = 97.17(2)“, space group C2/c, Z= 4. 
Unit cell parameters and intensities of 4273 independent 
reflections (of which 3933 with I > 20 were used in calculations) 
were measured at - 120°C with an automatic four-circle Syntex 
P2, difiractometer (AMOK,, graphite monochromator, /20 scan, 
20 s SO”). Absorption corrections were made according to the 
method described in Ref. [91. The structure was solved by direct 
methods using the MULTAbI program and refined by fug-matrix 
least-squares in an anisotropic approximation. Finally R = 0.050, 
R, = 0.066 for 3426 reflections with I > So(J) and sin IA > 0.10. 
Atomic coordinates of the independent part of the molecule of 
(IV),whichoccupiesaspecialpositiononthetwo-foldaxis,andtheir 
anisotropic thermal parameters have been deposited as sup- 
plementary material with the Editor, from whom copies are 
available.* All the calculations were performed with an Eclipse 
S/288 computer by the mod&i EXTL programs.0 
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RJLSULTS DISCUSSION 

we to modilkation of 
zero-valent Pd cluster derivatives by treatment with 

of 
or organo-mercury 

as a potential source 
of a chelating N,C-ligand to the of two 

(N and Hg atoms) in its In fact, 
an unexpected 

of the R of 
of the 

of the 

+ C9HsNCH(Me)HgBr- 
-co 

Pd4Hg,Brz(C0)4(PEt~)4. (1) 

The formation of a neutral cluster molecule implies 
homolytical cleavage of 

a substitution of CO ligand 
Hg atoms 

of the 
in a most unusual 

A similar reaction of 
a trinuclear carbonyl hydride ruthenium complex has 
been studied recently:” 

THF 
(CsHs)RuJ(C0)9H &H,HgBr 

GH,)Ru,(CO)sHgBr. 
(V) 

(2) 

This interaction proceeding essentially as of 
the in the in the 

of the a “but- 
terfly” configuration, which underwent diierization due 
to of halide In the of (V) 

H atom is to two Ru atoms 
R ), 

in the 
in (IV) in Table 1, and 

in Table 2. of (IV) 
1) occupies a special position on 

by the Hg atoms 
A, 

A, and 
of the Hg atom is completed by 

the Br ligand A dihedral angle of 
in the 

in the 
by in- 

Y 
the nonbonded Pd(1). . . Pd(1’) distance 

(3.365 in (II) and 3.428(l) A in (IV)). However 
both the last two values are close to the lengths of the 
“elongated” edges, 3.3-3.4 A, in the Pd,, polyhedron of 
the cluster Pd10(C0)12(PBus”)a (VI).‘.6 The peripheral 
Pd-Pd bonds of the Pd4 butterfly in (IV) are tightened by 
the bridging CO ligands. The lengths of these bonds, 
2.687(l) and 2.702(l) A, are close to those of the “short” 
Pd-Pd ed es in (V), also reinforced by &O bridges 
(av. 2.056 x “). The absence of a bridging CO ligand at the 
Pd(2)-Pd(2’) bond is accompanied by its lengthening to 
3.015(1)A. In the molecule of IV) only an average 
Pd-Pd bond length of 2.750(2) f is reported.4 Coor- 
dination of the &O ligands in (IV) reveals a small, but 
distinct asymmetry (Tables 1 and 2), viz., though a 
difference in the lengths of the C-Pd bonds to the 
“peripheral”, Pd(l), and “central”, Pd(2), metal atoms, 
2.01(l) and 2.09(l) for C(l), and 2.03(l) and 2.08(l) for 
C(2), respectively, is close to the experimental error, the 
corresponding bond angles Pd(l)CO and Pd(2)CO, 
144.3(9) and 133.2(9)0 for C(l), 143.7(9) and 134.5(9)0 for 
C(2), are, in fact, signifkantly unequal, suggesting a 
stronger bonding of the bridging CO to the “peripheral” 
Pd atoms. Both C and 0 atoms of the &ZO ligands are 
close to the plane of the corresponding Pd(l)PdQ)Pd(2’) 
triangle, the out-of-plane deviations in the direction from 
the Hg atom being 0.10(l) for C(l), 0.23(2)A for O(l), 
0.05(l) for C(2), and 0.11(l) A for O(2). The P(1) atom 
bonded to the Pd(1) atom is displaced from this plane by 
only 0.081(3)& and thus, despite involvement of the 
peripheral Pd(1) and Pd(1’) in the metallopolyhedron, 
they retain a predominantly planar trigonal ligand 
environment, the sum of the bond angles P(l)Pd(l)C(l), 
P(l)Pd(l)CO) and C(l)Pd(l)C(Z) being 359.1”. On the 
contrary, coordination of the Hg atom is close to sym- 

Table 1. Bond leagths d (A) for compound (IV) 

Bond d Bond d 

&- Pd(I) 

His- W(2) 
I.&x- Pdtb 
B&.Hs’ 
Ba-Br 
pd(I)-pd(2) 
pd(I)-W(ti 
Pd(2)-Pd(a 
I’d(I)... pd(l!) 
Pd(I)-P(I) 
R(2l-P(2) 
w(IbCm 
w(I)*:(2) 
Pd(2)-c(I') 
Pd(2)-c(2) 

2.993(I) 

2.717(I) 
2.7C4(1) 
3.251(I) 
2.544(I) 
2.687(I) 
2.7020) 
3.015(I) 
3.428(I) 
2.295(3) 
2.333(3) 
2.01(I) 
2.03(I) 
2.09(I) 
2.08(I) 

cm-am 
C(2)4(2) 
P(I)-C(3) 
P(I(-C(J) 
P(I)-‘X’I) 
P(2)-c(9) 
P(2)-c(II) 
P(2)-C(I3) 
C(3)-c(4) 
(X5)-C(6) 
(X7)-C(8) 
C(9)X(IO) 
C(II)-c(I2) 
C(I3)-C(I4) 

1.16(I) 
1.14(I) 
1.81(I) 
1.80(I) 
1.82(I) 
1.82(I) 
1.82(I) 
1.83(I) 
1.53(2) 
1.55(2) 
1.49(2) 
1.52(2) 
1.50(2) 
1.51(2) 
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Table 2. Bond angles o (“) for compound (IV) 

Angle 0 Angle 0 

143 

WfIDIgBr 
Pd ( 2 )HgBr 
Pd ( BHgBr 
Pd(I)HgPd(2) 

Pd ( 1 )!igPd ( 2’) 

Pd(L?)HgPd(i?) 

Pd(Z’)Pd(I)Hg 

Pd(2bd(I)& 

Pd(2)Pd(I)Pd(& 

Pd(i?)Pd(I)P(I) 

Pd(2’)Pd(I)P(I) 

P(I)Pd(I)c(I) 

P(I)Pd(I)c(2) 

c(I)Pd(I)c(2) 

HgPd@h’d(I) 

figpd (2)lfg 
Pd(I)Pd(2)Pd(f) 

Pd(I)Pd(2)Pd(fi 

&Pd(z)Pd(;?) 

&$d@)P(2) 

Pd(I)Pd(2)P(2) 

Pd(&d(2)P(2) 

P(2)Pd(2)c(fi 

P(i?)Pd(2)c(2) 

c(I)Pd(2)c(2) 

141.76(3) 
150.62(3) 
139.19(3) 

55.90(2) 
56.35(2) 
67.58(2) 
56.85(2) 
56,42(2) 
68.04(3) 

143.48(7) 
J46.37(7) 
98.3(3) 
93.6(3) 

167.2(4) 
67.26(2) 
73.69(2) 
78.99(3) 
56.21(2) 
56.41(2) 
98.35(7) 

141.65(7) 
144.59(7) 

99.813) 
100.9(3) 

92.4(4) 

Pd(I)C(I)O(I) 
Pd(2)C(I)O(I) 
Pd(I)C(I)Pd(21) 
Pd(I)C(2)0(2) 
Pd(2)C(2)0(2) 

Pd(I)c(%’ (2) 
Pd(I)P(I)c(3) 

Pd(I)P(I)t%) 

Pd(I)P(I)c(7) 

C(3)P(I)C(5) 
C(3)P(I)C(7) 
C(5)P(I)C(7) 
Pd(2)P(2)c(g) 

Pd(2)P(2)c(II) 

Pd(2)P(2)c(I3) 

C(S)P(2)C(II) 
C(9)P(2)C(I3) 
C(II)P(2)C(I3) 
P(I)C(3)C(4) 
P(I)C(5)C(6) 
P(I)C(7)C(8) 
P(2)C(9)C(IO) 
P(2)C(II)C(I2) 
P(2)C(I3)C(I4) 

144,3(9) 
133.2(9) 
82.4(4) 

148.7(9) 
134.5(9) 
81.8(4) 

115.5(4) 
117.1(4) 
111.7(4) 
106.0(6) 
102.5(5) 
102.4(6) 
110.9(4) 
116.3(4) 
117.4(4) 
IO5.1(6) 
104.2(5) 
101.5(5) 
115.8(8) 
114.9(9) 
114.6)9) 
115.7(E) 
114.7(9) 
113.3(E) 

Fig. I. Molecule (IV) (ethyl substituents of the phosphine ligands o’mitted for clarity). 

metrical tetrahedral, and the Br atom deviates from the 
HgPd(Z)Pd(Z’) plane by 0.438(l) A. The Hg-Hg distance, 
3.251(1)/j, is close to the values found in various poly- 
nuclear mercury compounds, both in the tetramercurated 
methane derivatives, C(HgX)4 where, probably, there is 
no H 

a 
. . . Hg bonding interaction (X = CN, 3.280- 

3.398 *‘I X = OAc, 3.251-3.436A,12) and in the 
heteronuclear cluster RH4H&(PMe& with a Hg, octa- 
hedron (3.131-3.149 A) wherein four noncontiguous faces 
have ps-Rh(PMe,), bridges.‘j To conclude unequivocally 

if there is any Hg . . . Hg bonding in (IV), one has to 
compare the geometrical parameters of the Pd., “but- 
terfly” in (IV) and (I), a structural study of the latter 
being our immediate purpose. 
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Abstract-The synthesis, the X-ray analysis and the IR spectrum of the complex S~u~~i~AIP) [AIP = Z-(2’- 
pyridyl)_3-(N-2-picolylimino)4oxo-1,2,3,4 - tetrahydroquinazoline] are reported. The coordination polyhedron can 
be described as a distorted pentagonal bipyramid. The AIP molecule behaves as a terdentate ONN donor @and, 
with the N atoms involved in two equational weaker interactions with respect to the 0 atom. 

INTRODUCTION 
We have shown previously the structural flexibility of 
N,O-containing ligands in metal complexes, in con- 
nection with the nature of the me&I and of the inorganic 
anion.“’ Among these Iigands, 2 - (2’ - pyridyl) - 3 - (N - 2 
- picoiylimino) - 4 - 0x0 - 1,2,3,4 - tetrahydroquinazoline 
(AIP), obtained by condensation of 2-aminobenzoyl- 
hydrazine and pyridine-2-carbaldehyde, is able to act as a 
ON&I3 or NNN4 terdentate ligand when ~~rd~ati~ to 
metals. 

As part of a continuing interest in the organotin(IV) 
complexes with ligands obtained by condensation of 
acylhydrazinei with aldehydes or ketones?-’ we now 
report the synthesis, the X-ray analysis and the infrared 
spectrum of SnBu2C12(AIP). 

EXPERIMENTAL 
Synfhes~. But&C!, was ~ommerci~ly available (Merck) and 

used as received. AIP was prepared as described previously.8 
The complex SnBu,CIz(AIP) was obtained by adding a chloro- 
form solution of BulSnClz to an acetone solution of the orgauic 
ligand. After retluxiug for co. $hr the solution was allowed to 
crystallize. Analytical (C, H, N, Sn) data agree with the formula 
&H&12 and NsOSn. 

X-ray data collection. All X-ray measurements were per- 
formed using a computer-controlled Siemens AED three-circle 
diffractometer employing CuK, radiation (A = 1.54178 A). The 
compound crystallizes in the monoclinic space group CZ/c with a 
unit-cell of dimensions: (I = 14.701(5), b = 16.727(4), c = 
22.%3(6) il, B = 100.38(4)“, and Z= 8. Intensity data were col- 
lected with a small (0.13 x 0.16 x 0.24 mm) prismatic crystal to a 
maximum 28 of 128” for hkl with I = O-3, and of 1 lo” for /rkl with 
f = 4-23, a total of 3012 reflections being measured from pro& 
analysis foliowi~ the method of Lehmann and LarsenP After 
symmetry-equivalent retlections were averaged and reflections 
which had I<Zrr(T) were excluded, 1801 unique data were 
obtained and used in the refinement. No crystal decomposition 
occurred during data collection. Corrections were applied for 
Lore&z and dilution effects, but not for abso~tion (pi= 
0.69). 

*Author to whom correspondence should be addressed. 
tAtomic c~rdinates have also been deposited with the Cam- 

bridge Crystallographic Data Centre for inclusion in their Data 
Base. 

Structure solutk~~ and refinement. The structure was solved by 
heavy-atom method except for hydrogen atom locations. 
Refinement was by full-matrix least-squares calculations with 
anisotropic thermal parameters for the Sn, Cl, 0, N and for all C 
atoms except those of the butyl groups, since for these last 
anisotropic refinement resulted in physically meaningless 
parameters. The hydrogen atoms from the AIP molecule were 
inserted at calculated positions, even though some were visible 
on the Fourier diierence map, and they were isotropicafly 
refined as “riding” atoms. The hydrogen atoms from the but@ 
chains were neglected. A final convkional residual index if 
0.0538 resulted. The function minimized was ~wW,-F,?. 
where the weight for each reelection was unity at first, while in 
the last cycles the weighting scheme w = 0.34l[~(F,)+O.O082 
FTj was employed. A final difference map had peaks of up to 0.8 
e%l-’ in the region of the butyi groups. A total of 309 
parameters, including one scale factor, was refined yielding a 
data: parameter ratio of 5.8:1. 

Scatterin factors used in the structure factor calculations 
were taken from Ref. 10 and allowance was made for animus 
dispersion.” All computations were performed, using the 
SHELX-76 system of computer programs,‘* on the Cyber 76 
Computer of CINECA (Casaleccbio, Bologna), with the financial 
support from the University of Parma. 

Selected bond distances and angles are given in Table 1. 
Atomic positional coordinates, thermal parameters, additional 
bond distances and angles, and a list of observed and calculated 
structure factors have been deposited with the Editor as sup- 
plementary material.t 

In~ru~d spectra. Tbe infrared spectra were recorded on a 
Perkin-Elmer mod. 283 B instrument in KBr discs. Main vibra- 
tionaIbauds (cm-‘) with relative assi8nments of AIP, SnBu2Cll 
(AIP), Mn(AIP)CI,, Cd(AIP)& Cu(AIP)C12 are listed in Table 2. 

The molecular structure is shown in Fig. 1, aleng with 
the numbering scheme used for the atoms. There is some 
ditliculty in defining the geometry of the coordination 
polyh~on, which is quite irregular. In fact, if we con- 
sider only the immediate bonding about tin, the coor- 
dination could be described in terms of a highly distorted 
tetragomd pyramid, having two butyl carbon atoms, a 
chlorine atom (C/l), and the oxygen atom of the AIP 
ligand at the basal comers, and the second chlorine at the 
apex, at a Sn-CI distance unexpectedly shorter (0.14 A) 
than the equitorial one. The atoms at the base of the 
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C27 

C 23 

Fig. 1. A perspective view of the molecule. 

Table 1. Sekcted bond distances (A) and an&s (Of 

SWCZ1 2.610(4) SwC24 2.18(Z) xi-C7 l-46(3) 

swct2 2.470(4) O-Cl3 X*22(2) E15-C15 1.36(3) 

Sn-0 2.42(l) N2-N3 1.34(2) CS-C6 1.48(3) 

SWNl 2,73(l) N2-Cb 1.22(3) c7-C8 1.53(2) 

&t-N2 2.73(l) N3-C7 1.49(2) c13-Cl4 1.48(3) 

sn-czo 2.13(l) N3-Cl3 1.38(2) c14-c15 1.41(2) 

C20-&I-C24 158.3(73 Sl-sn-Gel 78.8(3) N5-C7-C8 116(Z) 

cm-SW0 161.8(3) NI-811-0 59.1(6) NS-C7-C8 112(1~ 

o-SwC24 83.6(6) SWO-Cl3 129(l) O-C13-N3 121f2) 

o-SrC20 88.5(5> N3-NZ-C6 121(2) N3-C13-C14 117(2) 

cz2-six-c24 101.8(61 N2-N3-Cl3 113(l) o-c13-Cl4 122(Z) 

ctz-Sn-C20 95.7(41 N2-N3-C7 122(l) c13-Cll-Cl5 118(2) 

CZP-SW0 73.3(3) C7-N3-Cl3 120(l) N5-CIS-Cl4 118(2X 

al-Sn-C24 100.1(6) C7-N5-Cl5 121(Z) NS-ClS-Cl6 125(2) 

CZl-Sn-C20 93.7(4) N2-CL-C5 121(2) SWc20-c21 Il8(1) 

CZ1-SWcz* 86.X1) N3-C7-NS 106(l) Sn-C24-C25 115f2) 

pyramid show a stroug team defo~a~n as in- 
dicated by the deviations form the weighted least-squares 
plane runniug through them: Cl1 -0.02, 0 -0.25, C20 
0.38, C24 0.82 A. Alternatively, if also two more loosely 
bonded atoms,,Nl and N2, both at 2.73(l) A from tin, are 
regarded as bemg part of the coordination sphere, the tin 
environment is consistent with a geometry based on a 
distorted pentagonal bipyramid, whose apical sites are 
occupied by the two carbon atoms. The intone girdle is 
almost planar, none of the five atoms being displaced more 
than 0.11 A out of the mean plane, the sum of the angles in 

the girdle being 360.1’. In our opinion, the seven coor- 
dination model is to be preferred, in view of a more 
regularity in the creation polyhedron. Moreover, there 
is also further evidence to support this con&ion. In fact, 
a similar mode of coordination for AIP has been found in 
the previously determined structures of Mn’ and Cd’ 
complexes, in which the hgand acts too as a ONN 
terdentate agent giving rise to two pianar five-membered 
rings. By contrast, in the Cu’ and Co” complexes a NNN 
terdentate &and behaviour has been found. The two 
conformations AIP shown in the coordination differ by 
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Table 2. Selected vibrational bands (cm-‘) of AIP in its free state and in Sn, Cd, Mn and Cu contplexes 

AIP SnBu2C12(AIP) Cd(AIPK12 Mn(AIP)C12 Cu(AIP)C12 Assignments 

32401x1 3280111s 

165Ovs 

1622s 

1590m 

1565m 

1513m 

1483m 

1470sh 

144&n 

1430m 

303cw 

296oms 

294Oms 

2870111 

1635~s 

1615~s 

1590s 

1570sh 

1510s 

149om 

1450m 

1435sh 

1405s 

3280ms 

3060~ 

302Ow 

296Ow 

1630~s 

1610~s 

1588m 

1570sh 

1512m 

1485m 

147Ow 

1448m 

1430sh 

3290s 

305Ow 

3020~ 

295Ow 

1615~s 

1610sh 

159om 

1570sh 

1510s 

1483w 

1470m 

1455s 

1430sh 

316Om "(NW 

3060m V(Cw 
aryl 

2915m 

2845~ 
V(Cw 

alkyl 

1675~s 

1610~s 

1590sh 

V(CO), 6ow 

rings 

1520~1 V(CN) 

1483%~ 

1467~ rings 

1443s 

rotation about the N-N bond and are also evident by 
comparing the main vibrational bands of Sn and Mn (or Cd) 
compounds with those of the Cu complex (Table 2). In 
despite of bond distances and angles in the O-C-N-N 
system, which are poorly influenced by the different 
coordinating behaviour of the ligand, significant 
differences occur in the CO and CN stretching mode. In 
fact, a positive shift of the r&O) value in the Cu complex 
(1675 cm-‘) and a negative shift in the Mn (1615 cm-‘), Cd 
(1630 cm-‘) and Sn (1635 cm-‘) complexes are observed 
with respect to the value (1650 cm-‘) observed for the free 
ligand; moreover, the v(C0) band values in the Sn com- 
pound have stronger similarities to that of the Cd com- 
pound than to that of the Mn derivative. It can be noted also 
that the infrared spectrum of the Sn complex, as a whole, is 
very similar to that of SnPh$&(AIP), for which a seven- 
membered coordination has been suggested previously.’ 

The three aromatic rings are rigorously planar within 
experimental errors; bond lengths and angles show no 
signiicant deviation from the standard values. The two 
pyridme rings are mutually inclined at 89.4“. The six- 
membered heterocyclic ring is slightly puckered into a 
sofa conformation with five atoms practically coplanar, 
the sixth atom, C7, being 0.57 A out of this plane. The 
Cremer and Pople ring puckering parameters” are: q2 = 
0.355, q3 = 0.198, Q = 0.407 A: & = 236.1 and l& = 60.9”. 

The two butyl chains are shown to adopt diierent 
conformations, synclinal and antiperiplanar respectively, 
as indicated by the torsion angles: Sn-C2O-C21-C22 = 
166(l), C2O-C21-C22-C23 = -8q2); Sn-C24-C25-C26 = 
-180(l), and C24-C25-C26-C27 = -W(2)“. Due to large 
thermal motion, some distances and angles in these 
chains depart from the expected values. 

The crystal packing is mainly determined by the fol- 
lowing interactions, the first of which has to be con- 
sidered as hydrogen bond: 

N5...Cll(x-;,:ty,r) 
NS...C6(&,,:-z) 

3.30(2) A 
3.52(3) hi 

C4...Cl2(~-x,~ty,~-z) 
C12...C12(;-x,:-y,1-z) 

3.56(2) A 
3.51(3) A. 
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Abstract-The structure of the title compound has been determined using single crystal X-ray methods. The 
tetrachloroferrate(III) ion is ap roximately tetrahedral, with three Fe-Cl bonds at 2.178(2), 2.182(2) and 2.183(2) A, 
and one, Fe-C1(2), at 2.215(2) R , which is weakened b interactions between Cl(2) and two sulphurs of the cation. 
The four sulphur-nitrogen distances[l.546(6)-1.604(6) x , mean 1.578 A] are typical of a delocalised SN system; the 
two-coordinate atoms (only are coplanar within experimental error. The S(2)-!?(3) bond [2.181(2) A] and exocyclic 
S(2bCl(l) bond [2.086(2) A ] are respectively 0.045 A longer and 0.08 A shorter than in S,N$I+CI-; this is 
interpreted as being due to weaker cation-anion interaction in the tetrachloroferrate (III) salt. Ring angles at S(1) 
[105.8(3)7, N(2) [121.5(4)01, S(3) [95.6(2)“] S(2) [95.9(2)7 and N(1) [119.6(4)7 are under compression due to 
constraint within the small ring. 

INTRODUCTION 
Abnormally short intermolecular contacts between spe- 
cies containing a disulphur group, and one or more 
external atoms, have been shown to give rise to com- 
pounds of novel structural types. These interactions 
usually involve sulphur and atoms of similar or higher 
electronegativity; for instance, several three-centre 
examples have been describedtb3 where an organic or 
inorganic dithiolium cation interacts with a halide ion 
(e.g. I)’ or with oxygen of an oxo-anior?. More recently 
compounds of a new structural class have been dis- 
covered, in which a pair of delocalised five-membered 
rings interact via their disulphur groups. For instance, in 
(PhCN&.), (II)’ and (S3NJ2’+ (III)’ two five-membered 
rings interact respectively in cis(eclipsed) and trans 

Cl- 
.’ 

s’;-s 
v N 

CCla 

I n 

2+ 

III 

In all these compounds, the secondary interactions 
tend to perturb the geometry of the component rings and 
so, for comparison, it is of increasing importance to 
determine the structures of relatively unperturbed sys- 
tems. In this paper we describe the crystal structure of 
the title compound [S,N,Cl]+[FeClJ and compare 
cation parameters with those for [S~N2Cl]‘Cl- where 
cation-anion interactions are quite strong. 

EXPERIMENTAL 
The title product crystalised as brown needles from a 1: 1 

molar mixture of iron(III) chloride (suspension) and tetrasulphur 

*Author to whom correspondence should be addressed. 
tDeceased. 

tetranitride in thionyl chloride solution; it was separated from 
other products by recrystallisation from thionyl chloride’. An 
alternative and more convenient preparation is from the reaction 
between iron(III) chloride and S,N~CIZ suspended in thionyl 
chloride’. 

Crystal data. CLFeN& [S~N2CIl+[FeCLI-, monoclinic, a = 
9.264(l), b = 10.610(l). c = 11.2590) A, 6 =92.1(l)“. snace ltrouu . . 
P&/n, D, = 2.15 Mg me3 with Z.= 4, h = 3.07 cm” ‘for MoKb 
radiation, A = 0.71069 A. 

Intensity data for 1952 unique reflections were measured with 
a o - 28 scan on a Hilger and Watts Y-290 four-circle diirac- 
tometer, using hioK,, radiation. No corrections were made for 
absorption. The structure determination (heavy atom method) 
and refinement were performed with the programs of F.R. Ahmed 
et akb, only 1412 reflections for which 12 3a(I) being included. 
Least squares refinements of the atomic parameters (all atoms 
with anisotropic temperature factors) were terminated when the 
shifts on all parameters were less than 0.06 of the e.s.d. and 
R = 0.048. Final atomic positions, observed and calculated struc- 
ture factors and anisotropic thermal parameters have been 
deposited as supplementary material with the Editor from whom 
copies are available on request. Atomic co-ordinates have also 
been deposited with the Cambridge Crystallographic Data Cen- 
tre. Bond distances and angles are listed in Table 1. 

DISCUSION 
Each tetrachloroferrate anion is loosely associated 

with one cation as shown in Fig. 1. The convention of 
atom numbering for the cation is the same as that used 
by Zalkin et al. for S,N,Cl,. The S-N rin distances in 
the cation (average dSN= 1.578& 1.589 in &NJ&) K 
alternate shorter/longer round the ring as in &N&’ and 
are close to those in other thiazenium cations (see the 
average values of 1.563 A and 1.562 A in [S4NJ2SbCls* 
and [S,N,][SsN,041?. The bond angles all betray some 
compression due to constraint within a small ring. Cor- 
relations’““l between bond distances (pm) and bond 
angles (“) for unstrained and largely unstrained sulphur- 
nitrogen compounds (viz. d,s = 177.47-0.1421 fi and 
dSN = 213.14-0.4816 3) indicate compressions of the 
order of 10” at N(l), 25” at N(2) and 10” at S(1). These 
values are very approximate, because the calculation 
ignores the effects of the secondary interactions with the 
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Table 1. Bond distances (A) and bond angles (“) 

PC - Cl(Z) 2.215(Z) S(l) - N(1) 1.604(6) S(3) - N(2) 1.586(6, 

Fe - Cl(3) 2.178(2) N(1) - S(2) 1.576(6) N(Z) - S(l) 1.546(6) 

Fe - Cl(4) 2.182(2) S(2) - S(3) 2.181(2) S(2) - Cl(l) 2.086(2) 

Fe - Cl(S) 2.183(2) 

Cl(2) - Fe - Cl(3) 110.3(l) Cl(l) - S(2) - S(3) 101.1(l) 

Cl(2) - Fe - Cl(4) Cl(l) S(2) - 107.3(2) 

Cl(2) - - cl(s) S(2) S(3) - 95.6(2) 

Cl(3) - - Cl(4) S(3) N(2) - 121.5(4) 

Cl(3) - - Clt5) N(2) S(1) - 105.8(3) 

Cl(4) - Fe - Cl(5) 108.5(l) S(1) - N(1) - S(2) 119.6(4) 

N(1) - S(2) - S(3) 95.9(Z) 

n Cl (1) 

Cl (31 

‘View of one unit of structure of I-chloro-1,2,4-tritha-3,5- 
diazolium tetrachloroferrate.’ 

anion, and assumes that constraint compresses angles 
without affecting distances. (The calculated values are 
also quite sensitive to errors in bond distance.) The ring 
angle N(1)&2)S(3) [95.9(2)0] at the three-coordinate sul- 
phur atom also appears to be under compression; by 
analogy with other trigonal-pyramidal tricoordinate sul- 
phur compounds, the preferred rinp angle at tricoor- 
dinate S(2) is likely to be 100-llO”‘o” (i.e. O&l = 106.3” 
in SOC&, and N$N = 105.2” in CRS02N-S(Me)- 
N(S02CFJSnMe,‘3). 

Van der Waals radii for sulphur and for the chloride ion 
are approximate1 1.8 A14; non-bonded S . . . Cl distances 
shorter than 3.6 1 are given as Table 2. Only two [Cl(2)- 
(S(2 = 3.160(2) and Cl(2)-S(3) = 3.138(3) A] are below 
3.2 1 ; both interactions involve Cl(2) and this would 
account for the long Fe-Cl(2) distance of 2.215(2) A. The 
three remainin iron-chlorine distances are shorter 
(average 2.181 1 ). The largest Cl-fie-Cl bond angle 
[112.3(1)0] in the approximately tetrahedral anion, is be- 
tween the two atoms, Cl(3) and Cl(4), which are least 
involved in secondary interactions (Fe-Cl bond pair 
repulsions will tend to be highest for bond pairs closest 
to the iron atom). 

For SsN2C12, Zalkin, Hopkins and Templeton’ repor- 
ted a “polar dispersion shift” (a relative shift of light and 
heavy atoms along a polar direction during least squares 
refinement) which introduced some d‘oubt concerning the 

Table 2. Non-bonded S. . . Cl distances less than 3.6 A 

Cl(l) - S(3) 3.296(3) Cl(2) - S(3) 3.138(3) Cl(4) - S(l)II 3.529(3) 

Cl(2) - S(l) 3.455(Z) Cl(3) i S(l)' 3.267(2) Cl(4) - S(3)"' 3.408(2) 

Cl(2) - ~(2) 3.160(Z) Cl(4) - S(2) 3.502(2) cl(s) - SW1" 3.219(2) 

Roman numeral superscripts refer to the following equivalent po.sitions with 

respect to the molecule at x, y, z: 

1: -1+x y z 11: -f+x *+y f-z 

III: -4+x f-y -f+z IV: -k + x f-y i+z 
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Fig. 2. Comparison of bond parameters in [S3N&l]+Cl-(I) and 
IAN~Cll’IFeCLl~~II~. Where the difference is oositive. the dis- 
tance (A) or angle i’)is larger in I than in II. Thred times the sum of 
e.s.d.‘s for the two structures are given in brackets; differences in 

parameters less than this are not shown. 

geometry of the cation, especially the distances S(l)- 
N(1) and S(l)-N(2). (Their estimated standard devia- 
tions were about 0.005 A on the distances and about 0.3” 
on the angles). Consequently the sign&ant diiersnces 
between the two structures are the angle N(l)S(2)S(3) 
and bond distances dss and dscl (see Fig. 2). 

In S9NElz the chloride ion Cl(2) makes a close ap- 
proach [2.9OA at S(l), 3.04 A at S(2)] to all three sulphur 
atoms and so this is most likely to aRect the cation where 
there are two adjacent interaction sites (e.g. at the S(2)_ 
S(3) bond; this is found to be the case. Compared with 
[S3NN2Cl]+[FeCLJ-, the increased charge transfer from 
the anion strengthens the disulphur link (by 0.045 A) and 
weakens the S(2)-Cl( 1) bond (by 0.082 A). In a survey of 
the directional preferences of non-bonded atomic con- 
tacts with divalent sulphur, (XSY), Dunitz et a1.l’ 
showed that donor atoms such as oxygen and fluorine 
tend to form bonds in the XSY plane. They interpreted 
this as being due to an interaction of the donor atoms 
with the LUMO’s on sulphur which they identify as the 
antibonding orbitals associated with the SX and SY 
bonds. Our results, and also the observations by Gil- 
lespie et a1.16 for (&NJ’ and (&NJ:‘, are in accord 
with this generalization. A similar situation has been 
found” for (&NJ’ and (CCb. CN&)+ where the lowest 
unoccupied orbital (LUMO), apart from one or two of 1~ 
character, is bonding with respect to S-S and antibonding 
with respect to the neighbouring bonds (disulphur S to NJ. 
Consequently, electron drift into this unoccupied orbital 

strengthens the disulphur link”. The ordering of molecular 
orbitals is ditTerent for some other dithiolium cations, for 
example in the case of 4-phenyl-1,2&hiolium iodide and 
bromide increasing partial S-halogen bonding causes a 
very small lengthening (0.0014002 A) of the S-s bond’. 

A further interesting feature of the structure of 
[S&Cl]‘[FeCL]- (and [S,N2cll+Cl-) is the shape of the 
S,N, ring. 

Deviations of atoms from least squares planes are 
given as Table 3. The four atoms S(3)N(2)S(l)N(l) are 
planar within the limits of error. The three-coordinate 
sulphur atom S(2) and the attached chlorine atom Cl(l) 
lie 0.243 and 2.2%A respectively above the plane 
through these four atoms, the S(2)-Cl(l) bond making an 
angle of 112.8” with this plane. Since all ring angles are 
under compression (lot. tit), and any movement of S(2) 
out of the S(3)N(2)S(l)N(l) plane causes more reduction 
of ring angles, further bonding or repulsion forces must 
be operating, e.g. (i) a bondii interaction between S(2) 
and the upper lobes of ?r molecular orbitals at S(3) and 
N(l), and (ii) lattice forces; secondary interactions be- 
tween the chlorine atoms of the anion and the cation 
positions S(2) and S(3) have already been noted, and the 
fairly short Cl(l). . . S(3) distance of 3.2%(3) A may 
indicate that some interaction is occurring here also. 

There are four intermolecular contacts shorter than 
3.6A (see Table 2). These very weak interactions link 
ions of opposite charge together throughout the struc- 
ture. 

This structural study shows that in (S,N$Zl)’ salts, the 
geometry of the cation at the disulphur position is sen- 
sitive to secondary cation-anion interactions. Since S& 
is a small and hence rather inllexible ring, we anticipate 
that when large-ring S/N dithiolium salts are prepared, 
cation-anion interactions will have a much more marked 
distorting effect. 
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Abstract-ManganesefII) iodide, iron(D) iodide and copper(I) iodide each react with tetramethylammonium 
distdphite to form -ad~ydrous manganesefII) stdphite, iron(D) sulphite and copper@ disulphite respectively. Iron(U) 
sulpbite and copper(I) ~s~p~~ react with ~me~~suIphoxide-suIph~ dioxide to form iron(U) ~sulphate and 
copper@) disulphate respectively. Hydrated sulphites of ma~es~I), iron(U), ma~esium~1) and ~ci~~I) 
were also prepared. The properties of the sulphites were investigated using tbermogravimetric and IR measure- 
ments. 

~ODU~ON 
in recent years considerable study has been devoted to 
the preparation of arthydrous inorganic oxyanion com- 
pounds, many of which exhibit remarkable differences 
when comparison is made with the hydrated compounds. 
It is not clear how, and to what extent, the absence or 
presence of water of hydration affects the nature of the 
oxyanion in such compounds. Our studies relate to the 
preparation of anhydrous transition metal sulphites, few 
of which have been prepared and characterised,’ and to 
some hydrated transitioir and no~~ansition metal sul- 
phites, in order to ascertain the in5uence of metal ion 
and water of hydration upon the characteristics of the 
oxyauion. 

RRSULTS AND DBCUggI0N 
Earlier studies’ on anhydrous transition metal sul- 

phites have shown that it is generally not possible to 
prepare them by thermal dehy~ation of the hydrates 
since water and sulphur dioxide are s~~~~ously lost. 
It is necessary to make use of m&the&l reactions in 
non-aqueous media. The metal under study, in the form 
of its iodide salt, was treated with ~~e~yl~rno~~ 
disrate in acetone. Samples of rn~~se~1) s~p~te, 
iron sulphite and copper(I) disulphite were prepared. 
These compounds are all extremely sensitive to air and 
water. As experienced in our earlier work,’ it proved 
im~ssible to remove all traces of occluded te~amethyl- 
ammonium salts. This difhculty arises on account of the 
extreme insolubility of the sulphites, which cannot thus 
he recrystallised or reprecipitated, and of the lack of a 
solvent which is suitable for the complete solution of the 
reactants. A~ydrous man~se(~) sulphite may also be 
prepared by thermal decomposition of the hydrate, but it 
exists only within a small temperature range (31~-3759, 
according to thermogravimetric studies referred to later; 
it is very unstable, and surface decom~sition com- 
mences very soon after the compound is formed, as a 
result of spontaneous loss of sulphur dioxide. 

However, for each of the anhydrous transition metal 
sulphites, the metal: sulphur dioxide ratio is in accord 
with the formula, and two of them were converted to 
pure disulphates on treatment with the mixed system 
dimethylsulphoxide-sulphur dioxide? It may be inferred 
from this that the original materials are essentially 

*Author to whom correspondence should be addressed, 

anhydrous metal sulphite (~s~p~te in the case of cop- 
per). Iron@) sulphite gave rise to the formation of 
FeS20,&imso3 and copper(I) disulphite to the formation 
of CuS2074dmso’. In the case of manganese(K) sul- 
phite, an oily yellow product formed, which could not be 
character&& 

The IR bands, shown in Table 1, indicate that, in the 
anhydrous manganese0 and iron(U) sulphites, the sul- 
phite group coordinates through oxygen to the metal, 
very likely in the form of bridging sulphite groups, 
especially in view of the extreme insolu~ity of the 
compounds, which indicates some high molecular weight 
structure which is likely to arise from such a bridging 
element. Copper(I) dis~p~te is considered to con- 
tain dis~p~te covalently bonded to the metal. Its IR 
spectrum is similar in many ways to those of K&OS and 
(NMe&&O~, but it shows a complex series of bands in 
the region 7O@-4OOcm-‘. Two bands of medium inten- 
sity, at 380 cm-’ and 330 cm-‘, in the copper compound, 
which are not present in the spectra of K&OS or 
(NMe4)&05, probably arise from Cu-S or 01-0 bonds. 
It is clear that the sulphite groups in these anhydrous 
transition metal sulphites are not present as free ions.’ 

Four hydrated sulphites were prepared, two containing 
main group metals and two containing transition metals, 
in order to ascertain what effects both metal ion and 
water of hydration have on the mode of attachment of 
the sulphite group, and to see whether the anhydrous 
sulphites in these cases could be prepared by thermal 
decomposition of the hydrated compounds. 

Much of the earlier work associated with the pre- 
paration of hydrated metal sulphites has been shown to 
be u~I~ble. Prep~tive methods4*5 yielded several 
samples for which reproducible analytical data could not 
be obtained; perhaps this is in part accounted for by the 
fact that hydrated sulphites are extremely sensitive to 
oxidation, particularly the iron@) compound. We have 
characterised com~unds using methods of prepa~tion 
deveioped by us which give products for which reliable 
analytical data were consistently obtained. 

MnSO,.H20, CaSOJ*04Hz0 and hfgSO,.3H,O were 
all made by treating an aqueous sus~nsion of the metal 
carbonate with sulphur dioxide until a5 the carbonate 
had dissolved. Excess sulphur dioxide was removed by 
warming the solution, and the hydrated sulphite was 
obtained as a crystalline solid. FeS0,*3H20 was pre- 
pared by treating iron(H) sulphate solution with amal- 
gamated zinc, sodium sulphite and sulphur dioxide. If 

153 



154 

MnSO3 

W. D. HARRISON et nl. 

Table 1. IR bands of metal sulphites (cm-‘) 

Ul(sym.str.)V3(aaym.str.) v2[sym.bend) 

1015m 960s 645s 

690s 

v4(asym.bendl 

470w 

F&O3 980sh 942s 

900s 

620s 470m 

flgSO3 942m 625m 46Ow 

C&O3 970s 950s 66% 650m 52ow 48Ow 

456w 

MnS03.H20 1040sh 975m 

680s 

635s 470w 

F&03. 3H20 1020sh 950s 

680s 

630s 4809 

ngso,. 3H20 940s 6201~ 46Ow 

CaS03.0.5H20 97% 950s 66Em 650m 52ow 465w 

4s,w 

s = strong; m = mediumi w = weak; sh = shoulder. All bands ape broad. 

precautions are not taken to exclude air strictly from all 
the operations and to work in reducing conditions, basic 
sulphates and thiosulphates form readily, and iron@) 
easily reduces aqueous sulphur dioxide to dithionite. 

Thermograms were obtained for all the hydrated sul- 
phites prepared, and are shown in Fig. 1. I&SO,-H,O is 
quite stable and only begins ro lose Hz0 at 255”. Anhy- 
drous MnSO, is present from 310-370“, but some surface 
decomposition occurs within this range. Above 370”, loss 
of SO* occurs at an irregular rate. MnO exists beyond 
750”. FeSO,-3H,O begins to lose Hz0 at 135”. A point of 
inflection is observed in the thermogram at 400”, when 

loss of Hz0 is almost complete, and rapid irregular loss 
of SO5 commences. Fe0 exists above 830”. No inter- 
mediate decomposition products are observed. 

CaSo, .O + 5H20 is remarkably stable. It begins to lose 
Hz0 at 400”. Anhydrous CaS03 is present from 4%710”. 
SOz is lost beyond 710*, and at this temperat~e, slow 
disproportionation of sulphite to sulphate and sulphide 
occurs. At 920” isothermal decomposition of sulphate to 
oxide and SO, occurs. MgSOJ-3Hz0 begins to lose Hz0 
at 100”. Anhydrous MgSO, is evident at 310”, but very 
soon afterwards, a slow irregular decomposition begins, 
which is not complete at 1000”. Final decomposition 

Fig. 1. Thermograms of hydrated metal sulphites. 
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products 

a detailed 
a range 

q in 

a closed 

uacuo over phosphorus(V) 
oxide at 140°C. Iron(iodide was prepared as described by 
Winter.’ Conner(I) iodide was freshly nrenared by adding sodium 
iodide (7.5 ij in’ water (150 ml) to &pp&(II) &rate t&ydrate 
(12.0 g) in water (100 ml) and passing sulphur dioxide. The white 
precipitate was filtered, washing with sulphurous acid, ethanol 
and dry ether. The product was dried in uacuo over phos- 
phorus(V) oxide for li hr. 

The spectra of CaSOs.0.5H20 and CaSOp are more 
complex than those of the magnesium compounds, and 
suggest some degree of interaction between the metal ion 
and sulphite, as well as hydrogen-bonding between sul- 
phite and water in the hydrate. The water molecules are 
very strongly attached and the compound exhibits high 
thermal stability. 

Manganese(U) srlphite. Manganese(I1) iodide (I 1.0 g) was 
refluxed with tetramethylammonium disulphite (10.5 g), added in 
four aliquots, in dry acetone (250 ml) for 40 hr. The white product 
was filtered. dried. washim! with liauid suluhur dioxide (8x 
20 ml), and f&Uy dtied at 1~5°/10-4 mm. (Fouhd: Mn, 39.2; SO,, 
46.1. Calc. for MnO,S: Mn, 40.7; SO*, 47.5.) 

MnSOs*H20 (pale pink) and FeSO,.3H,O (pale green) 
have colours in accord with octahedrally coordinated 
metal ions. The central metal ion is probably surrounded 
by oxygen-bonded sulphite groups and by water mole- 
cules. This is borne out by the complexity of peaks. v3 is 
most likely split and responsible for the complexity in 
the region 102&880cm-‘. If sulphite were sulphur-bon- 
ded, a simpler spectrum would be expected in this 
region, as vJ would remain a singlet and absorption 
would be most intense above 975 cm-‘.6 

Iron sulphife. The method described for the corresponding 
manganese compound was followed. A green product was 
obtained. (Found: Fe, 39.7; SO*, 45.8. Calc. for Fe03S: Fe, 41.1; 
so*, 47.1.) 

Copper(Z) disulphite. Copper(I) iodide (9.1 g) and sodium 
iodide (5.5 g) were refluxed with tetramethylammonium disul- 
phite (9.0 g) in dry acetone (200 ml) and the method described for 
the corresponding manganese compound was followed. A white 
product was obtained. (Found: Cu, 45.0; SO*, 45.8. Calc. for 
Cu20&: Cu, 46.9; SO*, 47.25.) 

The support which IR studies give to the type of 
bonding in these compounds is enhanced by the ther- 
mogravimetric studies. 

Both MnSO,*H,O and FeSOs*3H20 decompose with 
loss of SO2 at very much lower temperatures than the 
hydrated sulphites of calcium and magnesium, indicating 
some fundamental differences in structure. They 
decompose to give pure oxides (MnO, FeO), whereas the 
sulphites of magnesium and calcium decompose rather 
reluctantly to give mixtures of sulphides and oxides and 
sulphates. 

Manganese(U) sulphite monohydrate. Sulphur dioxide was 
passed into a suspension of manganese(I1) carbonate (3.Og) in 
distilled water (20ml) until a clear solution was obtained. The 
solution was heated on a steam bath under a stream of nitrogen. 
Crystalline manganese@) sulphite monohydrate formed. When 
no more sulphur dioxide was evolved, the solution was allowed 
to cool under nitrogen. The product was filtered under nitrogen, 
washed with ethanol previously boiled and saturated with sul- 
phur dioxide, dried with ether under nitrogen, and finally dried at 
iO_’ mm for 12 hr. The product was stored in a sealed tube under 
nure nitrogen. (Found: Mn. 35.8: SO,. 41.5. Calc. for H,MnOdS: 
‘Mn, 35.65_S02; 41.85.) -. 

_ 

Zron(ZZ) sulphite frihydrate. AU solutions were prepared and 

The sulphites of manganese and iron should be com- 
pared with those of cobalt and nickel, which yield pure 
oxides Co0 and NiO on heating.‘.’ The relative ease with 
which transition metal sulphites decompose, and the fact 
that they give an oxide only, favours a fairly strong 
metal-oxygen bond in these sulphites. The metal sulphite 
is easily decomposed on heating, with loss of SO*, 
through fission of the oxygen-sulphur bond, which is 
weaker than in the free sulphite ion. 

Thermogravimetric studies on transition metal sul- 
phites also indicate that, whilst most of the SO, is 
evolved between 250” and 600“, in the cases of the 
hydrated sulphites FeSOsa3H,0, CoSOs*2.5H,0 and 
NiSO,*6H,O further loss of SO2 occurs at rather higher 
temperatures. This is probably due to the presence in 
these compounds of some sulphite ion as well as to 
covalently bonded sulphite. 

stored in a stream of pure nitrogen (previously deoxygenated by 
passing through chromium(N) chloride solution). Iron(I1) sul- 
phate pentahydrate (3.0 g) was dissolved in distilled water (20 ml) 
previously boiled and cooled under nitrogen. Concentrated 
hydrochloric acid (0.2 ml) and a piece of zinc were added. In 
another portion of water (20ml), sodium sulphite (5.Og) was 
dissolved and the solution saturated with sulphur dioxide. The 
two solutions were mixed, the zinc removed, and sulphur dioxide 
passed into the solution for 15 min. The stream of sulphur 
dioxide was replaced with nitrogen, and the solution heated to 
100°C. When no more suluhur dioxide was evolved. the solution 
was allowed to cool. The pale green crystals were filtered, 
washed with ethanol previously boiled and saturated with sul- 
phur dioxide, dried with ether, and finally dried at 10e4 mm for 
12hr. The product was stored in a sealed tube under pure 
nitrogen. (Found: Fe, 29.2; SOZ. 33.45. Calc. for H6Fe06S: Fe, 
29.4; SO*, 33.7.) 

Calcium(ZZ) stdphite hemihydrate. The method described for 
the corresponding manganese(H) sulphite monohydrate was fol- 
lowed. A white crystalline product was obtained. (Found: Ca, 
31.4; SO*, 48.9. Cak for HdaO& Ca, 31.45; SO?, 49.6.) 

Magnesium(ZZ) sulphite trihydrate. The method described for 

Compounds containing free sulphite do not decompose 
substantially until higher temperatures are reached (710” 
in the case of CaSOS and 600” in the case of MgSOa, 
neither being completely decomposed at 1000”). The 
decomposition of anhydrous CoSOX to Co0 and of 
NiSO, to NiO is complete at 570“ and no secondary loss 
of SO* is observed at higher temperatures. This, together 

the corresponding manganese@) sulphite monohydrate was fol- 
lowed. A white kystaliine product was obtained. (Found: Mg, 
15.25: SO,. 40.2. Calc. for I-kMg0.S: Ma. 15.35: SO,. 40.4.) 

Phjsicdi measurements. I&ei spe&a were recorded on a 
Perkin-Elmer 457 grating spectrophotometer as Nujol mulls. 
Thermogravimetric curves were obtained using a Stanton ther- 
mobalance. Metals were determined gravimetrically: manganese 
as ammonium manganese@) phosphate monohydrate, iron as 
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iron oxide, copper as dipyridinedithiocyanato copper(D), and *R. Maylor, J. B. Gill and D. C. Goodall, Part II, KS. Dalton 
magnesium as ammonium magnesium phosphate hexahydrate. 1973,534. 

Sulphur dioxide was determined iodometrically and gravi- ‘W. D. Harrison, J. B. Gill and D. C. Goodall, KS. D&n 1979, 
metrically as barium sulphate, after oxidation of sulphite with 847. 
hydrogen peroxide. Calcium was determined by Mr. A. Hedley 4MeUow, Comprehensive Tnatise of Inorganic and Theoretical 
of this department. Chemistry. Longmans (1930), London, and references therein. 

‘Gmelii, “Handbuch der anorg. Chem.“C6 1976,56. 
REFERENCES ‘B. Nyberg and R. Larsson, Acta Chem. Stand. 1973,27,63. 

‘R. Maylor, J. B. Gill and D. C. Goodall, Part I, J. Znorg. Nuclear ‘Winter, Inorgunic Synthesis 1973, 14, 102. 
C/iem. 1971.33, 1975. 
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Abstract-The valence bands of ESCA of and Ti(IV) acid in different 
are reported. various bands are by with L&PO,. Variations on 

the phase compounds having the M(IV) ion found. Two types molecular orbitals are 
involved. One to bonds is by crystalline The other, related M(W)-0 

bonds confined into the of the are less sensitive to environment. in 
symmetry of the P04’- anion proposed to be responsible the observed 

INTRODUCTION 
Several attempts have been made in order to charac- 
terize the electronic effects of structural variations, due 
to changes in the crystalline phase, by means of the 
ESCA technique.lm5 The study of the binding energy 
shifts of core levels on going from one to another crys- 
talline phase does not give any conclusive answer to the 
problem of the detectability of structural changes. This is 
because the variation in crystalline phase influences 
primarily the Madelung potential that is expected to shift 
all the binding energies (B.E.) of the core levels in the 
same sense.6’7 The Valence Band (V.B.) region of the 
ESCA spectrum seems to be more appropriate to detect 
structural changes. Large efforts have been made in the 
characterization of V.B. patterns for amorphous and 
crystalline phases in semiconducting compounds.8*9 In 
addition, changes in the V.B. pattern for metal/dielectric 
and semiconductor/metal phase transitions and in general 
for a compound before and after a temperature induced 
phase transition have been reported.‘“‘3 Changes in the 
V.B. pattern of samples epitaxially grown in two 
different crystalline structures have been described also; 
however this last study deals with quite simple systems 
such as cubic (s.c.) and face centred cubic (f.c.c.) thallous 
halides.14 

No dependence of V.B. structure on the crystalline 
phase has been reported for complex inorganic salts 
having polyatomic anions. 

In connection with a general program of ESCA 
characterization of inorganic ion-exchangers and/or solid 
electrolytes we are carrying out’.‘5 a systematic in- 
vestigation on the acid phosphates of tetravalent metals 
and their salt forms. It was thought that these materials 
could be suitable compounds to study the eventual effect 
of the crystalline phase variation on the ESCA spectra of 
V.B. In fact, the acid salts of tetravalent metals, M(W)* 
(HP04)2, can be obtained, other than as amorphous 
materials, also in two different layered structures named 
as a- and y-phases.‘6’8 Thus, the V.B. spectra of the 
phosphate group can be examined and compared in three 
different materials of same chemical composition, while 

*Author to whom correspondence should be addressed. 

the effect of the tetravalent metal can be investigated by 
comparing the results obtained with analogous crystalline 
phases of different M(IV) phosphates. 

In this paper the results obtained with a-, y- and 
amorphous acid phosphates of Zr(IV) and Ti(IV) are 
reported and discussed. 

EXPERIMRNTAL 
Amorphous zirconium phosphate was prepared by slowly mix- 

ing 1 M ZrOC& solution with 2M H,P04 solution. Micro- 
crystalline rr-/Zr(P04)2JH2~Hr0 and y-IZr(P04)a1Hz*2H20 were 
obtaided with the slow precipitation’9 and relIuxingro procedures 
respectively. The cr-lTi(P04blH2.H20 and r-jTi(P04hlH,.2H,0 
were obtained as described in Refs. 21 and 22 respectively. The 
amorphous and a-phases were stored over phosphorus pentoxide 
while the y-phase were conditioned in vacuum desiccator over a 
NaCl saturated solution at room temperature (plP,, = 0.7). 

The ESCA spectra were obtained with a ICRATOS ES-300 
electron spectrometer. The samples were introduced in the spec- 
trometer chamber as powder pellets, obtained under rotary 
vacuum pump and attached to a Ni-Cr wire with a silver glue. 
The measurements were performed with Ala, radiation under a 
vacuum of 10m9 Torr. 

It is always very diicult to assess the behaviour of water 
containing materials in the high vacuum of an X-ray Photoelec- 
tron Spectrometer?’ In our case one can think that water of 
crystallization may or may not be pumped away. In both cases 
we should not have interference with the anion spectrum. If it is 
pumped away the crystalline structures remain unchanged.22 If it 
has not been pumped away, the water 0 2p cross section is so 
low with respect to metal-oxygen bonding orbitals to ensure little 
contribution to the valence band. 

Carbonaceous contamination, previously discussed,’ might 
also influence the V.B. spectra. However the good reproducibility 
of the spectra taken in different experimental conditions ensures 
that this disturbing factor should play a negliible role. 

No attempt was made to remove the residual carbon con- 
tamination by Argon sputtering since this procedure causes 
strong damage in the examined samples.“~” 

RRSIJLTS AND DISCUSSION 
Fiie 1 shows the V.B. region of the ESCA spectrum 

of the amorphous Zr(HP04)a. In the same ligure the 
spectrum of Li3P04 is also reported for comparison. The 
high K.E. part of the V.B. spectra of a, y and amorphous 

157 
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c/s 

AMORPHOUS 
Zr(lP@4)2 

a) 

A b) 

b) 

1430 1444 1464 1466 147ci 

K.E. (uncormcted) (eV) 

Fii. 1. Valence Band region (A&) of ESCA spectrum of amorphous Zr(HPO,),. The Li,PO, spectrum reported 
for comparison is from Ref. 25. 

Zr(HPO& are compared in Fig. 2. Fiie 3 shows the 
same spectra for a and 7 Ti(HPO&. 

The assignment of the various bands in Figs. l-3 is 
made by comparing the amorphous Zr(HPO&’ and 
L&PO4 spectra. 

The structure (a) in the spectrum of the amorphous 
zirconium phosphate (Fig. 1) is due to the photoioniza- 
tion of 4p electrons of ZrQV) ions; the rather sharp 
shape of this band suggests that the 4p orbitals are not 
strongly involved in the bonding. The weak structure (c) 
may be due to shake-up transitions involving the bands 
at higher K.E. 

The structures (b), (d), (e) and (f) resemble those found 
in Li3P04. This is not surprising, since, this part of the 
spectrum is free from metal Zr(IV) orbitals. Thus, it must 
be correlated to the POd3- moiety and can be assigned to 
the same type of orbitals attributed to the corresponding 
bands in the Li3P0, spectrum.2*3o This because also the 
V.B. of this last compound is free from metal orbit&. 

tetrahedral field of the eight 2p ?r orbitals of oxygen 
atoms. Strong contribution of Zr 4d orbitals to 2t2 and to 
It,, 3t2 and le is expected. 

A closer comparison of the V.B. patterns of the 
L&PO, and of the amorphous Zr(HP04)2 shows some 
differences (Fig. 1) in the relative intensities, shapes and 
relative B.E.‘s of the various bands. DifIerences are also 
noted in the spectra of the Zr(IV) vs Ti(IV) compounds 
and for the same cation comparing the dilIerent crystal- 
line structures (Figs. 2 and 3). These diierences can be 
interpreted considering that the Valence Band features 
should be inthrenced by the following structural factors: 

(1) Bond lengths between the central atom and the 
oxygens of oxoanions, 

(2) Symmetry of the oxoanions in the crystalline lat- 
tice, 

(3) Madelung potential effect arising on the peculiar 
crystal packing, 

On this basis, the band (b) is assigned to four strongly 
bonding O-29 orbitals which are split by tetrahedral field 
in la, and It2 orbitals having some P-3s and P-3p 
contribution respectively. 

(4) Nature of the cations which in turn influence bond- 
ing features as polarity, covalency percentage, lengths 
and orientation of the bonds. 

The bands (d) and (e) are assigned to 2al and 2t2-like 
orbitals. These orbitals arise from the mixing of four 
orbitals P-3s and P-3p with four 0-2~~ orbitals. These 
two bands correspond to the two types of P-O u- 
bonding, with 2a, linked to the s-symmetry and with the 
2t2 band linked to the p-symmetry?5*26 The 2a, band is 
mainly due to a P-3s/O-2p bonding orbital in which the 
little contribution of 0-2s is of opposite sign of the P-3s. 
The 2t2 band arises from 0-2~ with P-3p strong con- 
tribution. 

On the basis of the above considerations the 
ditferences between L&PO, and Zr(IV) or Ti(IV) phos- 
phates, should be due to: 

(a) the higher covalent nature of M(IV)-O bonding 
with respect to the more ionic nature of Li-0 bonds, 

@I) the diierent P-O length in M(IV)(HP0J2 com- 
pound compared to that in Li3P04 (1.53A in a- 
Zr(HP04)* against 1.56 A in Li3P04’y, 

(c) the distortion from tetrahedral symmetry mainly 
due to the P-OH bond which is longer for example, in 
a-Zr 

!I 
P0J2*H20, than the other P-O bonds of about 

0.06 :‘.32 
The band (f) is attributed to the convolution of three In particular, the Ilrst factor should account for the 

structures It,, 3t2 and le, that arise from the splitting in higher intensity of the (f) band in M(W) nhosphates. This 
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Fig. 2. Valence Band region in expanded scale of ESCA spectra of amorous, Q- aad y-Zr@PO& 

Table I. Binding energies (eV) of amorphous, a and y Zr(HPO& 

(a) 
OIS pzS Zr 3d 512 Zr 4s Zr 4p (bf (d) fe) (f) 

Amorphous 533.4 193.8 185.9 56.7 34.4 26.6 15.9 12.6 9.8 

a 533.3 193.4 185.5 56.8 34.2 26.4 15.8 12.4 9.4 

Y 532.7 193.0 185.0 56.2 33.7 25.9 14.6 11.9 9.1 

Lisp04 536.6 195.5 29.3 17.6 15.0 11.5 -9.0 

The figures for the Zr compounds are referred to the B.E. of the Zr 3 d5/2 core fevel(1) 

The LijP04 values are taken from ref. 25. 

because the covalent nature of the India should give a 
strong contribution of Zr 4d and 5s orbitals (or Ti 3d and 
4s) to the oxoanion’s molecular orbitals le,, It, and 3tZ. 
An increased photoionization cross-section is indeed to 
be expected33 for Zr 4d (or Ti 3d) orbital contribution to 
the low photoion~t~on cross section of the 0-2~ like 
orbitals. 

The B.E. lowering of the (f) band (distance 0 2s-0 

band centroid: Zr(HPO& = 16.8 eV, Ti(HPO& = 17.7 
eV; L&PO4 = 19.05 eV) should be mainly due to the 
increase of positive charge density of the oxygen atoms 
covalently bonded to M(W) ions, with respect to the 
POf- moiety in the Li” salts. The trend seems to be 
unaltered by eventual final state effects. The increased 
splitting of b,.and 2t2 lie components from 2.5 eV for 
L&PO, to 3.3 eV for L~-Z~(HPO,)~ or 3.6 eV for a- 
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Fig. 3. Valence Band region of ESCA spectra of (I- and y-Ti(HPO,),. 

Ti(HPO& should be due to the concurrent influence of the 
decrease of the P-O distances and distortion of the 
tetrahedral symmetry of POd3- group. The shorter bonds 
imply a stronger crystalline field effect on the energy levels 
in the anionic group, which should increase the separation 
of the levels. On the other hand the distortion of the 
tetrahedral symmetry is expected to remove band 
degeneracies, by splitting the 2a, and 2t2 orbitals in 
different components convoluted in the broad (d) and (e) 
bands. 

Several factors may contribute to the intensity in- 
version of the two 2a, and 2t2 like bands. Due to the 
short P-O bond in M(N) phosphates the interactions 
between the P 3s-0 2s orbitals are expected to be 
stronger than in L&PO,. As a consequence, due to the 
opposite sign in the molecular combination, the intensity 
of 2a, like band is reduced with respect to that of 2t,. To 
this effect concurs the above mentioned distortion of the 
tetrahedral symmetry on going from the Li to the M(IV) 
compounds. Because of the lower symmetry, the split- 
ting of the (d) band takes place with a consequent 
lowering of its intensity. On the other hand the 2t2 like 
band should have some Zr 4d or Ti 3d contribution which 
should increase the intensity of the (e) band for the same 
reasons invoked for the (f) band. 

A comparison of the V.B. region of E&A spectra of 

Zr(HPO& and Ti(HPO& with dierent crystalline 
arrangements shows the strong importance of the phase 
effects versus the “chemical” effect of the substitution 
of Li with Zr(IV) or Ti(IV) ions. The previous hypothesis 
allow to interpretate these effects. 

Let us lirst compare the V.B. region of amorphous, a- 
and y-zirconium phosphates. Figure 2 shows the (d), (e) 
and (f) bands in expanded scale. Remarkable difIerences 
both in B.E. and in shape for the three samples can be 
observed. The (a) and (b) bands are instead not reported 
being very similar. 

The distance between the maxima of (d) and (e) bands 
is greater in a- and amorphous than in y-phases. The 
y-phase figure is closer to that of the model compound 
(see Fig. 2 and Table 1). The previously hypothesized 
correlation of this parameter to the symmetry of the 
POd3- group would suggest in this case a more regular 
symmetry of the anionic groups in the y-phase. 

However the (d) band of the r-phase shows a definite 
component at the low K.E. side and the energy 
difllerence of the centroid of the whole band with respect 
to the (e) band is 3.3 eV, very close to that found for the 
a-phase. 

The a- and amorphous phases are characterized by a 
distorted tetrahedral symmetry of the anionic group with 
the P-OH bond significantly longer than the other P-O 
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bonds.“.32 Unfortunately the structure of the y-phase is 
yet unknown but some indirect evidences3c36 lead to 
assume that there are two kinds of P03(OH) groups, 
crystallographically different. This hypothesis seems to 
be supported by the observation of a low K.E. com- 
ponent of the (d) band, the deconvolution of this band 
giving an approximate 2: 1 ratio between the more and 
less intense component. These two components might 
then be attributed to two different types of P03(OH) 
groups. The low K.E. component should be due to a 
distorted tetrahedral situation. The more populated high 
K.E. band should be due to the presence of POs(OH) 
groups with a more regular tetrahedral symmetry, since 
its energy difference from the sharp (e) band is closer to 
that of the tetrahedral model compound. 

The (e) band seems very sharp in shape for the y- and 
amorphous phases while it is broader in the a-one. This 
sharpening is probably to be connected again to sym- 
metry factors. 

In particular, in a previous work:* it was found that 
the structure of the y-macroanions is more dense than 
that of the a-ones. It was supposed that the dense 
structure of the y-layer could arise from a linking of 
POI(OH) tetrahedra to the M(IV)O6 octahedra different 
from that observed for the a-layer. In this latter 
macroanion the tetravalent metal atom is coordinated to 
six oxygens of six different POJOH) groups; in the 
y-one the 6-coordination may be obtained with a lower 
number of PO,(OH) tetrahedra, probably four. 

On the other hand, one has to take into account that 
angular variations in a given anion structure leads to 
modification in the V.B. pattern,37 so that the 
modification observed in the (e) band may be connected 
to different packing, which involves angular variations in 
P03(OH) tetrahedra on changing phase. The (f) band 
appears to be more similar in the case of the y and 
amorphous phases with respect to the a-one. In parti- 
cular the (f) band seems to be broader and less close to 
the (e) band in the series, a > y > amorphous. 

The sharpening of the (f) band seems reasonably con- 
nected to the poor band overlap in the amorphous phase, 
due to the lack of any regularity in the lattice. In the 
y-phase, because of the same feature of the (f) band, the 
presence of some distortion in the crystal lattice should 
be considered. Indeed, the high density of the y-sheets, 
that implies the distortion of the regular octahedral 
symmetry of the Zr068- clusters could cause the missing 
of part of the symmetry pattern found in the a-phase. 
This decrease of symmetry (from general solid state 
band considerations) could account of the observed band 
sharpening. 

Similar conclusion can be drawn by examinating the 
V.B. spectra of a- and y-titanium phosphates (see Fig, 
3). In particular, the splitting of the (d) band in two 
components on going from a to y phase is much 
stronger. This effect gives supports to the hypothesis 
made for the zirconium phosphates since it is just the 
effect expected on the base of the differences in the 
molecular internal distances. It is known that the dis- 
tance between the M(IV) ions, lying nearly in a plane, is 
5.3 A (Zr) and 5.0 8, (Ti) for the a-compounds’6 and 
4.6 A (Zr) and 4.4 A (Ti) for the y-ones.34.38 

Also the behaviour of the (e) and (f) bands resembles 
that observed for Zr(IV) phosphates on going from the 
a- to the y-phase. The asymmetric shape of (e) band in 
a-Ti(HPO& is removed in y-Ti(HPO&, and the (f) band 
has a more flat shape in the a and a well peaked shape in 

the y-phase. Furthermore, the distance between the 
maxima of (d) and (e) bands is very similar to that found 
for the a and y-Zr(IV) compounds: i.e. 3.6 eV in the 
a-phase and 2.1 eV in the y-phase. 

All of this suggests that the described differences in 
the V.B. patterns are peculiar to the various structures 
and that each phase is characterized by rather well 
defined features. The replacement of Zr(IV) with Ti(IV) 
leads only to small differences. 

CONCLUSION 
The comparative study of the V.B. region of the ESCA 

spectra of acid salts of tetravalent metals, having 
different structures, has shown that the V.B. patterns are 
affected by variation in the crystalline structure. 

The structural variations influence in different extent 
the different parts of the V.B. pattern. In particular the 
(d) and the (e) bands (a, and t2 orbitals) are those which 
seems to be mainly affected by the crystalline environ- 
ment. This is connected to the fact that these bands refer 
to orbitals, (P-O) which are external to the macroanionic 
layers. 

On the other hand the (f) band (e, t2 and t, orbitals) is 
less affected by crystalline environment and the con- 
sequent symmetry variations. This is connected to the 
fact that these bands refer to orbitals, (mainly M(IV)-O), 
which are inside of the macroanionic layers. 

Work is in progress in our laboratories on the alkali 
forms of these layered ion exchangers in order to study 
the effect of the intercalation of the cations on their V.B. 
patterns. 
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zIm*- according to eqn (1): 

MC12(dpe) + T12(N-N)* + M(N-N),(dpe) t 2TlCl (1) 

M = Pd; (N-N):- = BiIm*-(I), BiBzIm’-(II) 

M = Pt; (N-N)**- = BiIm2-(III), BiBzIm2-(IV) 

lead to the precipitation of TlCl and solutions from 
which the mononuclear biimidazolate and biben- 
zimidazolate palladium(H) or platinum(I1) complexes I- 
IV (Table l), where the anions are acting as bidentate 
chelate ligands, can be obtained. 

These complexes (B,C) have two uncoordinated 
nitrogen donor atoms and are therefore Lewis bases. 
Thus, the addition of a stoichiometric amount of perch- 
loric acid to dichloromethane solutions of I-IV (eqn 2) 

M(N-N),(dpe) t 2HC104 ac. + [M{H2(N-N)2}(dpe)l(C10J2 

M = Pd; H2(N-N), = H*BiIm(V), H,BiBzIm(VI) (2) 

M = Pt; H2(N-N)* = H2BiIm(VII), H2BiBzIm(VIH) 

produces the protonation of the basic nitrogen atoms 
leading to the formation of cationic complexes V-VIII, in 
form of the perchlorate salts. Alternatively, these com- 
plexes can also be obtained from the cationic precursors6 
[M(dpe)(Me2CO),](C10J2 by displacement with H2BiIm 
or, respectively, H2BiBzIm of the poorly coordinated 
Me,CO (eqn 3) 

[M(dpe)(Me2CO)2l(ClO,)2 + I-UN-W+ 

[M{H2(N-N)2Mdpe)l(C10~)* + 2MeXo (3) 

Since complexes (I-IV) are stronger Lewis bases than 
acetone, they react with the cationic complexes 
[M(dpe)(Me2CO),](C10,)z (M = Pd, Pt) affording solu- 
tions of homobinuclear cationic complexes (eqn 4) 

[M(dpe)(Me2CO)2l(ClO,)2 + MWN)2(dpe) + 

[M21CL-(N-N)2}(dPe)21(C104)2 + 2MeXO (4) 

M = Pd; (N-N);- = BiIm’-(IX), BiBzIm*-(X) 

M = Pt; (N-N);- = BiIm*-(XI); BiBzIm*-(XII) 

from which, after partial evaporation of the solvent, 
complexes (IX-XII) are obtained. 

The process of eqn (4) is a general one and can be 
extended to the synthesis of heterobinuclear complexes. 

H H -4+ 

N 

x 

N 

P N N 

‘M’ 
\/ 

P 

P’ ‘N N 
AM\ 

P > 

N x N 
H Ii 

(D) 

M=Pd,Pt 
H2(N-N)* = H2BiIm, H,BiBzIm 

Thus, palladium(II)-rhodium(I) and platinum(IIt 
rhodium(I) complexes (XIII-XIV) can be prepared, ac- 
cording to eqn (5) 

[Rh(COD)(Me,CO),](ClO,) t M(BiBzIm)(dpe) + 

[(dpe)M(@-BiBzIm)Rh(COD)](ClOJ t xMe2C0 (5) 

M = Pd(XHI), Pt(XIV) COD = 1,5-cyclooctadiene. 

All the reactions take place smoothly at room tem- 
perature. 

Bubbling of carbon monoxide through di- 
chloromethane solutions of the heterobinuclear com- 
plexes XIII and XIV leads to the displacement of the 
diolefin and to the formation of the dicarbonyl deriva- 
tives [(dpe)M(~-BiBzIm)Rh(C0)2](C10.J (M = Pd(XV), 
Pt(XVI)). Addition of an equimolecular amount of 
triphenylphosphine to dichloromethane solutions of XV 
and XVI causes the substitution of one mole of carbon 
monoxide by the phosphine and leads to the formation of 
the monocarbonyl complexes [(dpe)M(p- 
BiBzIm)Rh(CO)(PPh,)l(ClO~) [M = Pd(XVII), 
Pt(XVHI)I. 

All the complexes described herein are air-stable. 
Table 1 lists their analytical data, decomposition points, 
molecular weights of the neutral complexes along with 
the conductivity data of the cationic complexes. The 
values of the slope A in Onsager’s equation (nitromethane 
solutions) for the cationic complexes V-XVIII (see 
experimental) confirm that they are 1: 2 (A = 427-477) or 
1: 1 (A = 230, 249) electrolytes supporting the proposed 
formulation and ruling out other possible structures (D, E) 
for which higher values of A should be expected.’ 

The IR spectra of the complexes (Nujol mulls) show 
absorption bands due to the anions BiIm2- or BiBzIm2- 
which are basically identical with those described for 
these ligands in other related complexes.‘.’ Nevertheless, 
some differences are observed in the 1300-1100 cm-’ 
region (in plane C-H bending) where the spectra of 
mononuclear and homobinuclear complexes I-IX and XI 
exhibit two absorption bands. The spectra of the cationic 
complexes VI-XVIII show the two absorption bands 
which are characteristic of the perchlorate anion* (Td) at 
ca. 1095(s, br) and 623(s)cm-‘. For the complexes 
[M{H2(N-N)z}(dpe)](C10J2 (V-VIII) these results con- 
trast with the IR spectra of the related rhodium (I) 
cationic complexes [Rh{H*(N-N),}(diolefin)](ClOJ 
where the corresponding absorptions of the perchlorate 
group (C,,) point to a bonding via N-H.. . 0C103.4.9 The 
stretching v(N-H) in the complexes V-VIII appears as a 
strong and broad band in the 3500-3000 cm-’ region. 

’ 'NAN NAN/' \ M’/ 
/\ 

(El 

M=M’=Pd,Pt. n=4 
M=Pd,Pt. M’=Rh. n=2 
(N-N)**- = BiIm*-, BiBzIm*- 

n+ 
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The dicarbonyl complexes XV and XVI exhibit two 
strong absorptions (CH& solutions) due to v(CO), as 
expected for cis-dicarbonyl derivatives whilst the spec- 
tra of monocarbonyl complexes XVII and XVJII show a 
single absorption band (Table 1). 

EXPERIMENTAL 
C, H, N analyses were carried out with a Perk&Elmer 240 

microanalyzer. The IR spectra were recorded over the 4000- 
200 cm-’ range on a Perkin-Elmer 577 spectrophotometer using 
Nujol mulls or CH2C12 solutions. Conductivities were generally 
measured in ca. 5 x 10m4 M acetone or nitromethane solutions 
with a Philips 9501/01 conductimeter. Values of A were cal- 
culated in Onsager’s equation il, = A,, - Avc using several con- 
centrations in the 5 x lo-‘-5 x 10m4 M range. The molecular 
weights were determined in chloroform solutions with a Hitachi- 
Perkin Elmer 115 osmometer. Decomposition points were deter- 
mined under air in a Buchi apparatus. 

PREPARATIONOFCOMFLEXJB 
Mononuclear palladium(ZZ) or platinum(ZZ) neutral 
complexes: M(BiIm)(dpe) and M(BiBzIm)(dpe) (Z-N) 

An equimolecular mixture of Tl,BiIm or TLBiBzIm’ 
and MC&(dpe)” (M = Pd, Pt) (0.5 mmol) in 50 ml of 
CH,Cl, was stirred at room temperature for 2hr. After 
filtering off the TlCl, partial evaporation of the solvent 
and addition of ether led to the precipitation of com- 
plexes I-IV. Yield %: (I) 64, (II) 79, (III) 83, (IV) 75. 
Mononuclear palladium(ZZ) or platinum(ZZ) cationic 
complexes: [Mz(p-BiIm)(dpe)Z](CIO& (V, VU) and 
[M(H,BiBzIm)(dpe)l(ClO~)~ (M, ym) 

Method (a). To a solution of 0.173 mmol of [M(dpe)- 
(Me,CO)&ClO.& (M = Pd, Pt)” in 5Oml of acetone 
(obtained in situ by reacting 0.173 mmol of MWdpe) 
with 0.347 mmol of AgC104 and subsequent removal of 
AgCI) was added 0.173 mmol of HzBiXm or H*BiBzIm.” 
After stirring at room temperature for 3 hr solutions were 
filtered off yielding the respective complexes by: partial 
evaporation of the filtrate and addition of ether (V, VII) 
or evaporation to dryness and stirring the oily residue in 
ether (VI, VIII). Yield %: (V) 84, (VI) 82, (WI) 87, (WI) 
90, A = (V) 435, (VI) 434, (VII) 460, (VIII) 477. 

Method (6). A solution of 0.1 mmol of I-IV in 60 ml of 
CH,CI, was treated with 0.022 ml of HClO,, 60% and 
stirred at room temperature for 1 hr. Complexes V-VIII 
were isolated after partial evaporation of the solution 
and addition of ether. Yields %: (V) 87, (VI) 80, (VII) 88, 
(VIII) 82. 

Zfomobinuclear palladium(ZZ) or platinum(ZZ) cationic 
complexes: [M&-BiIm)(dpe)~](ClO.& (IX, XI) and 
[M,(p-BiBzIm)(dpe)N10,)2 (X, w) 

An equimolecular mixture of [Pd(dpe)(MezCO),] 
(ClO4)2 (obtained in situ as described above) and 
Pd(BiIm)(hpe) (I) or Pd(BiBzIm)(dpe) m) (0.157 mmol) 
in 50ml of acetone was stirred at room temperature for 
3 hr. Complexes IX and X were precipitated by addition 
of ether to the partially evaporated solution. Platinum 
complexes XI and Xll were similarly prepared. Yields %: 

(IX), 80, (X) 88, (XI) 87, (XII) 93. A = (IX) 430, (X) 424, 
(XI) 427, (XII) 448. 

Heterobinuclear palladium(ZZ)-rhodium(Z) 
platinum(ZZ)-rhodium(Z) cationic complexes [(dpe)M(Ir 
BiBzIm)Rh(COD)](ClO,). M = Pd, (XZZZ), Pt (XIV) 

A mixture of [Rh(p-CI)(COD)],‘* (0.033 g; 
0.068 mmol), A&IO., (0.028 gr, 0.138 mmol) and 
0.136 mmol of M(BiBzIm)(dpe) [M = Pd(II), Pt(IV)l in 
30 ml of H2CC12Me,C0 (1: 1) was stirred at room tem- 
perature for 20 min. AgCl was filtered ofl and the tiltrate 
evaporated until ca. 1 ml. Yellow complexes XIII and 
XIV were precipitated by addition of ether. Yields %: 
(XIII) 79, (XIV) 94. A = (XIII) 230, (XIV) 249. 

[(dpe)M(~-BiBzIm)Rh(C0)2](C10.,) M = Pd (XV), Pt 
(XVZ) 

Carbon monoxide was bubbled through a di- 
chloromethane solution (20 ml) of XIII and XIV at atmos- 
pheric pressure for 20 min. The resulting solutions were 
partially evaporated and the required orange complexes 
XV, XVI precipitated by addition of ether. Yields %: 
(XV) 92, (XVI) 91. 

[(dpe)M(p-BiBzIm)Rh(CO)(PPh~)l(ClO~) M = Pd (XV@, 
Pt (Xvm) 

An equimolecular mixture of XV (0.013 g; 0.013 mmol) 
or of XVI (0.039 g; 0.036 mmol) and PPb in 20 ml of 
CH& was stirred at room temperature until CO evolu- 
tion is not observed (in ca. 2hr. Pale yellow complexes 
XVJI and XVJII were isolated after partial evaporation of 
solutions and addition of hexane. Yields %: (XVJI) 91, 
(XVIII) %. 
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WITH METHYL CYANIDE AND METHYL 
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Ah&&-Linear LiNC is known to be the more stable isomer when isolated in inert gas matrices at low 
temperatures (4-15K).’ In an attempt to form the other geometrical isomer, LiCN, studies of the reaction of lithium 
atoms with CH$N and CH,NC were undertaken. A new absorption in the CN stretching region was observed 
when lithium atoms were co-condensed with CHJNC in solid argon and xenon matrices. Photolysis of the matrices 
with a medium pressure Hg lamp during deposition of Li/CHINC seemed to favour the formation of the more 
stable isomer. LiiC. Reactions of lithium atoms with CH$N only led to the formation of LiNC, with or without 
photolysis. 

Ih’TRODUCTION 
Early ab initio Hartree-Fock calculations on the struc- 
tures and stabilities of gaseous LiCN and LiNC indicated 
that linear LiNC should be more stable by -9 kcal/mole 
than linear LiCN? From the different measured isotopic 
shirts for the three fundamental modes of carbon-13, 
nitrogen-15 and lithium-6 enriched samples, IR matrix 
isolation studies carried out on this molecule confirmed 
the greater stability of LNC. Shortly after the experi- 
mental studies, Clementi et ai? reinvestigated the LiCN 
and LiNC molecules in the linear configuration making 
use of a larger basis set in their calculations. The resul- 
ting atomization energies were found to be 310.71 and 
317.63 k&mole for LiCN and LiNC, respectively, again 
demonstrating the stability of LiNC over LiCN. 
However the emphasis in this work was on the study of 
the energy surface for a lithium atom reacting with a CN 
radical which represents the isomerization reaction sur- 
face for conversion from LiCN to LiNC. Particular 
interest was paid to the height of the energy barrier 
between the two configurations. No energy barriers were 
found to exist in the conversion of LiCN to LiNC, or 
between the linear and non-linear configurations. 

Recently it was shown’ that if correlation effects are 
included in the calculations of the isomerization energy 
for LiNC ++ LiCN, the molecule shows almost no energy 
change for rearrangement in support of the idea of the 
“polytopic” bond. 

Lunichev and Rambid? derived equations that des- 
cribe nuclei distributions of LiNC molecules for lower 
states of deformation vibrations. It was found that on 
increasing the vibrational energy, the average distance of 
the Li nucleus from the center of mass of the NC group 
increases and the average arrangement of LiNC nuclei 
changes from near linear to triangular. The same 
author8 studied the motion of the Li atom in a LiNC 
molecule and these calculations showed that the LiNC 
nuclear framework is highly non-rigid at low vapour 
temperatures as reflected from the high population of 
excited states. However the fraction of states where 
pseudo-rotation of the Li atom is possible, was not large 

tAuthor to whom correspondence should be addressed. 

even at rather high vapour flressures because of the low 
vaporization temperature (- 800 K). 

The atomization energies of gaseous alkali metal 
monocyanides were recently experimentally measured’ 
using an atomic absorption spectrometric method. The 
measured atomization energy of 317.17 k&/mole for the 
lithium compound compares very well with that cal- 
culated (317.63 kcal/mole) for LiNC.3 

This paper deals with the study of the nature of 
reactions of lithium atoms with CH$N and CHaNC in 
solid inert gas matrices. An end-on attack of a lithium 
atom on CH,CN and CH,NC is expected to form LiNC 
and LiCN, respectively, while an approach from the side 
should produce a mixture of the isomers. 

EXPERIMENTAL 

The matrix isolation apparatus used in this study has been 
previously described in detail. 9.10 Lithium was heated in a stain- 
less steel crucible in the temperature range 35m. The 
temperature of the furnace was measured with alumel&romel 
thermocouple wires placed at the back of the cell. In a typical 
experiment, an atomic beam of the metal was co-condensed with 
the reactant gas, CHsCN or CH3NC, with excess inert gas for a 
period of 1 hr. The matrix surface, a polished copper mirror, was 
then rotated 180” and the infrared reflection spectra of the 
trapped species were measured with a Beckman IR-9 spec- 
trophotometer. Absolute frequencies were usually read to an 
accuracy of 20.5 cm-’ and were calibrated against the standard 
water spectrum. A closed cycle helium refrigerator was used for 
cooling the copper block to the desired temperature. Photolysis 
of the matrix with a medium pressure short-arc mercury lamp 
and a water/Pyrex filter was sometimes carried out during 
deposition. 

The lithium metal, obtained from Alfa Inorganics, was of hi 
purity (99%). An isotopically-enriched sample of metal (%% 6Li) 
was furnished by the Oak Ridge National Laboratory. Methyl 
cyanide (99+%) was purchased from Aldrich Chemical Com- 
pany. Methyl isocyanide was prepared according to the method 
described in Ref. Il. Both the cvanide and isocvanide com- 
pounds were frozen at liquid N2 temperature and p&ped on for 
a short period of time. These freeze-thaw cycles were repeated 
several times until the liquids were completely degas&. 
Matheson argon (99.99%) was purified by pas&g i<thro&h hot 
titanium (WC) prior to deposition. Xenon (99.99%) was 
obtained from Cryogenic Rare Gas Laboratories and was used 
without further purification. The flow rates of the reactant gases 
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and the inert gases were separately controlled through two 
diierent needle values connected to thermocouple gauges. 

DISCUSSIONS OF RESULTS 
When lithium atoms were co-condensed with methyl 

isocyanide in excess argon, a new absorption appeared in 
the CN stretching region at 2230Scm-’ as shown in 
Figs. l(B) and l(B’). The frequency of this band was not 
altered upon substitution of lithium-6. A weak absorption 
was also detected at 617.4 cm-’ which has been assigned 
to the out-of-plane bending mode of the methyl radical. 
When photolysis of the matrix was carried out during 
deposition using a short arc Hg lamp, two bands ap- 
peared at 646.5 and 2080.5cm-‘. The frequencies of 
these bands are very close to the LiN (646.4cm-‘) and 
NC (2084.5cm-‘) stretching frequencies of lithium iso- 
cyanide.’ The peak at 646Scm-’ shifts by 40cm-’ 
when an enriched sample of the metal (%o/06Li) is used. 
Again the measured frequency is very close to that of the 
6LiN (696.5 cm-‘) stretching frequency of 6LiNC. These 
absorptions can be assigned to the molecule, LiNC. 

Reactions of lithium atoms with methyl cyanide in the 
presence or absence of light led only to the formation of 
LiNC as evidenced from the absorption band due to the 
NC stretching mode as shown in Fig. 2. It is obvious 
from these spectra that photolysis of the matrix during 
deposition enhanced the yield of the lithium isocyanide 
produced. Similar results were obtained for the reactions 
of lithium atoms with CH,NC or CH,CN in xenon 
matrices. 

The spectra measured after simultaneous co-conden- 
sation of lithium with methyl isocyanide in inert gas 
matrices suggest the formation of a new compound con- 
taining a CN functional group. Lithium cyanide and 
methyl lithium cyanide are two possible products that 
can be formed. If the complex CHsLiCN were produced, 
one would expect to observe a large shift in the out-of- 
plane mode of the methyl radical by analogy to that 

Fig. 1. IR spectra of the products of the reactions of ‘Li or 6Li with 
CHINC in solid argonXA and A’ Pure CHrNC, B and B’ 
CHrNC/‘Li and CHrN@Li and C and C’ CHjNC/‘Li and 
CH,NCtLi after photolysis with a medium pressure Hg lamp 

(A 2 3000 A) for a period of 1 hr. 

I I I 

2500 2250 2ooo 
4- i; (cm-t) 

Fig. 2. IR spectra of the products of the reactions of 6Li with 
CHEN in solid argon X A Pure CH&N, B CH3CN/6Li and C 
CH&N/6Li after photolysis with a medium pressure Hg lamp 

(A 2 3000 A) for a period of 1 hr. 

observed in case of the methyl alkali halide complexes 
where the perturbed CH, frequency is shiited to the 
region between 730 and 680cm-‘.‘2*‘3 This blue shift 
would be indicative of a methyl radical strongly interac- 
ting with a lithium cyanide molecule. A broad absorption 
near the peak assigned to unperturbed methyl suggested 
that some of the methyl groups may be undergoing weak 
interactions with neighbouring groups; however, the 
shifts were much smaller than those reported for methyl 
in a complex such as CH,LiX. Thus, one concludes that 
an appreciable amount of essentially free methyl radical 
was produced which suggests that the following reaction 
has occurred 

Lit CH,NC + LiCN t CH3 

where lithium has attacked the methyl isocyanide end-on 
from the side opposite the methyl leading to the for- 
mation of only lithium cyanide. Photolysis during 
deposition causes the formation of some LiNC in ad- 
dition to LiCN. This result is not surprising since it is 
known that lithium isocyanide is more stable than lithium 
cyanide.‘” 

Table 1 compares the CN stretching frequencies for 
the molecules HCN14 vs HNC”, LiCN vs LiNC’ and 
CH,CN16 vs CH,NC?. It is clear from these data that 
the CN frequencies for the cyanides are higher than 
those for the respective isocyanides. This result is not 
surprising since one expects the CN bond in the MCN 
species to have more triple-bond character and resemble 
closely that of CN-. 

CONCLUSIONS 

This study of the reactions of lithium atoms with 
CHJCN and CH,NC supports a mechanism in which the 
met attacks the CN or NC groups end at the end 
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Table 1. Comparison between the CN and NC stretching dation and the Robert A. Welch Foundation have supported this 
frequencies for MCN and MNC study. 

M SNC(Cm-l) 5 (cm -l) 
CN 

H 

Li 

CH 3 

2029.2 2093.4 

2084.5 2230.5 

2160.6 2258.4 

opposite the methyl group. The following reactions take 
place when lithium atoms are co-condensed with CH,NC 
and CH,CN in excess argon or xenon. 

Li t CHsNC + LiCN t CH, (1) 

uv-vis Lit CHsNC- LiCN and LiNC t CHs (2) 

Lit CHsCN+LiNC t CH,. (3) 
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Ah&act-The iridium and rh~i~ complexes [MCl(CO~~~~~)l (M=Ir or Rh) react with [OS& 
H&(CO),~] to give the tetranuclear clusters ~MGs~(~-H~{~-Cl)(CO),~; the iridium compound being structurally 
identified by X-ray d&action. Similarly, ~~l(CG)~~2~H~~)] and [Rh&-CO)&-&Me&] afford the 
tetranuclear cluster [Ir2~~~-COX~3-C0)2fCO)~(~-C~e~k], also characterised by single-crystal X-ray crystallo- 
graphy. 

The isolobal relationship existing between carbenes CR2 
on the one hand and the “carbene-like” metal fragments 
W(CO),, Fe(CO)4, Rh(CO~q-Comer) and PtLz (Lt = 
cod =cycio-octa-l,S-diene, or L=PR3 or CO) on the 
other’ has enabled us to prepare a variety of complexes 
containing heteronuclear metal-metal bonds.24 Useful 
conceptual relationships result. Thus the PtL, Fe(CO)4 
and W(CO), groups all readily added to the dirh~ium 
compound ~*(~-CO)~(~-C~Me~~~, as does CR*. 
Isolobal with the dirhodium compound is 
[(OC)kpe=Fe(CO)& which although unstable’ can be 
complexed by Pt(cod) in the stable species 
[FezPt(CO)&od)],” However, although the analogy be- 
tween inorganic and organic fragments with similar elec- 
tronic structures allows synthetic strategies to be 
developed, it does not necessarily follow that the nature 
of the final products are those predicted by a simple 
consideration of isolobal relations~ps. This is because 
an initially formed species can transform into another to 
gain greater kinetic or thermodynamic stability. Herein 
we report some examples of the apparent limitation of 
the isolobal analogy, but which nevertheless provide a 
new and useful route to heteronuclear clusters of iridium 
and rhodium. 

The similarity of the frontier orbitals of the metal 
ligand fragments ML5(d”, C& and ML3(d”+*, Czu or 
T-shaped), e.g. W(CO& vs MCi(CO), (M = Rh or Ir), as 
well as the relationship between W(CO)S and PtL2 or 
CH, allows the isolobal mapping.’ 

W(CO)5 w IrCl(C0)2 cb) PtL2 w CH,. 

Hence, since PtLz3,’ or CRz3*“” fragments readily add 
to [~~3(~-~)2(~%,~ and Dh&-CO)Z(rl-CsMe&l to 
give products in which PtL2 or CR2 groups can be 
ident%ed, it was reasonable to suppose that MCl(COk 
(M =Rh or Ir) fragments, derived from [MCI- 
(C0)2(NH&H.,Me-4)], would also react with these 
electrophilic triosmium and dirhodium compounds. 
Reactions readily occur, but the end products do not 
contain MCi(CO& fragments. 

Treatment of [Os3(&&(CO),J in dichloromethane 

with one equivalent of ~l(CO)&NH2C&Me-4)J at 
room temperature gave the yellow crystalline compound 
(1) in ‘JOG%% yield [ vco ~cyclohex~e~, 2 087s, 2 08Om, 
2049% 2028m, 2014m, and 1988~ cm-‘]. The ‘H NMR 
spectrum (CDC13) of (1) showed a characteristic 
resonance for the EL-HOSZ hydrido ligands at 
S - 14.66ppm, an interesting feature of which was the 
observation of “‘OS satellite peaks [J(OsH),, 32Hzf. 
The rh~iumtriosmium compound (2) [vcO 2 078s, 
2052m, 2029m, 2012m, and 2004s(sh)cm-1] was 
similarly prepared, but in lower yield, due to concomitant 
formation of the complexes [OS~(~-H)(C~-C~)(CO),~] and 
[~~(~-Cl)~CO)~l. In the ‘HNMR, the two hydrido 
ligands gave a resonance at S - 19.73ppm; failing to 
observe ‘““Rh coupling establishing the absence of Rh-H 
bonds. A single-crystal X-ray traction study was car- 
ried out on (1) to establish the molecular st~ct~e. 

Crystal data. C12H2ClIr0120~3, M = 1 136.4, Monoclinic, 
space group P2,/m, a =7.364(4), b = 16.157(6), c = 
8.659(3)& fi = 111.39(3)‘, U = 959.5(7)A3, 2 = 2, F(OO0) 
984, J.& = 3.93 g cm-‘, g(Mo-K,) 269.2 cm-“, Mo-K, X- 
radi&ion, i = 0.710 69 A. 

The stnrcture was solved by heavy atom Fourier 
methods and refined using blocked cascade full-matrix 
least squares. For 2 163 unique, absorption corrected, 
observed data [I >2.5o(f)l, meas~ed at 2OOK on a 
Nicolet P3m diffractometer in the range 4~ 28 s 60°, 
the current residual R is 0.084. 

The molecule (Fig. 1) contains a “butterfly” arrange- 
ment of four metal atoms, with the non-bonded OS(~)- 
Os(1‘) vector being bridged by a chlorine atom. As such 
the structure is related to that” of [OS&-H)&& 
(CO& with an OS+I)Os bridge. Both molecules have 
62 cluster valence electrons. 

[MOs,(ll-H)z(c1-Cl)(C~),~ 
(1) M=Ir 
(2) M = Rh 

[Ir2Rh2(P-CO)(prCf~)2(CO)~(q-C~MeJ)Z1 

Because the molecule has crystallographic mirror sym- 
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metry, although not located directly, the two hydrido 
ligands in (1) must bridge the Os(l)-Os(2) and OS(~)- 
OS(~) edges of the butterfly. Thus Os(l)-Os(2) and 
Os(l’)-Os(2) [2.994(l)& are appreciably longer than the 
other metal-metal bonds, and may be compared with 
corresponding O&L-H)Os separations in the buttertly 
clusters [Os&h(~-H)2(acac)(CO),,11 [2.%8(l)&’ and 
[OS.&H)&-I)(CO),~] [3.055(l)&.” Potential energy 
calculations” also suggest location of the hydrido ligands 
in (1) as bridging OS(~)-OS(~) and OS(~)-OS(V), as do 
OS-OS-CO bond angle considerations. In contrast with 
the C, symmetry of (l), the neutron diffraction study” of 
[OS~(CL-H)~(CL-I)(CO),~ revealed that the two equivalent 
hydrido ligands bridge OS-OS bonds such that the mole- 
cule has C2 symmetry. 

Treatment of Rhz(~-CO)&-C,Me,)21 with one 
equivalent of [IrCl(CO),(NH,C,H,Me-4)] in toluene 
(12 hr, 60 “C) gave a dark purple solution and red crys- 
tals; the latter as yet unidentified. Removal of solvent 
from the solution and chromatography (alumina, with 
dichloromethane-light petroleum as eluant) gave a purple 
band which afforded black crystals (20%, based on 
[Rhz(~-C0)2(?-C,Me5)~), from light petroleum, of the 
compound (3); structurally identified by X-ray crystallo- 
graphy. 

*y,,,(CO), 204Os, 2021vs, 2007s, 1847m, 1704m, and 1682m 
(cm-‘). NMR: ‘H (CD&, 25”C), S 1.76 (s, &Me& 13C (CDClp, 
-WC), 6 235.6 [t, /Q-CO, J(RhC) 32 Hz], 180.9 (s, IrCO and 
II@-CO)Ir), 104.4 (GMe5) and 9.3 ppm (Me). 

Crystal data. C27H&207RhZ, M = 1056.4, Monoclinic, 
space group P2,/n, a = 11.458(2), b = 15.318(2), c = 
16.837(3)& /3 = 94.75(2)‘, U = 2 945.1(9)A3, 2 = 4, 
F(OO0) = 1%8, D, = 2.35 g cme3, /.L(M~-K,) = 
101.0 cm-‘, Mo-ZL X-radiation, i = 0.710 69 A. 

The structure was solved by direct methods and 
refined using blocked cascade full-matrix least squares. 
An empirical absorption correction was applied to the 
3 904 independent observed reflections [I > 2.00(I)] 
measured at 293 K on a Nicolet P3m diffractometer in 
the range 3 s 20 5: 50”. The current residual R is 0.037 
(R’ 0.037). 

The molecule (Pii. 2) contains a tetrahedron of two 
rhodium and two iridium atoms. The arrangement of 
ligands is very similar to the analogous 60 electron 
homonuclear tetracobalt cluster [CO&L-CO)(~~- 
CO),(CO),(q-C,Me&J.” The molecule has a near per- 
fect mirror symmetry, though not crystallographically 
defined. There is evidently dynamic behaviour of the 
terminally bound and pTbridging CO ligands, as shown 
by the appearance of only one CO resonance for these 
five ligands in the ‘%NMR spectrum measured at 
-80°C. However, in the IR spectrum* the band at 
1847cm-’ may be assigned to the Ir@-CO& group. 
The presence of the latter fragment is unusual, this mode 
of bridge bonding being uncommon for a third row 
transition element. The compound [Ir2WZ(CO)&- 
&H&l, synthesised by the conventional route of treat- 
ing [IrCl(CO),(NH&H&ie-4)] with the anion 
[W(CO)3(~-CsH5)1-, has only terminal CO ligands.“’ 

It is reasonable to propose that [IrCl- 

Fig. 1. Molecular structure of [I~OS~(~-H)~(~-C~~CO)~~]. Important geometrical parameters are: II-OS(I) 2.803(l), 
II-OS(~) 2.749(2), Os(l)-Os(2) 2.994(l), OS(~). . . . Ostl’) 3.636(l), Os(l)-Cl 2.435(6)A; Os(2)-Os(l)-C(3) 114.6(7), 
Os(l)-Os(2)-CQ 113(l)‘; other M-M-C angles range from 87(l) to 97.2(g)‘. Dihedral angle Os(l)-Os(2)-Ir-Os(l’) 

91.0(1)O. 
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Fig. 2. Molecular structure of [Ir2Rh&-CO)(~&O)~(CO)~(~-&Me&j. Important geometrical parameters are: 
h(l)&(Z) 2.645(l), Ir(l)-Rh(l) 2.71 2.786(l), Rh(l)-Rh(2) 

(C0)2(NH2CaHdkle-4)] acts as a source of the 
fragment IrCI(C0)2 which initially adds to the elec- 
trophilic LUMO’s of [OS&-H)~(CO),~] and [Rh&- 
C0)2(+5MeS)d.‘5 The reactions are complex, however, 
and in both cases proceed with cleavage of the Ir-Cl 
bond, indicating that the chloride &and is not chemically 
innocent. Nevertheless, [IrCI(CO)2(NH&HH,Me-4)] is a 
useful reactant for generating heteronuclear metal- 
metal bonds. 
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Abstract--Treatment of mixtures of cis and trans Pt(NH&C12 with thiourea (thu) gave Pt(thu)& and trans 
[Pt(NH&(thu)2]Ch which were separated and quantified by high-performance liquid chromatography usin? a strong 
cation exchange column. Several platinum-thiourea compounds have been studied by NMR (‘H, 13C, 9sPt), an 
increase in the coalescence temperature of the NH2 resonances being observed as a result of co-ordination. The 
NMR data has also been used to show the presence of interactions between the Pt(thu)p and PtCl:- ions of 
[Pt(thu)e][PtC&,] in dimethylsulphoxide solution. 

INTRODUCTION 
Since the discovery’ of the anti-tumour activity of cis- 
Pt(NH3)&, 1, there has been great interest in the chem- 
istry of simple platinum compounds. As part of our 
studies we have developed a high-performance liquid 
chromatography (HPLC) method for the detection of 
trans-Pt(NH&C12, 2, in 1. The trans-isomer, 2, which is 
inactive against turnours*, is normally observed as a 
by-product in the preparation of 1 with tedious recrys- 
tallisations being required to purify 1 completely. The 
simple procedure described here allows the purity of 
preparations to be checked quite easily and should 
enable studies on cis-tram isomerisation in dilute solu- 
tion to be undertaken. The separation we have employed 
makes use of derivatisation of the platinum complexes 
with thiourea (the classic Kurnokow tes?) before in- 
jection into the HPLC. As part of the genera1 charac- 
terisation of the thiourea complexes we have measured 
their NMR spectra (‘H, 13C, ’ ‘Pt) and note that upon 
co-ordination the barrier to rotation in thiourea increases 
significantly. 

It is the twofold purpose of this paper to report an 
HPLC method for the trace detection of 2 in 1 and the 
results of a multinuclear NMR study on several thiourea 
complexes. 

EXPERIMENTAL 
All reactants and solvents were of at least reagant grade. 

Thiourea was purchased from Mallindrockt, cis and trans- 
Pt(NH3)& K2PtClb and NaIPtCb were supplied by Johnson 
Matthey and Engelhard Industries. 

The high performance liquid chromatograph (Waters Assoc.) 
consisted of a 6000A pump, U6K injector and model 440 dual 
wavelength absorbance detector (operating at 254nm with the 
second electronics module being used for expanded scale 
recordings), together with a 4.6 x 250 mm Whatman Partisil PXS 
IO/25 SCX strong cation exchange column. The eluent 
(0.25 M NHdHzP04) was filtered through 0.47pm filters (Mil- 
lipore) and thoroughly degassed prior to use. Sample solutions 
were filtered through 0.22 km filters before injection. 

NMR measurements were made using a Bruker WM 250 (‘H 
and “C) and a Bruker WH 180 (“‘Pt). Infrared spectra were 

*Author to whom correspondence should be addressed. ’ 

obtained with a Perkin Elmer 457 spectrometer with samples 
prepared as pressed KBr discs. 

Microanalyses were performed by Canadian Microanalytical 
Services, Vancouver, B.C. 

Pt(thu),Clz, 3, trans-[Pt(NH3)2(thu)21C12, 4, and trans- 
PtCl2(thu)z (thu = thiourea) were ureuared bv well-known uro- . . 
cedu&.“-The reaction of KzPtCb ‘or 1 -with thiourea in 
dimethylformamide (dmf) was also found to be a convenient 
route to 3 in the following manner. 

Pt(thu)4Cll.dmf. Thiourea (3.42 g, 45 mMol) and K#tCL, or 
cis-Pt(NH&C12 (IO mMol) were stirred together in dmf (100 ml) 
for 16hr. The resulting light yellow precipitate was filtered off, 
washed with dmf, ethanol and diethyl ether and air dried, yield 
6.3 g, 98%. Conversion to Pt(thu)&12 could be accomplished by 
recrystallisation from hot water (70% yield) or by dissolution of 
the Pt(thu).&dmf in hot water and precipitation using HCI 
(yield 97%). 

[Pt(thu)4][PtC14]. Filtered aqueous solutions of K2PtCL 
(0.83g, 2mMol) and Pt(thu)&l2dmf (1.2g, 2mMol) were com- 
bined. The resulting light red precipitate was filtered off, washed 
with water, ethanol and diethyl ether and dried in uacuo, yield 
1.25 g, 75%. 

[K(thu)4][PICle]. Filtered aqueous solutions of NalPtC& 
(0.9g, 2 mMol) and Pt(thu).&dmf (1.2 g, 2 mMol) were com- 
bined. The resulting brick red urecioitate was filtered off. washed 
with water, ethanol and diethyl ether and dried in vacbo, yield 
1.4g, 77%. 

HPLC Analysis. The Pt(NH&Cl2 mixture to be analysed was 
dissolved in water at a concentration of approx. 1 mg/ml acidified 
(50~1 of 1 M HNO, per ml of Pt(NH&Cl2 solution) and then 
treated with thiourea (100~1 of a 20mglml solution per ml of 
Pt(NH&Clz solution), and heated at 60°C for 30 minutes. After this 
time the solution was filtered and injected (20 ~1) into the HPLC. 

Standards for calibration were prepared using pure samples of 
Pt(thu)4C12 and trans-[Pt(NH3)2(thu)$& dissolved in water at 
known concentrations. 

RESULTS AND DISCUSSION 

HPLC analysis 
A number of chemical tests4 for distinguishing 1 and 2 

are known but there does not seem to be a good method 
for the trace detection of 2 in 1, although the reaction’ 
with oxydiphenylenetellurium hydrogen sulphate does 
permit detection of minute amounts of 1 in 2. C1eare6 has 
discussed the application of spectroscopic techniques to 
the problem and also shown that separation of 1 from 2 
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may be achieved by HPLC but has not reported any 
details of the procedure or the detection limits. 

In order to take full advantage of the HPLC technique 
it is preferable to have easily detected species which are 
well separated. Platinum diammine dichlorides are 
poorly soluble in water, have very low absorbances in 
the operating range of most HPLC detectors (i.e. 254 nm) 
and represent a “difficult” separation. However, treat- 
ment of the platinum compounds with thiourea using the 
classic Kumakow test3 alleviates these problems. As a 
result of the trans directing ability of thiourea 1 is 
converted to Pt(thu)& 3, and 2 yields trans- 
[Pt(NH&(thu)& 4, when treated with thiourea. These 
complexes are easily separated by HPLC and have 
strong absorbancbs in the UV. 

Figure 1 shows the results of derivatisation and 
chromatography upon known mixtures of 1 and 2. The 
chromatographic conditions employed here achieve a 
good separation of thiourea, 3 and 4. The use of different 
concentrations of ammonium phosphate as the eluent has 
a marked effect upon the retention times of the platinum 
containing species. For example, the retention times of 3 
and 4 go from 5.3 and 7.3 min. respectively when using 
0.25 M NH4H2P04 as the eluent to 3.4 and 4.6 min. res- 
pectively when using 0.5 MNH4H2P04. The concen- 
tration of ammonium phosphate chosen is thus a com- 
promise between better separation and loss of sensitivity 
as a result of peak broadening. 

Calibrations were carried out using pure samples of 3 
and 4 which had been separately prepared and analysed 
(Table 1). Agreement between the standards and the 
samples prepared in situ was found to be good, the 
chromatograms from the analysis being very clean with 
only bands due to thiourea, 3 and 4 being observed. 
Injection of an equimolar mixture of 3 and 4 showed, as 
expected, that 3 gave peak areas of very close to twice 
those of 4. However, this is not a problem, because of 
the large dynamic range of the detector, detection limits 
of 0.01% trans in cis were obtained. We did not make 

e-r-3-r 
timehnin. 

Fig. 1. HPLC of various mixtures of 1 and 2 after treatment with 
thiourea. Column: Partisil PXS lo/25 SCX (4.6 x 250 mm). 
Eluent: 0.25 M NH4H2P04. Flow rate 2 ml/min. Detector 254 nm, 
using the following sensitivities for expansions (a) 2.0 absorbance 
units full scale, (AUFS) mixture containing 25% trons- 
Pt(NH&&, 2, in cis-Pt(NH&Clz, 1, (b) 0.02 AUFS, 1% 2 in 1, 

(c) 0.005 AUFS, 0.1% 2 in 1, (d) 0.005 AUFS, 0.01% 2 in 1. 

any efforts to obtain detection limits for cis in trans but 
it should be at least as good as the above. 

The results obtained here reveal the high sensitivity 
that the HPLC technique can achieve with the absolute 

Table 1. Analytical and spectroscopic data 

%C %H XN %S %Cl lHa/ppm~(Tc/"C) 
13 

Cblppm 
195 

Ptd/ppm kz v(C=s)/cm 
-1 

w-Pt(thu)2C12 5.71 1.52 13.00 15.19 17.67 8.17(26) 175.48 -c 710 

(5.77) (1.92) (13.46) (14.90) (17.07) 

Pt(thu)4C12.dmf 13.11 3.46 19.30 19.36 11.51 

(13.06) (3.58) (19.59) (19.91) (11.04) 

Pt(thu)4C12 8.50 2.35 19.46 22.64 12.69 8.30(35) 175.61 3912 (dmso) 708 

(8.42) (2.83) (19.64) (22.48) (12.43) 4035 (H20) 

5.50 2.92 18.35 14.62 16.25 

(5.31) (3.12) (18.58) (14.18) (15.58) 

8.25(25) 175.52 3239 (H20) 709 

lPfW~)411PtC141 5.50 1.35 13.30 15.08 18.11 
(5.71) (1.92) (13.46) (14.90) (17.01) 

8.23(35) 175.50 3915 d- 710 

[Pt(thu)41[PtC161 5.38 1.31 11.91 15.60 24.22 8.06(27) 175.34 3979 a 706 

15 19, tn R9, (12.40, (14.17) (23.92) 

Theoretical analyses are in parentheses. all NMR spectra were measured in d6-dmso solution unless otherwise indicated. 

a Chemical shift is taken as centre of absorption at 25’C. 

b to high field of Na2PtC16 in D20 (external), + 0.5 ppm. 

r this signal showed a very rapid ( < 5 min.) time dependence. 

e the halide containing ions are not listed. 
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detection limit of 1 or 2 being better than 20 ng. It should 
also be possible using platinum atomic absorption or 
electrochemical detection to measure quite low levels of 
1 in physiological fluids. 

NA4R Studies 
The effect of co-ordination upon the barrier to rotation 

in substituted thioureas’ has been studied by ‘HNMR 
but no reports are available for simple thiourea com- 
plexes. 

The solvent used here (d’-dimethylsulphoxide) did not 
allow the “no exchange” limit to be reached, and 
together with the linewidth of the signals (Fig. 2), this 
makes the data obtained unsuitable for simple ther- 
modynamic analysis, thus only coalescence temperature 
(TJ and chemical shifts are reported (Table 1). 

As expected, co-ordination of the thiourea through 
sulphur results in a downfield shift of the proton 
resonances together with an increase in TE, thiourea 
itself having* a chemical shift of 7.08 and T, = -40°C (in 
ethyl acetate). The rise in coalescence temperature is due 
to the increasing importance of resonance form B upon 
complexation and thus agrees well with 

+y’NHz 
\ NHz 

s--c/ ‘NI-L 
\ NHz 

A B 

the sulphur co-ordination9 of thiourea. 
Platinum stacking compounds such as Magnus Green 

salt [Pt(NH&] [PtCL,] and [Pt(NH~),l[PtClJ are cur- 
rently widely studied and it is of interest to establish 
techniques for assessing solution interactions in these 
types of compounds. We prepared [Pt(thu)J[PtCh] and 
[Pt(thu).,] [PtCb] and note that for the mixed valence 
compound quite a substantial shift (relative to 3) in the 
NH resonance is observed. This may arise from 
hydrogen-bonding interactions between the. chloro- 
ligands of PtClf and the hydrogens on the thiourea, thus 
indicating some organised interaction between the PtClz- 
and the Pt(thu)? ions in dmso solution. 

The 13C spectra of the complexes all show a high field 
shift relative to thiourea (which has 8 = 183.49) and are 
all singlets with no Pt-C couplings being observed. The 
absence of Pt-C coupling is not surprising”’ at the high 
fields used here, whilst the lack of any other splittings 
indicates that the doublets in the proton spectra are 
correctly assigned as being due to restricted rotation 
about the C-N bond in thiourea and cannot be assigned 
as being due to isomerisations to N-co-ordinated species. 

The i9sPtNMR chemical shifts all fall within the 
range one would predict from current literature’1-‘3 
values and show for the first time the chemical shift for a 
platinum atom surrounded by four donor sulphur ligands. 
Once again, of interest is the difference in chemical shift 
between 3 and [Pt(thu),][PtClal. The observation that no 
such difference is seen between 3 and [Pt(thu).JPtCh] 
indicates the relative insensitivity of ‘“Pt NMR to the 
counter-ion in simple systems and lends support to the 
argument that some interactions are occuring in solution 
for [Pt(thu)d][PtCIJ. 

The time dependence in the spectrum of trans- 
PtClz(thu)z is probably coming about as a result of 
replacement of the chloro ligands by dmso followed by 
isomerisation; similar effects have been observed for 1 in 
dmso by Kerrison and Sadler.14 

I I I I I 

d&pm lo 9 6 7 6 

Fig. 2. Temperature dependence of NH2 resonances in the 
‘H NMR of Pt(thu)&lr in d6-dmso solution. 
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AMract-The reaction between sulphur and gallium in chlorobasic melts at ca. 500°C was studied by visual 
observation and by Raman spectroscopy. The results suggest the formation of charged long chains (-GaCl& 
GaCl+) in these melts and the presence of the radical anion S3- under certain conditions. 

In a continued effortlW3 to understand the chemical 
behavior of the sulphide ion in molten salts, the reaction 
between sulphur and metallic gallium in chloride melts 
was studied. Previously, it has been found’ that alu- 
minium and sulphur in molten CsCl-AlCb mixtures 
(with an excess of CsCl, i.e. chlorobasic melts) reacted 
according to 2Al+ 3S + CsAlCL + 2CsCl+ 3/n CS,- 
(AIS&), (large n). The [AlSCl~-I. polymer was 
characterised by its polarized Raman band at -325 cm-‘, 
and this band was assigned to the occurrence of Al&- 
S-AlCl, units in chain-like ions of the type 
[Al,S._,C12,+$-, or simply [AlSCL-I. for large n. 

The objective of this investigation was to study what 
happens if gallium substitutes aluminium. The qualitative 
similarities between the chemistry of Al(III) and Ga(III) 
in alkali chloride melts are well-knowr?, but the chem- 
istry of gallium sulphide chlorides is very little known. 
The formation of polymeric ions [GaSCl,-1. was to be 
expected, giving rise to a strong polarised Raman-band in 
the neighbourhood of 325 cm- . 

EXPERIMENTAL 

Anhydrous, high purity (>99.% by weight) chemicals were 
used in evacuated Pyrex or quartz cells, which were equilibrated 
in rocking furnaces (as in Ref. l-3). The evaporation of weighed 
GaClp was avoided by cooling the cells to be sealed in liquid 
nitrogen. The Raman spectra were measured using argon-ion 
laser radiation and a Jeol-JRS-4OOD spectrometer equipped with 
cooled extended S-20 PM-detector and a photon counting 
system. 

Two kinds of chlorobasic molten salts were used as solvents: 
(i) Cs[GaCb] and CsCl at compositions near a molar ratio of 
CsCIIGaCh = 60/40. with melting points below co. 400°C. 
(Cs[GaCb]i which’ melts cotiedtly at 400 + 20°C’” was 
obtained from equimolar amounts of CsCl and GaCl$ (ii) Mix- 
tures of NaCl and CsCl with a molar ratio NaCI/CsCl of ca. 35/65 
and a melting point around 5oo”C9*to 

RESULTS AND DISCUSSION 

CsCl-GaCI, melts as solvent 
With a molar excess of CsCl relative to GaCl,, the 

pure solvent melt has been shownM to contain Ga(III) 
as tetrahedral [GaCLJ complex ions, in accordance also 
with the crystal structure of CsGaCl+” As for other 
tetrahedral ions, four Raman bands can be observed 
from molten CsGaCL: ~,(a,) = 343; v*(e) = 120; Y&J = 
370 and v4(t3 = 153 cm-‘; v, being polarised and vTv4 

depolarised.4-6 The addition of sulphur alone to the melt 
did not produce any strong new Raman band; the dis- 
solved sulphur molecules scattered negligibly relative to 
[GaClJ-, see Fig. l(C). 

In melts to which small amounts of gallium metal and 
sulphur have been added (in near equimolar amounts), a 
reaction consuming these materials quickly proceeded. 
After approximately one hour at 400°C no more un- 
reacted Ga or S was left. The main reaction products 
were colourless when the molar ratio Ga/S was 2/3 and 
easily soluble in the melts. The more gallium and sulphur 
added, the more viscous seemed the melts and the more 
pronounced the tendency to foam formation. In experi- 
ments with an excess of sulphur, yellow-brown sulphur 
or polysulphide colours were always observed. In ad- 
dition to this, sometimes a deep blue colour (similar to 
the one found for S3- in other melts? was seen. In 
combination with the yellow colour this blue produced 
greenish to black colours when much excess sulphur was 
present. The stability of the blue species depended on a 
number of circumstances: The presence of excessive 
sulphur and sufficient free chloride, the temperature and 
probably also the sulphide formality. A permanent blue- 
green colour seems to exist only: 

(1) If excessive sulphur (according to the reaction 
2Ga + 3S + “GaZS3”) is present. Even in the first stages 
of experiments having excessive but yet undissolved 
metallic gallium the blue colour has been seen. 

(2) If the chlorobasicity is sufficiently large. Probably 
the molar ratio of CsCl/GaCl, needs to be at least of the 
order of 60/40 or larger. 

(3) If the temperature is sufficiently high. When the 
ratio CsCl/GaCl, was around 66/34, the temperature 
should be around 500°C or higher, otherwise only yel- 
low-brown colours were seen. 

(4) It seemed as if the total concentration of sulphide 
(S(-II)) had an influence on the stability of the blue 
species. A small sulphide concentration (e.g. in the first 
stages of reaction) were favourable for blue colours. The 
exact conditions necessary for the formation of the blue 
coloured solutions are very complicated and not 
presently understood. 

The addition of GaCl, to a blue melt in amounts 
necessary to consume all free chloride, (CsCl/GaC13e 
45/55), destroyed the colour and produced a yellow- 
white precipitate, which probably was “GaSCl”.’ -I3 The 
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CsCi -GaC13 A.= 51C,%rr 
500mW 

-4 k =6cm“ 

WAVE NUMBER h-‘1 

Fig. 1. Raman spectra of basic CsCl-GaCh melts with addition 
of gahium and excess of sulphur according to the reaction 
2Ga + 3S-r 2Ga’+ + 3S2-: A: blue, B and C: brown. Formalities 
are based on an estimated density of 2.5g/cm3. In A and 

B: S(O)/S(-II) = 0.2 and 1.0, respectively. 

Raman spectrum of the melt over the precipitate only 

showed the bands at -343 and -366 cm-’ ch~acte~stic 
of simultaneous presence of [GaClJ and [Ga2Cl,~-.“s 

The Raman spectra of the basic clear, colourless or 
yellow melts obtained after Ga and S had reacted, always 
showed in addition to the [GaCh]- bands a new 
polarized Raman band at 315-320 cm-‘. This is analo- 
gous to what was seen in the case of Al, which had a 
similar band at -325 cm-‘.’ The fact that this band ap 
pears also in the gallium case indicates that most prob- 
ably -GaClrS4aCla- chain polymers (of formula 
[Ga,S,_,CL+2]“-) are formed from [GaClJ and S*- in 
the same way as the polymers -AK&-S-AlClz- of for- 
mula [Al,S,_,C12.+J”- are formed from [AK&- and 
S2-.’ The formation of precipitates of “AlSCl” or 
“GaSCI” by addition of sufficient AU, or GaCL, res- 
pectively, is in accordance with this opinion of analogy 
between the chlorosulphides of aluminium (III) and gal- 
lium (III). Probably “GaSCl” is really 
[GanSn--1C12R+~--m ](n-m)- with n large and M < n.’ 

The melts with excess sulphur did not produce any 
new Raman bands when brown; when blue, a band at 
525cm-’ was observed in addition to the bands already 
mentioned. This band is a clear indication that the blue 
color is indeed due to the radical ion &-, which is mown 
to have its resonance enhanced symmetric stretching 
Raman band V, at -530cm-‘.23 No bands due to sul- 
phur or polysulphides were observed, which probably 
means that these species which are believed to be 
present just scatter too weakly to be seen (similar results 
were found in the CsCCAlCl, experiments3). 

NaCl-CsCI meits as solvent 

The pure NaCI-CsCl solvent, like other completely 
dissociated, monatomic ionic liquids showed no definite 
Raman band. When GaCl, was added, Raman bands 
appeared due to the formation of [GaCW ions (Fig. 2A). 
When either GaCl, and NaS or gallium metal, GaCl, and 
sulphur were added to the solvent, the new band assig- 
ned to -GaClrS-GaClr appeared (like in Fig. 1 but now 
at -318cm-‘). As the sulphide concentration was in- 
creased (see Fig. 2), the strong [GaClJ- v1 Raman band 
at -343 cm-’ gradually disappeared and at the same time 
the 318 cm-’ band increased. When the molar ratio S : Ga 
exceeded -1, the v, band of [GaClJ was completely 
lost. This is analogous to the behavior in the case of 
alumina,’ showing that the reaction between the metal 
and the sulphur is essentially a 1: 1 reaction. The obser- 
ved formation of foam when shaking the melts, finds a 
reasonable explanation by formation of polymers. 

WAVE NUMBER (cm-‘) 

Fig, 2. Raman spectra of NaCI-CsCl melts (NaCI/CsCI molar 
ratio = 34.5/65.5) with -2F GaCh and increasing formality of 
NaaS. A: waterclear. B-F: increasingly bluish. NazS in NaCI- 
CsCl with no GaCb added gave a yellow melt with no Raman 

band. 
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It is of interest to note that also the blue colour and the 
S3- Raman band (at 527 cm-‘) could be seen in the more 
concentratea solutions of GaCI, and Na& even without 
addition of sulphur. Na# alone did not produce any blue 
color in the NaCI-CsCl melt. Probably the partial oxida- 
tion of S- to S,- is coupled to a reduction of Ga3+ to 
Ga’. Also in experiments with gallium metal and exces- 
sive sulphur in the NaCI-CsCI melt a blue solution was 
obtained with a S,- Raman band at 526 cm-‘. 

“Cs GaSClt”-glass 
When gallium, sulphur, CsCl and GaCl, in the molar 

ratios 2/3/3/l (i.e. as in the formula CsGaSClJ were 
reacted for 5 days at 6OO”C, a colourless, clear and 
viscous melt remained, with no reactant left over. Again 
the Raman spectrum of the melt was dominated by a 
strong polarized band at -315 cm-‘, which again is 
assigned to the -GaCl,S-GaCI, skeleton. The melt 
formed a stable fully transparent glass when cooled to 
room temperature. This formation of the 
[Ga.S._,Cb+J”- polymer is analogous to the behavior 
in the case of aluminium.’ 

CONCLUSION 

In chloride melts sulphur and gallium seem to react 
forming [Ga.S,_,ClZ~+2]“-, i.e. long charged -GaC&-S 
GaC& chains. The degree of polymerisation is unknown 
and the chemistry is very complicated, as the existence 
of crystals of Gas&Cl,, also proved some years ago.” In 
acidic melts (with an excess of GaCl,) a precipitate is 
formed, probably consisting of “GaSCl” or 
~GanSn-,C12n+2_m]~n~m~~ salts with n 5 m. 

Under certain conditions (such as presence of exces- 
sive sulphur in highly chlorobasic melts and tem- 
peratures around 500-600”C) the $--radical ion with Y, 
Raman bands at 525-527cm-’ is stable in these 
environments, as it is in analogous aluminium substituted 
melts. It should be of interest to investigate if the radical 

is free or bound to Ga(III), (like for AI in which 
case the ESR spectrum should show a hyperfine splitting 
into 4 lines due to the I = 3/2 state of the two natural Ga 
isotopes. 

Our present experimental setup for measuring ESR- 
spectra is unfortunately not well suited for operating at 
temperatures much higher than ca. 4OO”C, but we hope 
soon to be able to perform such investigations. 
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CH& and added at 0” with vigorous stirring to an oxygen-free 
aqueous 1.3 M solution of KSCN (20 ml). Durhtg the addition the 
colour of the solution changed from brown to dark yellow. The 
organic phase was then separated, dried with Na,SO,, filtered 
and the solvent pumped off until a brown-yellow oil was 
obtained. The oil was dissolved in cyclohexane and 4mmol of 
a-heptyl amine were added slowly. The solution becomes yellow 
and was kept overnight at 0°C. The precipitate was filtered off, 
washed with petroleum ether and crystallzed from cyclohexane. 
(Yield 0.425g., 47%) m.p. 105-107°C. Found: C, 66.7; H, 7.8; 
N = 6.1. CZJHj2FeN2S requires: C, 66.9; H, 7.2; N, 6.2%. 

NMR (in CD&, 6 from internal TMS): 7.38 (s, 5H: CIHJ); 6.87 
and 5.50 (two broad singlets, 1 H each: N-H); 4.16 (s, SH: C,H,); 
4.16 (m, 4H: C,H,); 3.% (s, 1H: methine CH); 3.44, 1.16 and 0.87 
(three multiplets, 15H overall: n-C7H,5-protons). 
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TRIMETHYLPHOSPHINE COMPLEXES OF 

MOLYBDENUM AND TUNGSTEN-II-t 

SYNTHESIS AND CRYSTAL STRUCTURES OF [MCl(NJ(PMe&] (M =Mo, W) 
AND TRAiVS-[MoCI,(PMeJ,] 

ERNEST0 CARMONA,* JOSI? M. MARfN and MANUEL L. POVEDA 
Departamento de Quimica Inorginica, Facultad de Quimica, Universidad de Sevilla, Sevilla, Spain 

and 

JERRY L. ATWOOD* and ROBIN D. ROGERS 
Department of Chemistry, University of Alabama, University, AL 35486, U.S.A. 

(Received 4 August 1982) 

Abstract-Sodium amalgam reduction of the complexes [MCI,(PMe,),] (M = MO, W) in tetrahydrofuran, under 
dinitrogen, yields dark red-brown suspensions from which red-orange crystals of composition frans-[MCI(N& 
(PMe,),] can be collected. Spectroscopic and chemical evidence indicate the compounds are best formulated as 
mixtures of trans-[M(N&PMe&] and trars-[M&(PMe,),] species, but attempts to isolate the pure bis(dini- 
trogen) derivatives have proved unsuccessful. Single crystals of analytical composition [MCI(N&PMe,),] have 
been studied by X-ray crystallography, and the structure of trans-[MoC&(PMe3),] has been determined for 
comparison. tram-[MCl(N,)(PMe,),1 (M = MO, W) and frans-[MoC&(PMe&] are all isostructural, crystallizing in 
the tetragonal space group Iq2 trans-[MoCl(Nz)(PMe3)~] has a = 9.597(5), b = 12.294(6) A, D, = 1.36 g crnm3 for 
Z = 2 and was refined to a final R value of 0.021 based on 319 independent observed reflections. The tungsten 
analogue has a = 9.573(4), b = 12.278(5) A, D, = 1.63 gem-’ for Z= 2 and was refined to R = 0.19 with 322 
independent observed reflections. trans-[Mot&(PMe&] has cell parameters a = 9.675(S), b = 12.311(6) A D, = 
1.36 gem-’ for Z = 2 and was refined to R = 0.043 with 316 independent observed reflections. In each case the metal 
atom resides on a crystallographic 42m position. For trans-[MoCI(Nz)(PMe3)J (M = MO, W) the chlorine and 
dinitrogen ligands are disordered. M-N distances of 2.08(l) A (M = MO) and 2.04(2) A (M = W) and M-Cl bond 
lengths of 2.415(8) 8, (M = MO) and 2.46 1) 8, (M = W) 

a 
are observed. In frarrs-[MoCi2(PMel)~], where there is no 

disorder, the Mo-Cl distance is 2.420(6) . 

A number of dinitrogen complexes of Group VI metals, 
containing tertiary phosphine ligands have been isolated, 
and some of them have been structurally charac- 
terized.‘.’ The range of complexes prepared is however 
limited, and for monodentate tri-alkyl phosphines, ap- 
parently only cis-[Cr(IQ(PMe&] is known.3 We have 
recently reported4 that the reduction of [MoCl,(PMe&] 
with dispersed sodium gives cis-[Mo(N2)z(PMe3)4] in 
good yields. Using sodium amalgam, under similar con- 
ditions, red-orange crystals of a compound we first for- 
mulated as frans-[Mo(N2)2(PMe3)4] on the basis of 
analytical and spectroscopic data (see below) were 
obtained. In this paper, we present evidence that in- 
dicates the proposed formulation to be incorrect, and 
that this compound, of composition [MoCI(N2)(PMes)4], 
behaves in fact as a mixture of trans-[Mo(N2)2(PMe3)4] 
and tmns-[MoC12(PMe3)J. We have also prepared the 
tungsten analogue and determined the X-ray structures 
of both compounds. For comparative purposes, the 
structure of rruns-[MoC12(PMe3)4] is also reported. 

RESULTS AND DISCUSSION 
The addition of a tetrahydrofuran (thf) solution of 

[MoC13(PMe3)Js, to a suspension of sodium amalgam in 
thf, produces a change in colour from yellow to deep 

tFor part 1 see Ref. 4. 
*Authors to whom correspondence should be addressed. 

gre’en and finally to very dark red-brown. The formation 
of a green solution is also observed at the early stages of 
the preparation of cis-[Mo(N,),(PMe,)4],4 but attempts 
to isolate this intermediate species from either system 
have been unsuccessful. The final, dark red-brown, light 
sensitive solution yields, after several purification opera- 
tions, a red-orange crystalline material as the only isol- 
able pure product. The workup of this solution is con- 
siderably facilitated if it is previously stirred, in daylight 
for 24-48 hr. 

The formation of the red-orange crystals of the 
molybdenum dinitrogen complex from the sodium amal- 
gam reduction of [MoCls(PMe3)31, clearly shows the 
complexities involved in the synthesis of transition metal 
dinitrogen complexes, by reduction of suitable pre- 
cursors under a nitrogen atmosphere. The ditliculties 
found in isolating the orange crystals of [MoCl(N& 
(PMe3)4], are probably similar to those encountered in 
the preparation of other related complexes using mag- 
nesium metal as reducing agent, where isolation of the 
dinitrogen complex requires the use of methanol to 
hydrolyze some magnesium adduct. On the other hand, 
as in other related systems,’ the choice of precursor is 
also of the greatest importance, no dinitrogen species 
being detected from the reduction of either [MoCl,(thf),] 
or [MoCls(PMe3),1 in the presence of an excess of 
phosphine. or from [MoCI,(PMe,W. [WCMPMe3W has 
similarly been found to be unreactive towards sodium 
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amalgam.’ Furthermore, the use of in situ solutions of 
[MoCI,(PMe)J, prepared from [MoCl@),l and PMeJ 
in tetrahydrofuran,’ and subsequent removal of the 
excess of PMe, yields mainly [MoC12(PMe,).,1, together 
with some decomposition products, and only small 
amounts of the dinitrogen complex. Attempts to improve 
the yield of the final product in a manner similar to that 
used for the synthesis of cis-[Mo(N,),(PMe,),], (addition 
of ca. 80% of the required amount of phosphine a few 
minutes after the appearance of the green color4) were 
unsuccessful. The only observable effect was an increase 
in the amounts of [MoC12(PMeP)4] formed in the reac- 
tion. Finally, the selection of the reducing agent is also of 
much importance since, while the use of sodium amal- 
gam produces mainly [MoCl(N2)(PMe,),] and small 
amounts of cis-[Mo(N2)2(PMe3)4], the sodium dispersion 
reduction yields the cis complex in ca. 60% yields, with 
very small amounts of the [MoCl(N2)(PMe3)41. 

The first sets of analytical data obtained for the red- 
orange crystals of the molybdenum complex, together 
with the results of molecular weight determinations 
(cryoscopically in benzene) closely fitted the composition 
[Mo(N2)2(PMe,)4]; this formulation was also substan- 
tiated by spectroscopic data. Thus the IR spectrum 
shows a strong absorption at 1930 cm-‘, assignable to the 
antisymmetric N-N stretch (A,. in the assumed ll.41, 
geometry for the truns-[Mo(Nz)z(PMe3)4] species) and a 
very weak band at 2005 cm-’ assignable to the sym- 
metric stretch (A,, in D4,,), in agreement with data 
reported for other similar complexes.* On the other 
hand, the ‘H NMR spectrum (Cd&,, 35°C) shows a 
slightly broad singlet, centred at 8 = 1.5, with some fine 
structure on both sides, and the 3’P NMR is a singlet at 
S = - 0.8 ppm.t The IR spectrum of the C,D, solution 
used for the NMR studies displays a unique strong 
absorption at 1930cm-‘, due to the N-N stretch. Since 
structural data on MO and W dinitrogen complexes are 
rather scarce, and since comparison with the structure of 
cis-[Mo(N,),(PMe,),]* would be of interest, a structural 
analysis of the supposed truns-[Mo(N,),(PMe,),1 com- 
plex was undertaken. X-Ray studies on two different 
crystals (from different crops) seemed to indicate (see 
below) the presence of the molecule trans- 
[MoCl(N2)PMe3)4], with the truns-chloro and dinitrogen 
ligands completely disordered. Since this situation can- 
not be immediately differentiated from one in which 
truns-[Mo(N,),(PMe3)4] and trans-[MoC12(PMe3)41 have 
co-crystallized, approximately in a 1: 1 ratio, we attemp- 
ted to solve this problem with the aid of spectroscopic 
and chemical studies. 

Molybdenum(I) complexes are uncommon, and those 
containing coordinated dinitrogen are of interest since 
species of the type [MX(N2)(dppe)zl (M = MO, W; X = 
Cl, Br, I; dppe = Ph2PCH2CH2PPh2) are thought to be 
intermediates in the alkylation reactions of co-ordinated 
dinitrogen in truns-[M(N2)2(dppe)z] complexes.9 In ad- 
dition to the cationic MO(I) complex, [Mo(N&(dppe),l’, 
that can be generated by chemical or electrochemical 
oxidation’ of [Mo(N2)2(dppe)2], species of composition 
[MoX(N2)(dppe)2] (X = Cl, Br) have been claimed, al- 
though Chatt et al. later demonstrated”’ that a product 
with spectroscopic properties identical to those of 
[MoC1(N,)(dppe)z] could be obtained by mixing equi- 
molar amounts of [MoCIZ(dppe)zl and [Mo@G(dppe)J; 

t3’P chemical shifts are to high frequency of external 85% 
H,PO+ 

they concluded that the complexes [MoX(N,)(dppe),] 
(X = Cl, Br) do not exist as stable species at room 
temperature. Other similar MO(I) species, particularly 
[Mo@L)(SCN)(dppe),], were later prepared” and seem 
to be stable at room temperature. For our [MCI(N& 
(PMe,),] (M = MO, W) complexes the situation is analo- 
gous to that encountered for [MoCl@&)(dppe),], and 
analytical, spectroscopic and chemical data, indicate that 
the compounds should be considered as mixtures of 
truns-[MoCNz),(PMe~)4] and trans-[MoCMPMe,),]. This 
proposal is based on the following grounds. 

Although the first two sets of analytical data obtained 
for the molybdenum complex were consistent with the 
initial formulation,4 trans-[Mo(Nz)z(PMe3)4], as dis- 
cussed above, further analytical data from different 
laboratories, on samples of identical properties to the 
initial ones, consistently gave nitrogen contents lower 
than the expected values for the above formulation. 
Furthermore, although in some cases analytical figures 
agree well with the formulation [MCI(N2)(PMe3),], they 
are often inconsistent, even in samples that have been 
recrystallized four or five times. Crystals of [MoCl(N& 
(PMeJ,] look different from [MoCh(PMe,),]. Addition 
of solid [MoC12(PMe3W to [MoCl(N#‘Me&] (cu. 5- 
10% in weight), followed by recrystallization from 
toluene, yields red-orange crystals which can hardly be 
distinguished from those of [MoCl(NJ(PMe,),]. If, on 
the other hand, free PMe3 is added during the reduction 
of [MoC13(PMe3)3] a few minutes after the solution turns 
deep-green in colour (see above), red-orange crystals can 
be collected after workup. These are again very similar 
to those obtained when the reaction is carried out in the 
absence of free phosphine, but have a lower nitrogen 
content. We therefore conclude that [Mo(N2)2(PMe3)4] 
and [MoClZ(PMe3k] co-crystallize together, not only 
when they are present in equimolar amounts but over a 
wide range of composition. We also believe that the 
initial analytical determinations that led us to formulate 
the complex as trans-[Mo(N,),(PMe,),1, were incorrect. 

The evidence for the existence in solution of the 
trunsdichloro and dinitrogen species is as follows: (i) 
the ‘H NMR spectrum shows, in addition to the broad 
singlet centred at 8 = 1.5, that we assign to the phosphine 
methyl protons in truns-[Mo(N2)2CPMe3)4], a very broad 
hump centred at 8 = - 8.8 which is characteristic for 
trans-[MoClz(PMe3)4]. At 60 MHz, this signal was 
observed only with difficulty but it is easily detected in 
the 200 MHz spectrum. Interestingly, the presence of 
paramagnetic truns-[MoClz(PMej)4] does not cause 
significant broadening of the phosphine methyl protons 
resonance at 6 = 1.5, nor of the phosphine resonance in 
the 3’P NMR spectrum. The above indicate that it is 
either a mixture or it disproportionates very rapidly in 
solution,” but since the compound can be recrystallized 
a number of times, the latter would require the dis- 
proportionation to be reversible, which is highly unlikely. 
(ii) when a tetrahydrofuran solution of [MoCl(N& 
(PMe,),] is heated at 40-50°C for ca. 24hr. in the 
presence of an excess of PMe,, the strong IR absorption 
at 1930 cm-’ gradually disappears, and a new band arises 
at 1945 cm-‘. From the resulting solution (see Experi- 
mental) [Mo(N&PMe,)$ and [MoCl@Me&] can be 
crystallized. Since cis-[Mo(N&(PMe3)4] readily trans- 
forms4 into [Mo(N2)(PMe3)J, it seems likely that under 
the above conditions trans-[Mo(N,),(PMe,),1 isomerizes 
to the cis isomer. This process is very slow at room 
temperature but is accelerated by heating at 40-5O”C, 
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although, as indicated below, partial decomposition 
occurs. (iii) a tetrahydrofuran solution of [MoCI(N2)* 
(PMej).J was stirred at 45”C, for 20 hr in the presence of 
an excess of KI. The resulting solution was shown to 
contain [Mo12(PMe&],‘2 cis-[Mo(N&(PMe&] and 
[Mo(N,)(PMe&], the latter being formed at the expense 
of the phosphine produced in the decomposition of some 
of the cis complex. (iv) carbon monoxide was bubbled 
through a tetrahydrofuran solution of [MoCI(N2)* 
PW41, at 50°C for 6-8hr. A mixture of 
[Mo(CO),(PMe&,] (x = 2, 3) complexes, identical to 
that resulting from the interaction of cis- 
M-QJ2)2(PMe3M and CO, and pure 
[MoC12(C0)2(PMes)s]‘2 were obtained. 

The above evidence together with the low value found 
for pcff (1.40 pB) and the absence of any ESR signals in 
X-band for MO’ complexes, indicate that the products of 
composition [MCl(N,)(PMe,),] (M = MO, W) should be 
considered as mixtures of truns-[MoC12(PMe&] and 
trans-[M(N,),(PMe,),]. It is possible that the trans- 
[MCl(N2)(PMe&] complexes are formed at some stage 
during the reduction of the trichloro derivatives 
[MClJPMe&] (M = MO, W), but they are probably un- 
stable under the reaction conditions, and if they form 
they must readily and irreversibly disproportionate to 
give a mixture of the M(0) and M(H) species. It is not 
clear why we have been unable to isolate the pure 
trans-[M(N,),(PMe,),] derivatives. Also it is difficult to 
rationalize that while the complexes [MoX(N2)(dppe)2] 
(X = Cl, Br) and [MCl(N,)(PMeJ4] (M = MO, W) are too 
unstable to be isolated at room temperature, other similar 
derivatives such as [Mo(SCN)(N2)(dppe)2] seem to be 
surprisingly stable” under the same conditions. 

The molecular structures and atom numbering 
schemes for trans-[MCl(N,)(PMe,),] (M = MO, W) and 
rrcms-[MoClz(PMe&] are presented in Figs. l-3, res- 
pectively. Bond lengths and angles are given-in Tables 1 
and 2. In each the metal atom resides on a 42m crystal- 
lographic site. For trans-[MC1(N2)(PMe3),] (M = MO, W) 
the Cl and N2 ligands are disordered and in these cases it 
is not possible to distinguish crystallographically be- 
tween trans-[MC1(N2)(PMe,),1] (Fig. la) and a mixture 
of co-crystallized (Fig. lb) trans-[MC12(PMe&] and 
~runs-[M(N,),(PMe,),]. In both cases refinement of the 
Cl and N occupancy factors (see Experimental) produced 
no change in the R value and both occupancy factors 
refined to within experimental error of a 5&50% dis- 
order. 

Disorder in dinitrogen complexes is quite common, 
e.g. in [ReCI(N2)(PMe2Ph)4]‘3 and a related simulation has 
recently been reported for truns-[W(MeKCMe)(PMe,)41 
which is isostructural with the title compounds.‘4 An 
unfortunate result of the crystallographic problem is a 
decrease in the accuracy of the bond lengths and angles. 
In trans-[MoCI(N,)(PMe,W the Mo-N bond distance is 
2.08(l) A and the N-N length, l.l4(2)A. Both of these 
are slightly larger than values found for similar Mo- 
dinitrogen complexes, 2.014 and 1.118 A in trans- 
W(NMwM2 and 2.068 and 1.087 A in trans- 
[Mo(CO)(N2)(dppe)2]~l/2CaH6.2 The Mo-N-N bond angle 
is symmetry constrained to be 180”. In cis- 
[Mo(N2)2(PMe3)4] the Mo-N lengths avera e 1.97(l) A 
but an identical N-N average of 1.14(l) 1 has been 
observed.15 

In truns-[WCl(N,)(PMe,),] the W-N distance of 
2.04(2) A is shorter than found for the MO analogue 

Fig. I(a). 
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Fig. l(b). 

Fig. I. (a) The molecular structure of one orientation of the disorder model tram-[MoCI(N: 
are represented by their 50% probability ellipsoids for thermal motion. (b) The molecular str 
crystallographically equivalent disorder model, a co-crystallization of a mixture of trans-[Mo(N*Mrme,)41 ant 

frans-[MoC12(PMe3),]. 

J(PMe3),]. The atoms 
uctures of the second 
..- _. \ ,_.I \ 1 d 
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Fig. 2. The molecular structure of one of the possible disorder models for Iruns-[WCI(N,)(PMe,),]. 

Fig. 3. The molecular structure of frans-[MoCI,(PMe,),]. 
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Table 1. Bond distances (A) and angles (‘) for trans-[MCI(N2MPMe3)4] (M = MO, W) 

-- M 
-- R II :; 
-- II -- N(1) 
-- R -- R IS ;‘;,p 
-- R me 

# 

-- R em &d 
-- P 
-- P II :I:] 
-- P -- P 
-- N(1) 

!! pi 
____________________ 

180.000 
-_______--- __- 

aAtoms are related to those in Tables 3 and 4 by (x, -l-y, -1-z). 

b(-l-x, y, -1-z). 

C(-l-x, -l-y, 2). 

d(Y, x, 2). 

Table 2. Bond distances (A) and angles (‘1 for trans-[MoWPMe3W 

3-s I, ;g 98.93(71 
-_ ,,o -- 

_______________________________-_________________________________ ___- _____ 

aAtoms related to those in Table 5 by (x, l-y, 1-z). 

b(l-x, Y, 1-z). 

c(l-x, l-y, 2). 

d(Y, x, 2) 

(considering a difference in metallic radii of- AW-Mo = 
0.008 &,I6 but is identical to the average value found in 
~H(NJ,(dppe)z]HClz.2thf? All of these, however, and 
the N-N distance in truns-IwCl(N,(PMe,)4] probably 
agree within expectations at the 3a level. 

trans-[MoClz(PMes),] exhibits a W-Cl and a Mo-P 
bond distance of 2.420(6) and 2.4%(3)& respectively. 
Differences in the observed M-Cl and M-P bond lengths 
for trans-[MoCl(N,)(PMe,)~] (2.415(8) 2.461(l) A), 
trans-[WCl(N3(~Me3~] (2.46(l), 2.458(2) 8, and thus for 
trans-[MoC&(PMe,),] are not significant in view of the 
high ESD’s (which in turn have their origin in the dis- 
order problem). 

RXPERIMRNTAL 
Microanalyses were by Butterworth Microanalytical Consul- 

tancy Ltd., Middlesex, Pascher Microanalytical Laboratory 
Bonn, and Schwarzkopf Microanalytical Laboratory, Woodside, 
New York. Molecular weights were measured cryoscopically, in 
benzene, under nitrogen. The spectroscopic instruments used 
were a Perkin-Elmer model 577 for IR spectra, a Perkin-Elmer 
RIZA(‘H), a Varian XL-100-12 (3’P, F. T) and a Nicolet NT-200 
(‘H, F. T) for NMR spectra. Magnetic susceptibilities were 
measured in solution by the Evans’ method.” 

All preparations and other operations were carried out under 

oxygen-free nitrogen following conventional Schlenk techniques. 
Solvents were dried and degassed before use. 

The light petroleum used had b.p. WC. PMe3,‘* 
[MoCl,@~f),]‘~ and [WC13(PMe3)3]” were prepared according to 
literature methods. 

Dichlorotetrakis(trimethylphosphine)molybdenum (II) 
This complex was prepared by the Zn powder reduction of 

[MoC13(PMe&]?’ Details for its preparations were as follows: 
[M~Cl~(thf)~] (1.68g. ca. 4mmol) was placed in a 25Oml three- 
necked flask, provided with a gas-inlet and a side-arm containing 
1.3 g (20 mmol) of Zn powder, activated by heating at 150°C for 
4-6 hr. 80 cm3 of dry thf were added and the resulting suspension 
reacted with PMe3 (1.8cm3 ca. 18 mmol) for &lOhr. The Zn 
powder was then poured into the flask, the mixture stirred 
overnight, then centrifuged. The solvent was removed in uacuo 
and the residue extracted with toluene (80 cm’) and filtered or 
centrifuged, if necessary. Evaporation of the solvent to ca. 
20 cm3 and cooling at - 20°C afforded [MoC12(PMe3),] as yellow- 
orange crystals. Yield 1.3g 70%. The compound can be recryo- 
tallized from toluene, diethyl ether, acetone or tetrahydrofuran. 
[Found C, 31.1; H, 7.7; Cl, 14.5%; M 452. C12C12H36MoP4 
requires C, 30.6; H, 7.6; Cl, 15.1%; M 4711. 

IR (KBr disc) bands at: 2980,2%5,2900,1435,1425,1420,930, 
850, 725, 705, 66Ocm-‘. ‘H NMR data: 6 = -8.8 (very broad); 
per = 2.75 fir,. 
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Dinitrogen complexes. The complexes of composition 
[MCI(N,)(PMe,),] (M = MO, W) were prepared by reduction of 
the trichloro derivatives [MCI,(PMe,),] with sodium amalgam. 
The procedures are similar and therefore only the synthesis of 
the molybdenum complex is described in detail. To a suspension 
of [MoCl,(thf),] (1.6811, ca. 4 mmol) in 4Ocm’ of THF, were 
added 1.4 cm3 (ca. 14 mmol) of PMe3, and the mixture stirred at 
room temperature for &lOhr. The solvent was evaporated al- 
most to dryness and precipitation of the yellow [MoCIr(PMe3)3] 
achieved bv the successive addition of 20 cm3 of Et,0 and 20 cm3 
of petroleum, while cooling at 0°C. The solid was filtered off, 
washed with 20cm’ of a 1: I mixture of EtrO:petroleum and 
dissolved in 40 cm3 of thf. The resultina solution was filtered into 
a 250cm3, flask, containing 1% sodium amalgam (0.98 Na) and 
IOcm’ of thf. After stirring at room temperature for a few 
minutes a deep green colour developed which changed to almost 
black and then to very dark red-brown. This suspension was 
stied for 5 hr at room temperature and then centrifuged. The 
solvent was evaporated to dryness and the black, tacky residue, 
extracted with 60 ml of toluene and centrifuged. The solvent was 
removed in uacuo until the final volume was co. 5 cm3, 40 cm3 of 
petroleum ether were added and the flask was cooled at - 20°C 
for 24-48hr. The resultina solid was filtered off. washed with 
2 x 5 cm3 of petroleum at L 20°C and twice recrystallized from 
diethyl ether. Red-orange crystals were collected in ca. 25% 
yields (referred to PMe,). The yields vary from one preparation 
to another, the best results being obtained when the reduction of 
[MoC13(PMe3),] is carried out in relatively small scale (I mmol). 
Work up of the dark suspension, after the reaction is over, often 
requires a number of filtrations and/or centrifugations before a 
pure crystalline solid can be isolated. Five different crops of 
crystals were analytically determined. The following hgures cor- 
respond to the crystalline material used for the X-ray studies 
[Found C, 31.0; H, 7.9; N, 6.2%; M 464. C12ClH36M~N2Pd 
requires C, 31.1; H, 7.8; N, 6.0%, M 4561. 

Infrared (Nujol mull) bands at: 2005 (VW), 1930, 1430, 1425, 
1375, 1290, 1275, 1265, 930, 850, 840, 725, 710, 690, 650cm-‘. 
NMR data: ‘H(C,D,) 6 = I.5 and -8.8 (trans-[Mo(NJr(PMeJ,] 
and trans-[MoC12(PMe3),] respectively). “P(CBD&oluene) S = 
- 0.8 ppm. Pi,, = 1.40 1~s. 

Yields for the tungsten complex were consistently lower (lO- 
15%) [Found C, 26.6; H, 6.6; N, 6.5. CtrCIH~NrP,W requires C, 
26.1; H, 6.5; N, 5.1%. These figures correspond to the material 
used for the X-ray studies. A second determination on an ap- 
parently identical sample gave N, 3.2%]. 

Infrared (Nujol mull) bands at: 1980 (VW), 1900, 1430, 1425, 
1415, 1285, 1270, 1260, 920, 845, 715, 695, 680, 640, cm-‘. ‘H 
NMR data: S = 3.8 (very broad, rrans-[WClr(PMe3)$‘), and 1.5 
(broad singlet with fine structure, resembling a triplet, trans- 
]W(NJ#‘Me3)& 

Reactions of [MoCI(N2)(PMe3)4] 
(a) with PMe3 under He. [MoCI(N2)(PMe3),] (0.225g. ca. 

0.5 mmol) was dissolved in thf (20 cm3) and reacted with a large 
excess of PMe, (0.3 cm’, ca. 3 mmol) at 50°C under helium or 
argon, for 24hr. The solvent was removed in vacua and the 
residue extracted with petroleum. The undissolved solid gave 
yellow-orange crystals upon recrystallization from ether, that 
were identified as trans-[MoC12(PMe3)J by comparison of their 
IR and NMR spectra with those of an authentic sample. Ad- 
ditional, although small amounts of this complex, were separated 
from the petroleum solution by cooling at -20°C overnight. 
Concentration of the mother-liquor to ca. 2-3 cm3 and cooling at 
-20°C gave yellow crystals of [Mo(N2)(PMe3)# (identified by 
IR, ‘H and “P NMR spectroscopy). 

(b) with KI. [MoCI(NI)(PMe3)J (O.l35g, CQ. 0.3 mmol) was 
dissolved in thf (15 ml) and reacted with an excess of KI (0.83 g. 
ca. 5 mmol) at 45°C for 2Ohr, under nitrogen. Some decom- 
position took place as evidenced by the presence of small 
amounts of a black, finely divided solid. The mixture was allowed 
to cool at room temperature, the solution filtered and the solvent 
evaporated, precipitation of a red crystalline solid being observed 
when the volume of the solution was ca. l-2cm’. The residue 
was extracted with petroleum ether and the solution showrby IR 

to be a mixture of cis-[Mo(N&PMe,),] and [Mo(N&PMe,),l. 
Since the cis-complex is very soluble in most common organic 
solvents and it is difficult to crystallize from dilute solutions, the 
petroleum solution was reacted with PMe3 (0.2 cm3, ca. 2 mmol) 
at room temperature for 6-8 hr, whereby complete conversion to 
[Mo(NJ(PMe3),] took place. This latter complex was crystallized 
from petroleum anf characterized as in (a). The petroleum in- 
soluble solid was dissolved in 5 cm3 of thf, the solution cen- 
trifuged and the volume reduced to ca. l-2 cm3. Upon cooling at 
- 20°C overnight, red crystals of [MoIr(PMe,)$* were obtained. 

(c) with CO. Carbon monoxide was bubbled through a tetra- 
hydrofuran (4Ocm’) solution of [MoCI(N&PMe3)J (0.45g, cu. 
I mmol), at 50°C for 6-8hr. The solution was then cooled at 
room temperature and the solvent evaporated. The resulting 
yellow residue was treated with 2 x 20 cm3 of petroleum. The 
petroleum solution was filtered and shown (IR) to be identical to 
the mixture of carbonyls [Mo(CO),(PMeJ+, (x = 2, 3) obtained 
from cis-[Mo(N,),(PMe,),] and CO at room temperature: and it 
was not investigated any further. The yellow solid was dissolved 
in a 2: I mixture of petroleum: dichloromethane, and the resulting 
suspension centrifuged. Partial removal of the solvent in vacua 
and cooling at -20°C gave yellow-crystals of 
[MoC12(COh(PMe3)3].‘2 

X-ray data collection, structure determination and refinement for 
trans-[MCl(N,)(PMe,),] (M = MO, W)-Crystal data 

Ct2H3,,CIMoN2P~, (C12H36CIWN2Pl). M = 463.7 (551.6) tetra- 
gonal, a = 9.597(5) (a = 9.573(4)), b = 12.294(6) (12.279(5) A), U = 
1132.3 (1125.2 A’), Z = 2(2), D, = I,36 (1.63 gcme3) ~(MoKcr) = 
9.61 (58.31 cm-‘), space group Z 42m The lattice parameters 
were determined from a least-squares refinement of the angular 
setting of 15 retlections (20 >40”) accurately centered on an 
Enraf-Nonius CAD-4 diffractometer. 

A crystal of dimensions 0.88~ 1.00~ 1.13 (0.38x0.50x 
0.45 mm) was sealed in a thin-walled capillary under a nitrogen 
atmosphere. Data were collected on the diffractometer with 
graphite crystal monochromated molybdenum radiation. The 
diffracted intensities were measured by the w-20 scan technique 
in a manner similar to that described previously.** All in- 
dependent reflections in one octant out to 285 5oO(50°) were 
measured; 319 (322) were considered observed [I 2 3u(I)]. The 
intensities were corrected for Lorentz and polarization effects. 
The intensities for trans-[WCl(N,)(PMe,)J were corrected for 
absorption. 

Calculations were carried out with the SHELX system of 
computer programsz3 The function w(lFo]-]Fcl)* was minimized. 
No corrections were made for extinction. Atomic scattering 
factors for MO(W), Cl, P, N and C were taken from Cromer and 
Waber;” those for H were taken from Ref. 25. The scattering for 
molybdenum (tungsten) was corrected for the real and imaginary 
components of anomalous dispersion using the values of Cromer 
and LibermanM 

The existence of 2 molecule_ in the unit cell required that the 
molybdenum atom reside or a 42m site. A difference Fourier map 
phased on the molybdenum atom readily revealed the positions 
of the non-hydrogen atoms and the disorder of the Cl and N2 
ligands. The Cl and 2N atoms were given half weight occupancy 
factors of 0.125 each initially. In a attempt to deduce the nature 
of the disorder, the occupancy factors were refined in the fol- 
lowing manner: one cycle of refinement of the Cl positional and 
thermal parameters, one cycle of refinement of the N positional 
and thermal parameters and one cycle of refinement of the 
occupancy factors (constrained so that the sum was 0.5). No 
significant changes in the R factor or the bond distances and 
angles was noted. The occupancy factors refined to within 
experimental error of 0.125, 0.125 even when starting values of 
0.05 and 0.45 (and vice versa) were used. A second data srt was 
collected on a crystal of trans-[MoCl(NJ(PMe3)4] from a 
different preparation with similar results. For all final refinements 
reported here the occupancy factors were fixed at 0.125 for Cl 
and 0.125 for the N atoms and were not refined. 

The positional parameters for trans-[MoCl(N,)(PMe,),1 were 
used as the starting point in the refinement of the tungsten 
analogue. Least-squares refinement with isotropic thermal 

P”1.Y 2/1-c 
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Table 4. Final fractional coordinates for trans-[WCl(Nr)(PMez)]. 

-0~5000 
-0.3207(2) 

I82888 
~~::S??,) 

Table 5. Final fractional coordinates for trans-[MoClr(PMe&]. 
___~________________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~____________~~ 

Atom xfa y/b z/c 
______~____~__~~~__~~~~~~~~~~~~~~~--~~~~~~~~~~~~~~~~~~~~____________ 

.--_____ --_-- ___ _- - -_--_ 

parameters led to R = Z]]F&]F,I]/BIF,,] = 0.058 (M = MO) and 0.068 
(M = W). The methyl hydrogen atoms were located with the aid 
of a difference Fourier map; their positional and thermal 
parameters were not refined. Refinement of the nonhydrogen 
atoms with anisotropic temperature factors led to final R values 
of R =0.021 for Irans-[MoCl(N,)(PMe,),1 (0.019, M = W) and 
Rw = 0.024 (0.023). The two nitrogen atom of trans-[WCl(N& 
(PMe,).,] could not be refined with anisotropic thermal 
parameters and were therefore isotropic in the final refinement. 
Refinement of the inverse configurations resulted in the final R 
values shown. Refinement prior to the conversion to the inverse 
conligurations gave R = 0.032 (M = MO) and 0.038 (M = W). A 
final difference Fourier showed no feature greater than 0.3 e-/A3. 

The weighting scheme was based on unit weights; no sys- 
tematic variation of w(]F,,]-]F,I) vs IF,,1 or (sin @)/A was noted. 
The final values of the positional parameters are given in Tables 
3 (M = MO) and 4(M = W).*’ The thermal parameters and the 
observed and calculated structure factor amplitudes are given in 
supplementary Publications No. SUP OOOOO(O0 pp). 

X-Ray data collection, structure determination, and refinement 
for trans-[MoCls(PMes),]. 

Crystal data. Cr2H C12MoP4, M = 471.2, tetragonal, a = 
9.675(5), b = 12.311(6)x, U= 1152.4A. Z=2, D,= 1.36gcm-‘, 
p(MoKa) = 10.55 cm-‘, space group 142. The lattice 
parameters were determined from a least-squares refinement of 
the angular settings of 15 reflections (28 > 40“) accurately centred 
on the diffractometer. The data were obtained and treated as 
above. 

The positional parameters for trans-[MoCl(N2)(PMe&] were 
used as a starting point in the refinement of this compound. No 
evidence of any N2 was located. Least-squares refinement with 
isotropic thermal parameters led to R =0.065. The hydrogen 

atoms were located with the aid of a difference Fourier map and 
their parameters were not refined. Refinement of the non- 
hydrogen atoms with anisotropic thermal parameters led to R = 
0.044. Refinement of the inverse contiguration led to final 
values of R = 0.043 and R, = 0.051. The weighting scheme was 
based on unit weights; no systematic variation of w(lFe]-]FO]) vs 
IFal or (sin @/A was noted. The final positional parameters are 
given in Table 5. The thermal parameters and the observed and 
calculated structure factor amplitudes are given in Supplemen- 
tary Publications No. SUP 00006 (00 pp). 
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Ahstract-5,7-Dimethyl[l,2,4]triaxolo[l,5-a]pyrimidine (dmtp) is used as a ligand for divalent metal thiocyanates. 
Compounds of formula M(NCS)r(dmtp)r(HsO)X are formed, with x = 2 for M = Mn. Fe, Co, Ni and Cd and x = 0 
for M= Zn and Hg. Infrared and ligand field spectra are discussed. The crystal structures of compounds 
Cd(NCS) (dmtp)s(Hr0)2 and 
15.823(8)1, b = 8.358(7)A 

Hg(SCN)s dmtp)? are described. Cd(NCS)&hntp)~(HrO)~ is monoclinic, C2/c, a = 
- f ,9 = 102 82(5)’ Z = 4 d = 1634 Mg . m-s R = 4.8% based on 2437 

reflections. Cd*+ is (distort&-Bco~~~~~ coordinated by two h$3)&onded lids (&rs-oriented) with Cd-N = 
2.366(2) A, two water molecules (cis) with Cd-O = 2.344(4) A and two N-bonded NCS ions with Cd-N = 2.259(4) A. 
The molecules are held together by Van der Waals forces and OH . . . S hydrogen bonds (0 . . . S = 3.263(2) A). 

Hg(SCN)z(dmtp), is triclinic, Pl, a = 10.343(7) A, b = 13.225(g) A, c = 8.060(6) A, (I = 97.15(4)O, /J = 103.43(3)‘, 
y =‘19.01(4), Z = 2, d, = 1.941 Mg . rne3, R = 7.8% based on 3218 reflections. The (distorted) tetrahedral coordination 
around He consists of two N(3)bonded ligands with Hg-N = 2386(g) and 2.427(8)A and two S-bonded 
tiocyanate ions with Hg-S = 2.414(4) and 2.441(4) A; the valence angles S-Hg-S and N-Hg-N are 134.9(l)’ and 
98.0(3)’ respectively. The crystal packing is determined solely by Van der Waals forces. The &and geometry 
appears to be the same for both compounds, within experimental error. 

INTRODUCTION 

The coordination chemistry of heterocyclic ligands is a 
field of increasing interest. The study of the imidazole- 
type ligands and that of the purines and pyrimidines is 
especially rapidly expanding, due to the realisation that 
the interaction between such ligands and metal ions plays 
an important r6le in a variety of biological systems.‘** 
Examples are the imidazole ligands in many copper, zinc 
and iron proteins, and the interaction between “essen- 
tial” ions like Mg’, Zn*’ and “toxic” ions as Cd*’ and 
Hg*’ with nucleic acids. 

Usually such heterocyclic bases have more than one 
donor atom available for coordination, so that no 
straightforward prediction of their coordination mode 
can be made. Previous studiesSs on 1,2,44riazoles have 
shown that either one or two of the N-atoms coordinate 
to many metal ions. 

Comparative binding studies on the naturalIy-occurring 
bases in DNA have shown that the purine ligands 
frequently use the (imidazole-type) N(7) atom, but that 
also coordination can occur at N(9) (the proton residing 
on N(7)), N(3) or N(D6,’ With adenine a bidentate bridge 
(coordination through N(3) and N(9)) has been found for 
several copper(B) compounds.89. Pyrimidine bases are 
known to use N(3) for coordination to a large variety of 
metal ions.6 In addition to the naturally-occurring nucleic 
acid bases pyrimidine, purine and derivatives, a number 

*Author to whom correspondence should be addressed. 

of modified bases have been studied. For instance the 
kzapurines containing the 1,2,3-triazole nucleus are of 
interest because of their anti-neoplastic activity.‘o 

SAzapurines contain the lZ,dtriazole nucleus, and 
have no substitutions at N(9) or N(7). Therefore, ad- 
ditional types of coordination may be expected To study 
the influence of steric effects upon the coordination of 
this type of ligands we have developed a synthetic pro- 
gram towards the coordination chemistry of (mod&d) 
S-azapurines. 

The numbering of these ring systems has often caused 
confusion, because of the special numbering in use for 
the purine derivatives. In this paper we will use the 
IUPAC” numbering as depicted in Fig. 1. 

Because of our earlier experience with thiocyanate 
salts3-5 and because of their ambidentate character (both 
N and S coordination can occur) and the easy crystai- 
lisation of their coordination compounds, this first study 

’ - “3C 
4 3 

Fii. 1. 5,7-Dhnethyl[l,2,4Rriaxolo[l~-a]pyrimidine following 
IUPAC ring numbering. In purine ring numbering the sequence 

l-8 becomes: 7,8,9,4,3,2, 1,6,5. 
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Table 1. Crystal data of dmtp compounds 

Compound Cd(NCS)2(dmtp)2@20)2 Hg(SCN)2(dmtp)2 

(1) (7) 

Empirical formula 
CdC16H20N1002S2 HgC16”16N10S2 

Molecular weight 560.9 613.1 

space group C2/c, monoclinic Pi triclinic 

Cell constants a-15.823(8) x a-10.343(7) x 

b= 8.3X3(7) x b-13.225(8) x 

c-17.650(8) x c-8.060(6) x 

cl= 9o” a- 97. 15(4j0 

6=102.82(5)’ 8=103.43(3)O 

y= 9o” Y’ 79.01(4)O 

Packing 2=4 2=2 

Density d .634 -3 
calc=l Mg.m 

d .941 -3 
calc=l Hg.m 

d obs=l.63 Mg.m -3 d obs=l .94 -3 
Mg.m 

Data collection 9 ( 2S0 0 < 25’ 

No of reflections measured 2921 3668 

NO of reflections used 2437 3218 

Residual (R) 0.048 0.073 

deals with the transition-metal(I1) thiocyanates of the 
new ligand 5,7-dimethyl[l,2,4]triaxolo[ 1,5-alpyrimidine 
(abbreviated dmtp) (Fig. 1). In the case of monodentate 
coordination, bonding through N(3) would be expected 
for steric reasons, but bidentate coordination through 
N(3) and N(4) (chelating), or through N(1) and N(3) 
thereby polynucleating, cannot be excluded. 

In the present paper both the synthesis and charac- 
terisation of the new compounds are described. Two 
crystal structure determinations were performed to 
obtain unambiguous evidence about the coordination of 
dmtp. 

EXPERIMENTAL 
The find dmtp was prepared according to the method of 

Btilow and Haas’* from pentanedion-2,5 and 3-amino-1,2,4-u+ 
azole. 

Metal thiocyanates were prepared in situ by metathesis from 
hydrated metal nitrates and two equivalents of ammonium thio- 
cyanate in water. The hydrated dmtp compounds were prepared 
by mixing the metal thiocyanate solutions (2 mmol in 20 ml of 
water) with a dmtp solution (4mmol in 20ml of water). All 
compounds crystal@ within several hours. The anhydrous zinc 
and mercury compounds are rather insoluble in water. Therefore, 
they were prepared from commercial metal thiocyanate and dmtp 
in acetone solutions. Yields were generally better than 95%. 

Doping of Cu*+ compound and of Co*+ in the Zn*’ compound 
was effected by the addition of 3-5% of Cu*+ or Co*+ in the form 
of their thiocyanates to the solutions of Cd*+ and Zn*+ respec- 
tively prior to crystaliisation. 

X-Ray powder diffractograms, taken on a Philips diirac- 
tometer, showed all hydrates to be mutuaUy isomorphous. 

Ligand field spectra were recorded at room temperature on a 
Beckman DKS-A UV-VIS-NIR spectrophotometer, in the solid 
state, by means of the diffuse reflectance technique. 

Infrared spectra were taken on a Perkin-Elmer model 580 fR 
spectrophotometer as nujol mulls between KRS-5 and polythene 
(below 4OOcm-‘) windows and as CsCl discs (concentration 
about 1%). 

The cadmium and mercury compounds were recrystallised 
respectively from water and acetone. Monocrystals were grown 
easily from the solutions by cooling slowly to room temperature. 
For both compounds a monocrystal suitable for X-ray analysis 
was found. 

Reflections for crystals were measured on an Euraf Nonius 
CAD4 difBactometer, using Mo-K, radiation and a graphite 
monochromator. The data were corrected for Lorentz and 
polarisation effects, but absorption nor extinction corrections 
were applied. Table 1 shows the relevant crystallonraohic data. 

The structure of compound 1 was partly solved&ng MUL- 
TAN.” The remainder of the atoms were found usine con- 
ventional (diierence) Fourier techniques. Some hydrogen atoms 
were placed on calculated positions. 

To determine the structure of 7, only Patterson and 
(diierence) Fourier techniques were applied. 

For both molecules reflections with I > 2u(I) were used in the 
refinement, employing the Gauss-Seidel block method.4 Counting 
statistics served as a basis for the weighting scheme. 

During the refinement, the temperature factors of all hydrogen 
atoms were held fixed. 

For 1 the space coordinates of the hydrogen atoms of one 
methyl group were fixed. No coordinates of hydrogen atoms 
were refined for 7. AU bond distances and valence angJes con- 
taining hydrogen atoms appeared to have physically realistic 
values. 

The final residuals, defined as R = mw(lFOl -]F,()~/XW]F~(~]‘/* 
are shown in Table 1. Lists of structure factors, fractional 
coordinates and anisotropic thermal parameters have been 
deposited as Supplementary Material with the Editor, from 
whom copies are available on request. Atomic coordinates have 
also been deposited with the Cambridge Crystallographic Data 
Centre.” The atoms are numbered as given in Figs. 2 and 3. 
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Fig. 2. ORTEP-drawing and nurn~~~ of atoms for Cd~CS)*(dmtp~H~O)*. 

Fig. 3. Perspective view and atom numbering for Hg(SCN)&hntph. 

RMJLTS AND DISCUSSION 
GUJeIYll 

Table 2 lists the compounds prepared together with 
their colours, relevant elemental analysis and powder 
diffraction types. Because of the mutual isomo~~sm, C, 
H and N analyses were determined only in one case. All 
compounds appear to be stable in air upon standing. 
With copper thiocyanate several types of crystals 
were found, which will be the subject of future in- 
vestigations. 

For the characterisation several spectroscopic tech- 
niques were used, which will be described below. 

Ligand fieid spectra 
The ligand field spectra of the hydrated compounds 

could be interpreted on the basis of an averaged octa- 

hedral environment for the central metal ion. No clear 
splittings of the bands were observed, so that deviations 
from octahedral symmetry must be small. On the other 
hand low-symme~ splittings in distorted octahedral 
complexes are known to be small in case of a cis 
geometry of the weakest ligandsi6 (in this case H,O). 
Because of the presence of three diierent kinds of 
ligands, the symmetry must be CzV or lower. 

In TabIe 3 the exigent values of the band maxima 
of these compounds are listed, inch&g the copper- 
doped cadmium compound (8) and the cobalt-doped zinc 
compound (9). The spectrum of (9) was interpreted on 
the basis of a distorted tetrahedral symmetry for the 
central metal ion. 

& and B parameter values were calculated in ac- 
cordance with the assigmnent given.‘““’ The Oq values 
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Table 2. Compounds of formula M(NCS)(dmtp)&O), colours, analyses and X-ray diiraction types 

metal analyses 

nr. compound COlOW found CalC. X-ray type 

I Cd(NCS)2(dmtp)2(H20)2 white 20. I 20.0 A 

2 Mn(NCS)2(dmtp)2(H20)2 white 11.2 10.9 A 

3 Fe(NCS)2(dmtp)2(H20)2 yellow 11.4 11.1 A 

4 Co(NCS)2(dmtp)2(H20)2 red 11.8 11.6 A 1 

5 Ni(NCS)2(dmtp)2(H20)2 blue 11.4 11.6 A 

6 211(NCS)~(dmtp)~ white 13.9 13.7 B 

7 HS(SCN)2(dmtp)2 white 31.8 32.7 C 

8 3% Cu-dope in I yellow - A 

9 3% Co-dope in 5 blue - B 

*C, H and N analyses for this compound: found (talc.) 37.5 (37.9). 

4.1 (4.0) and 27.3 (27.6) X. reepectively. 

Table 3. Liiand field spectra of M(NCS)z(dmtp)z(H~O), (x = 2,O). Band maxima in lti cm-‘, Dq and B 
values in cm-’ 

Compound Band maxima Assignmentt Dq* B* 

(2) MnWCWdmtpk(H+% 17.4 ‘TT,, +- 6A~, 
20.6 9~0 + %, 

24.4 
(3) WNCSk(~tpk(H+& 10.2 sb 

‘A,,, ‘E, c6A,, 

10.9 ‘Es +‘Tzn 
(4) WKSk(dmtpkOWk 9.05 %(F) + ‘T,, 

20.0 Y,,(P) + ‘T,, 990 810 
(8 N~@W%(dmtp)#W)2 

1:: 
‘T%(F) + ‘A,, 

2615 
3T,,(F) + ‘A, 

‘T,,(P) + ‘A, 970 920 
(8) (Cu, Cd)WSk(dmtpkUWk 12.6 2T21 + 2E 

(9) (Co, ZnWSk(dmQ.92 1::; 7w~2 
I 2 530 670 

*Calculated for (4) according Ref. 17; for (!I) and (9) according Ref. 18. 
tAssignment according to octahedral geometry for (2-E), according to Td symmetry for (9). 

show that dmtp can be placed near imidazole in the 
spectrochemical series. For instance, using %0 cm-’ for 
Dq of [Ni(NCS)a]4-‘9, 860cm-’ for [Ni(Hz0)6]2’” and 
the 1080cm-’ value of [Ni(iiidazole)a]z’z’, the rule of 
average environment calculates Dq for 5 to be 965 cm-‘, 
in accordance with the experimental value of 970cm-‘. 

The Dq and B values of 9 are consistent with N 
coordination of the thiocyanate anion in the zinc com- 
pound. 

IR spectra 
Anion vibrations. The anion parts of the IE spectra 

reflect the different coordination modes of the thiocy- 
anate ion. Especially the positions of vcN and vcs in the 
mercury compound are clear indications for the S-bond- 
ing mode of the thiocyanate in this compound. The 
absorptions relevant to the thiocyanate ion are tabulated 
in Table 4. The UCN + vcs combination bands have also 
been listed because they are helpful in assigning the 
often very weak vcs absorption. 

The pseudo-tetrahedral zinc and mercury compounds 

show split VCN absorptions in accordance with the CZV 
symmetry. The other compounds in which the thiocy- 
anate ions are c&oriented show only one absorption. 
This indicates that only small electronic coupling occurs 
between the CN bonds in these compounds?* 

Water uibrations. The absorptions associated with the 

vibrations of the M-O 
jH 

‘H 
parts of the compounds l-5 

can be assigned easily and are given in Table 5. They are 
rather broad as is expected because all hydrogen atoms 
are involved in hydrogen-bond formation with non- 
coordinating nitrogen atoms of the dmtp ligands and 
sulphur atoms of the thiocyanates, as will be demon- 
strated in the section about the structure determination. 

There is a di8tittCt metal dependency, especially for 
&H2 and &oH2, which parallels the Irving and Wil- 
hams sequenceT3 The highly coupled S?Jg2 and uMo 
vibrations show, however, a much less pronounced metal 
dependency and moreover do not follow the Irving and 



Transition metal thiocyanates studied by spectroscopic methods 199 

Table 4. Thiocyanate IR bands (cm-‘) of transition metal dmtp compounds 

Cnmpound “CN + VCS vCN* %cs vcs SNCS 

(1) CdWSkGJWMWk 
(2) MnWCSk(~tpkW3~ 
(3) Fe(NCSk(dmtpkOWk 
(4) Co(NCSkWWk(HzOk 
(5) Ni(NCS)2(dmtp)z(H20)2 
0 Zn(NCSk(~tpk 
(7) H8(SCN)z(dmtp)z 

**C”-isotopic satellites are not listed. 

iii F9i zi 109 468 
795 416 

2885 2092 951 192 416 
2900 2102 954 415 
2905 2110 955,950 ;E 414 
2925 2108,2083 950 483 
2922 2132.2120 914,819,859 

IO!!99 
456,429 

Table 5. IR bands (in cm-‘) of M-O /H 

‘H 
Broups 

(1) Cd(NC%bW%W~~k 3355 3240 1685 685 650 463 
(2) Mn(NCSk(~tpk(Wk 3310 3245 1688 695 464 
(3) Fe(NCsk(dmtMH2Ok 3310 3250 1690 123 

z 
466 

(4) Co(NCSk(~tpkW20k 3315 3255 1651 140 665 456 
0 NiWSk(dmtr02(HPk 3375 3258 1666 155 692 458 

Williams sequence, but in fact show a decrease from iron 
to cobalt. This decreased metal dependency is attributed 
to lack of deformation in the structure on going from 
cadmium to nickel, which opposes the decrease of the 
radius of the metal ion. The relatively rigid structure held 
together by hydrogen bonds, tends to maintain the metal- 
&and distances. This effect appears to be strongest for 
cobalt and nickel. The smaller force constants associated 
with this effect lower the wavenumbers of the metal- 
ligand vibrations. 

This same effect is observed for the metal-nitrogen 
vibrations, (uide injra). 

Metal-nitrogen vibrations. The metal-nitrogen vibra- 
tions, which are expected in the far-IR region be- 
low 350 cm-‘, show a clear metal dependency. An 
assignment is not given because the absorptions of 
metal-thiocyanate and metal-dmtp are expected to be 
rather close to each other and coupled. Moreover, three 
vibrations of the free ligand (at 312, 280 and 230cm-‘) 
interfere and hamper an adequate discernment. It was 
found, however, that the order of the metal-dependent 
absorptions parallels the order of the metal-oxygen ab 
sorptions. 

Description of molecular and crystal structures 
In compound 1 the ligands form a pseudo-octahedral 

configuration around the central Cd2’ ion. The dmtp 
molecules are in trans-position to each other apparently 
as a result of steric effects. They form two parallel 
crossing layers with a plane-to-plane distance of 3.54 A, 
which is about twice the Van der Waals radius of an 
aromatic s-system.” The thiocyanate ions are mutually 
cis-coordinated uia their nitrogen atoms to the central 
ion. 

The compound shows relatively strong hydrogen 
bonding between HW(l)[x, y, z] . . . S[x +f, y-f, z] 
with HW(l). . . S = 2.41(4) A, OW . . . S = 3.263(4) A, 
OW.. .HW(l). . . S = 161(4)“ and HW(2)[x, y, z]. . . 

N(4)k y, ; - zl with HW(2) . . . N(4) = 2.12(4) A, OW . . . 
N(4) = 2.879 bi and OW . . . HW(2). . . N(4) = 147(4)‘. 

The ligands of 7 form a very distorted tetrahedral 
configuration around the metal ion. As in 1 the rings form 
parallel layers with a distance of twice the Van der 
Waals radius of the r-system. There are no hydrogen 
bonding interactions in this compound. The most im- 
portant bond distances and valence angles for 1 are listed 
in Table 6. Those for 7 are presented in Table 7. 

As can be seen from Tables 6 and 7 and Figs. 2 and 3 
the dmtp molecules coordinate in the same way for both 

Table 6. Bond distances (A) and valence angles (degrees) for 
Cd(NCSk-(dmtp)#120). Estimated standard deviations (2x) in 

parentheses 

C&N(3) 
Cd-OW 
Cd-N 
N(l)-N(8) 
N(Q-C(2) 
c(2b~(3) 
N(3)C(3a) 
CW-N(4) 
COaHJ@) 
N(4C(5) 

:I$$; 
C(Q-C(7) 
C(+N@) 
C(7J-c(lO) 

N-C 
c-s 

2.366(2) 
2.344(4) 
2.259(4) 
1x3(4) 
1.318(4) 
1.358(4) 
1.333(4) 
1.334(4) 
1.3x(4) 
1.322(4) 
1.421(6) 
1.480(6) 
1.350(6) 
1.311(4) 
1.482(4) 

1.146(6) 
I .629(4) 

NW-Cd-@W 
NQJ-Cd-N 
OW-Cd-N 
N(8HUM2) 
NU)C(2)_N(3) 
C(2)+0-C(Ja) 
N(3PJ3aH4) 
N%COa~N@) 
N(4M3a)_N(8) 
C(3a)_N(4l-C(5) 
N(4)-o-C(6) 
N(4HJSHX9) 
C(Q-C(5J-C(9) 
C(5)-U6)-0 
C(6HV)-N(8) 
C(6)-o-C(lO) 
N(&C(l)C(lO) 
N(l)_N(8)-@) 
N(U-N(%CO 
WakN(8WO 

ETJww-Hw(2) 

87.4(l) 
95.4(l) 

112.4(l) 
101.5(3) 
116.2(4) 
103.qq 
12x8(4) 
108.1(3) 
123.1(3) 
116.q3) 
121.1(4) 
111.3(4) 
121.1(4) 
121.9(4) 
114.8(3) 
121.1(4) 
118.1(4) 
110.6(3) 
121.5(3) 
121.9(3) 

98(4) 
113.5(4) 
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Table 7. Bond distances (A) and valence an&es (degrees) for Hg(SCNk(dm~k. Estimated 
standard deviations (2x) in parentheses 

Distances Angles 

Hs-S(A) 2.447(4) 
H%S@) 2.421(4) 
Hg-NO A) 2.38 (1) 
Hg-N(3B) 2.418(8) 

NW-N@) 
W-C(2) 
CWW 
WW(3a) 
C&4-W) 
Wa)_N(S) 
N(4C(S1 
C($-C(9 

:;E;; 
C(7)-N(8) 
C(7I-C(10) 

1.3?(l) 
1.32(l) 
1.35(l) 
1.37(l) 
1.32(l) 
1.36(l) 
1.32(l) 
1.45(l) 
1.48(l) 
1*30(l) 
1.36(l) 
1.45(l) 

N-C 
c-s 

1.15(l) 
1.65(l) 

B 
1.37(l) 
1.33(l) 
1.35(l) 
1.34(l) 
1.29(l) 
1.38(l) 
1.35(l) 
1.42(l) 
1.49(l) 
1.33(l) 
1.40(l) 
1,48(l) 

1.16(l) 
1.65(l) 

SC&H&W-U 
SbWb-N(3A) 
StA~H~N(3B) 
S(B)-Hg-N(3A) 
S(BM-WWB) 
N(3A~Hg-N(3B~ 

S-&-N 

134.9(l) 
98.6(2) 

105.8(2) 
103.6(2) 
109.2(2) 
98.2(3) 

1 l&9) 11:3(S) 
117(7) 1 U(7) 
103$9) H&2(9) 
127(l) 129(l) 
107(l) 104.7(9) 
126(l) 126.q9) 
116flf 1160f iisiij i22ii j 
121(l) 116(l) 
121(l) 122(l) 
128(l) 122(l) 
111(l) 116(J) 
129Gf 129(l) 
120(l) 115(l) 
111.7(9) 113.3(S) 
125.7(9) 127.7(9) 
123(l) 119(l) 

117(l) 117(l) 

compounds, i.e. through their N(3) atoms. The ligand 
geometry is the same for both compounds and there are 
no significant differences in bond lengths and angles 
within the ligands. 

Comparing the coordination polyhedron around cad- 
mium in 1 with those of other cadmium compounds with 
nucleic acid foments it is seen that the C&N fiend) 
distance of 2.366 A is in the usually-observed range 
(2.3225, 2.3726 and 2.35 A”) and quite normal for a Cd- 
N(sp’) ~n~e~~. The Cd-N(sp) distance to the thio- 
cyanates is shorter, but lies in the range for other Cd- 
thiocyanates. *w’ The Cd-O bond lengths of 2.344 A too 
fall in the range found for related cadmium compounds: 
2.24-2.34 .k’6.28*3’ 

As is usually observed for mercury compounds, the 
SCN groups in 7 bind to the metal via the sulphur atom. 
The S-C and C-N bondlengths are normal. The Hg-S 
distances (2.447 and 2.421 A) are we11 below the sum of 
the covalent radii of sulphur I.011 A) and tetrahedrally 
coordinated mercury(I1) (1.48 a ).3z They are among the 
shortest found so far for merc~y(I1) t~~yanates. 
Typical distances reported for Hg-SCN in tetrahedral 
units are between 2.48 and 2.58 A.“,‘” The N-Hg-N 
angle (98”) is signiticantiy below the tetrahedral angle 
value, while the S-Hg-S angle of 135” is much higher, 
tending to become linear. This again demonstrates a 
relatively strong covalent interaction between mercury 
and sulphur. As a conse uence of this, the Hg-N 
bondlengths (2.38 and 2.42 w ) are relatively Long when 
compared with other Hg-N bonds in mercury nucleic- 
base compounds.35’36 The structure can best be com- 
pared with that of the compound 3Hg(SCN)~2PyN037 
in which mercury has a very distorted tetrahedral coor- 

in combination with very short Hg-S bond distances 
(2.38 A). 

CONCLUDING BBMAlUC8 
The ligand dmtp has a clear preference for coor- 

dination through its N(3) atom in reactions with tran- 
sition-me~1 ~ocyanates. Its s~c~ocherni~~ strength is 
comparable to that of imidazole. The thiocyanate ions 
coordinate via their N atom in compounds l-6 and via S 
in 7 (the mercury compound). 

The coordination polyhedra in l-5 are distorted octa- 
hedra of two ligand N (&ens). two thiocyanate N (cis) 
and two water 0 atoms. The zinc compound is tetra- 
hedral, with two ligands and two thiocyanates. The 
coordination around mercury in 7 is distorted tetrahedral, 
composed of two liiands and two strongly covalent 
Hg-S bonds. 
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AI&net-Reactions between Nb+& or NbCI, and hydridotris and hydridobis(l-pyrazolyl)borate potassium salts 
were investigated in different ligand to metal molar ratios (R). Room or low temperature reactions between Nb2Cl10 
and the poly(l-pyrazolyl)borates in a R= 1 stoechiometry lead to niobium(V) ionic species such as 
(NbCI,[HB(pz),]}K and {NbClr[HsB(pz)2]}K. Reduction to niobium(W) was observed if the preceding reactions 
were conducted at higher temperature or if R increased, and molecular species, which could generally also be 
obtained directly from NbCb, were then isolated. AU the niobium(IV) molecular species: Nb2ClJH2B(pz)j]Z, 
NbzCb[HzB(pz)sMpzH)2, NbXb[HB(pz)&, Nb2Ch[H2B(pz)&(MeCNb, NbXb[H2B(pz)&, NbXb]H2B(pz)& and 
Nb2C12[H2B(pz)2]6, were found to be diamagnetic in the solid as in solution. Their characterisation was achieved by 
microanalysis, molecular weight data, IR and ‘H spectroscopy. 

INTRODUCTION 
By virtue of their steric and electronic properties, poly(l- 
pyrazolyl)borates stabilize unusual coordination 
geometries and oxidation states.’ The transition metal 
chemistry of the hydridotris( 1-pyrazolyl)borate anion 
[HB(pz),l- (pzH=C3H3N2H) is to some degree 
reminiscent of that of the cyclopentadienyl ion, while the 
hydridobis( 1-pyrazolyl)borate anion [H2B(pz)J is more 
closely related to the ,?I-diietonato ligands. The stabiliz- 
ing effect of the [HB(pz),]- anion, which behaves as a 173 
or q2 l&and, has for instance been exploited in making 
stable copper carbonyl’ or molybdenum-nitrosy13 
derivatives, as well as a variety of five-coordinated pla- 
tinum compounds.’ On the other hand, M[HzB(pz)& 
(M = Co, Ni, Cd, Zn . . J derivatives appear as reducing 
agents in organic chemistry.’ As part of a general project 
concerning the synthesis of molecular low-valent nio- 
bium derivatives, and because the polypyrazolylborate 
derivatives of group V metals were limited to 
NbO(OMe)JHB(pz),16 and [H,B(pz)2]TaMe3,’ we have 
investigated the reactions between niobium(V) and nio- 
bium(IV) chlorides and hydridotris and hydridobis 
potassium pyrazolylborate salts. Indeed, polypyrazolyl- 
borate ligands are known to be reducing agents towards 
early transition metal derivatives in high oxidation 
states.* 

We now wish to report the synthesis and charac- 
terization in the solid and in solution of niobium(V) and 
niobium(IV) polypyrazolylborate derivatives {NbCL[HB- 
(~z)slK INbCb[Wpz)3llK, [NbzC&[HB(pz)312, 
Nb2Cl,[HB(pzhl,(pzH),, NbXbDWwM,, INbC1,D-W 
(~d2lK NW&[H8(pz&, MeW, Nb2C15DMpzM3, 
NbXbFWW~l~ and Nb2C12[H2B(pd216. 

RESULTS AND DISCUSSION 
Synthesis of niobium poly(l-pyrazoly/)borotes 

The formation of the products obtained by reacting 
Nb&, or NbCb with the potassium poly(l-pyrazo- 
1yl)borate salts KHB(pz), or KH,B(~z)~ was of course 
influenced by the ligand to metal molar ratio R (varying 
from 1 to 4), but also, very drastically, by the course of 

*Author to whom correspondence should be addressed. 

the reaction: solvent composition, reaction time, tem- 
perature, concentration. Schemes 1 and 2 summarize the 
various routes that allowed the isolation, despite com- 
plicated reactions, of hydridotrispyrazolylborate and 
hydridobispyrazolylborate niobium derivatives. Among 
the various solvents investigated (toluene, tetrahydro- 
furan, dichloromethane or acetonitrile) the two last- 
named, in pure form or as their mixtures, appear the 
most useful, as they generally allow an easy separation 
from the KC1 precipitate, and avoid the formation of 0x0 
derivatives, which was observed when THF was used. 
Acetonitrile behaves as an additional ligand when 
the coordination sphere is less crowded, and 
NbzCg[H,B(pz)z]z(MeCN)z was thus isolated. 

As expected, the bulky poly(l-pyrazolyl)borate anions 
generally act as reducing agents towards NbC15, leading 
to niobium(IV) derivatives. In fact, niobium(V) com- 
pounds could only be isolated if the reaction between 
NbCls and hydridotris or hydridobispyrazolylborate salts 
was conducted in a R = 1 stoechiometry and at low or 
room temperature. However, the niobium(V) derivatives 
obtained as major product in these conditions cor- 
respond to ionic species of formula 
K{NbCl,[H,B(pz),_,]} (x = 1 or 2), insoluble in common 
organic solvents. For instance, the reaction between 
NbCl, and KBH(~z)~ (R = 1) in MeCN at -30°C leads to 
a precipitate of K{NbCl,[HB(pz)J} (58%), while a 
reduced molecular species, Nb,C&[HB(pz),],, was 
obtained from the mother liquor, but only in a low yield 
(17%). Evidence for the formation of ionic poly(l- 
pyrazolyl)borate derivatives has also been reported for 
uranium(IV)Y or molybdenum(III).‘a The formation of 
niobium(IV) molecular complexes was favoured by pro- 
ceeding at higher temperature, thus giving a KC1 pre- 
cipitate instead of a niobium potassium one. Finally, no 
molecular niobium(V) polypyrazolylborate complex 
could be obtained directly from NbC15, but we were able 
to isolate NbCL+(HB(pz),] by a smooth reoxidation of 
Nb2ClJHB(pz)3]2 formed in situ, using carbon tetra- 
chloride for precipitation. It is noticeable that the 
hydridotrispyrazolylborate anion displays a stronger 
tendency to form ionic species with niobium, as com- 
pared to the hydridobis(l-pyrazolyl)borate ligand, and 
{NbClJHB(pz),]}K was also obtained from a’ 1: 1 molar 
reaction between NbCb(MeCN)3 and KHB(~z)~ in 

203 



204 L. G. HUBERT-PFALZGRAF and M. TSUNODA 

If&N, -30' 
& 

M&N-CH Cl ,A 

IL cc14 l 

MN-CH2C12,A 
b 

2L 
Nbc15 k 

M&N, -300 

3 L 

fNbC15[HB(pd311K 

58% 

NbC14[HB(p.)31 

88% 

20. . 
MbC14[HB(p2J31X 

75% 

Nb,cl,kB(P~)312 

70% 

Nb2C16[~(Pz)312(p~H)2 

30% 

2L I 
I w Nb2C14tHB(pe)314d J 

M&N, A, 12h 
M&N, A, 24h 

40% 

Scheme 1. Synthesis of niobium(V) and niobium(W) hydridotris(l-pyrazoly)borates. (L = HB(pz)j-). *From 
NbCb(MeCN)j instead NbCL. 

CH2C12 
l 

1 L’ 20. 
~NbC15[H2B(pr)21)K 

70% 

CH2C12, A 

Nb2C16[H2~(p~),12(~eCW2 

80% 

~2C16[H2B(pz)2~2(p~H)2 
27% 

Nb2c14[H2BW214 _ 
50% A, 12h 2 L’ 

__J 
H&N 

~zc13[u2B(pz)z15 - 
32% A, 16h 

t4h2c121H2n(~z)216 
74% 

Scheme 2. Synthesis of niobium(V) and niobium(IV) hydridobis(l-pyrazolyl)borates. (L’ = H2B(pz)*-). 

acetonitrile at room temperature. No ionic niobium(W) 
product was obtained in the case of the hydridobis(l- 
pyrazolyl)borate salt. The conductivity measurements 
obtained for the ionic species on diiethylformamide 
solutions are as expected for 1: 1 electrolytes.” 

If more than one equivalent of polypyrazolylborate per 
metal (R > 1) was used, only molecular niobiumW) 
derivatives were obtained. Another general observation 
is the fact that, by contrast to TiCh’ for instance, and 
with regard to the behaviour of ZrCh” or UCl.+9 one can 
replace more than one chlorine per metallic center by a 
poly(l-pyrazolyl)borate ligand. As a result highly sub- 
stituted products could be obtained. However, the yields 

were often reduced by disproportionation reactions, 
which are favoured by the fact that the niobium(W) 
species obtained are all dimeric, and small changes in the 
experimental procedures can lead to the isolation of 
several different products. For instance, the reaction 
between NbCl., and H2B(pz)*K (R= 2) in acetonitrile 
leads to Nb&[H2B(pz)& or NbtC13[H2B(Pz)& if the 
heating is maintained for a longer time. 

Side reactions, involving the cleavage of the B-N 
bond, were observed, and products having pyrazole in 
the coordination sphere of the metal were then obtained. 
The pyrazole seems to interact strongly with the niobium 
moiety, and no displacement by a ligand such as 
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phenyldimethylphosphane could be achieved. Similar additional absorptions in this region for 
side reactions have already been reported in the case of Nb2Cla[H2B(pz)zlz(MeCN)* was attributed to acetonitrile 
the hydridotrispyrazolylborate @and” as well as for the (&N 2318 and 2292 cm-‘). The presence of vNH ab 
hydridobispyrazolylborate ligand.” Apparently these sorptions around 3160 cm-’ for N~&[HB(~z)~]~(~zH)~ 
side reactions were favoured for the hydridotrispy- implies a neutral pyrazole ligand in the coordination 
razolylborate anion, by the acidity of the pentahalides, sphere (vNH of the free ligand = 3540 cm-‘) and sup- 
and by low or room temperature reactions (a complete ports the occurrence of B-N cleavage reactions. It is 
B-N cleavage of HB(pz); was, for instance, observed in noteworthy that no absorptions which could be attri- 
its 1: 1 reaction with TaC& at room temperature”). As a buted to vC-Cl vibrations, and thus to chlorination of the 
consequence, although highly substituted products pyrazolyl ring, were observed (the absence of such 
analyzing for instance as Nb2Cl,[HB(pz)3]6 could be products was also conlirmed by the non-existence in the 
isolated, these highly crowded products are unstable in NMR spectra of singlets located around 7.5 ppm). The 
the solid and in solution, and appear (IR, NMR) as niobium&lorine vibrations were found as expected 
structurally different. below 400 cm-‘.” 

Characterization 

The various products were characterized by elemental 
analysis (Table l), magnetic susceptibility measurements, 
molecular weight data, IR (Table 2), mass and ‘H NMR 
spectroscopy (Table 3). 

The IR spectra in the solid state of the isolated product 
show numerous absorptions due to the pyrazolyl groups. 
Three absorption regions corresponding respectively to 
the vBH, vNH and vNbC1 stretching frequencies, are 
more useful for proposing a formula. First of all, the 
presence of vBH absorptions ranging from 2500 to 
2300 cm-’ conlirms that of poly(l-pyrazolyl)borate 
liiands in the coordination sphere and negates the 
occurrence of extensive B-N bond cleavage as well as 
the possibility of B-H-M interactions (which would 
strongly decrease the BH frequency, for instance to 
2039 cm-’ in [H2B(pz)2]PtMe3’6). As generally observed, 
the vB-H stretching absorptions are always shifted to 
higher frequencies by coordination. The presence of 

Magnetic susceptibility measurements on the solid 
state show that all niobium(W) derivatives are essen- 
tially diamagnetic. This suggests spin-spin interactions 
directly between the metallic centers or superexchange 
phenomena through bridging ligands in at least dinuclear 
units. For the most stable complexes such as 
Nb2Cb[H2B(pz)2]2(MeCN)2, we were able to establish a 
dimeric character by vapour pressure osmometry on 
acetonitrile solutions (Moba. = 710; M_‘=. = 387.5). The 
good volatility of the niobium(W) derivatives also al- 
lowed their characterization by mass spectrometry. The 
Nb2 unit is generally retained in the gas phase. The 
formation of diamagnetic niobium(W) poly(l-pyrazo- 
1yl)borate derivatives is surprising, since no counterparts 
have hitherto been found for niobium(IV) cyclopen- 
tadienyls or @Sketonates.” Bridging through chlorine is 
common for niobium chemistry, but polypyrazolyl- 
borates are also able to act as bridging ligands and should 
constitute an alternative. For instance, [(pz),B(pz)J 
was assumed to ligate two Cp2Ti moieties’ and RX studies 

Table 1. Analytical data 

Compound 

Microanalysis (9) 

co1our 
Found (Cal-z) 

C H N B Cl 

(NbC15tHB(pz)3]JK pale yellow 21.15 2.00 15.68 2.21 33.08 
(20.64) (1.93) (16.05) (2.10) (33.92) 

{NbC14[HB(p~)~l )K light salmon 21.90 1.99 lb.49 2.42 28.65 
(22.18) (2.07) (17.22) (2.26) (29.16) 

dark red 23.32 2.17 17.bR 2.25 33.05 
(24.13) (2.25) (18.77) (2.41) (31.66) 

Nb2C1bDiB(pz)312(pzH)2 fuschia red 29.09 2.75 22.62 2.51 21.79 
(29.91) (2.93) (23.27) (2.28) (22.12) 

red brown 25.65 2.51 19.35 2.61 24.26 
(26.21) (2.44) (20.39) (2.62) (25.79) 

red brown 36.74 3.42 2R.25 3.37 11.73 
(36.65) (3.42) (28.50) (3.66) (12.00) 

yellow grey 13.64 1.82 11.07 2.35 35.30 
(14.63) (1.64) (11.39) (2.23) (36.07) 

Nb2C16D12B(pz)212(MeCN)2 grey violet 25.38 2.94 17.66 2.69 28.33 

(26.46) (2.86) (18.87) (2.83) (27.48) 

Nb2C1b[H2B(pz)212(pzH)2 buff color 25.00 2.82 19.66 2.41 25.08 
(26.05) (2.91) (20.26) (2.61) (25.69) 

yellow brown 26.62 3.09 19.36 3.35 22.80 
(26.90) (3.01) (20.92) (3.79) (22.10) 

brown 32.86 3.58 24.02 4.53 14.72 
(31.44) (3.42) (24.54) (4.80) (15.50) 

black 39.23 4.38 29.49 5.56 6.45 
(37.94) (4.25) (29.51) (5.68) (6.23) 
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Table 2. IR spectroscopic data 

Compound 
IR (Nujol mulls)(cm-') Miscellaneous 

v B-H " Nb-Cl (v NH or " EN) 

24356, 2400~ 

2518m, 2500sh 360sh. 35Ovs, 330s 

252011 325s, 28&n, 24Om 

2520~ 3409, 305sh, 280sh 

2525s, 25OOm, 365sh. 34Ovs, 330sh, 316Om, 315Cm 
2470sh 310s 

2510~1, 2508m 3OOm, 29&n, 25Cm, 
225~ 

248Cm 3606, 348vs, 340sh, 
33Gm 

2440s. 24009, 
2375sh,2275m 

252Ow, 2500sh 380sh, 36Os, 33Ovs, 
290%. 

251Om. 243Om. 
24OOm, 2360sh 

365sh, 330~s 2318w, 2292m 

251011, 250&o 360sh, 350~s. 340sh, 314ow 
31Ovs 

248Os, 244&s, 
242Ovs, 2360~ 

335vs, 310sh 

2520sh, 2500sh, 
248Om, 2420sh 

365sh, 340~s. 335vs, 
310sh 

2480sh, 242Os, 
2372m 

360sh, 32&s, 310sh 
270s 

s : strong ; sh : shoulder ; m : medium ; w : weak. 

on [HB(pz),],Cu have established that [HB(~z)~]- 
presents two terminal pyrazolyl ligands (one to each 
copper) and one cross-wise bridging pyrazolyl.” Indeed, 
the value of the dihedral angle between pz groups in 
various polypyrazolylborate compounds varies greatly; it 
reflects the very flexible nature of the polypyrazolyl- 
borate ligands and their adjustable bite, which allows the 
adoption of a wide range of conformations for the 
B(pz),M ring. 

The diamagnetic character of all niobium(IV) deriva- 
tives, like the convenient solubility of the molecular 
products (which increases with the degree of chlorine 
substitution), allowed us to gain structural information 
by using ‘NMR integration techniques (Table 3). The 
spectra were generally measured at room temperature on 
fresh solutions in deuterioacetonitrile (slow dispropor- 
tionation reactions were sometimes observed). It should 
be mentioned that the nature and the quality of the 
solvent are very important for the NMR study of this 
class of complexes. Although all products are soluble in 
dichloromethane, its acidity favoured B-N cleavage as 
well as disproportionation reactions; on the other hand 
small amounts of tiater in acetonitrile again induced B-N 
cleavage (appearance of a NH peak while no vNH was 
detected by IR on the soiid) as well as possible formation 
of B-OH bonds.‘l Therefore the ‘H NMR spectra were 
first used as a probe to contim that the pyrazolylborate 

anions are unchanged (presence of sets of two doublets 
and one triplet, in a 1: 1: 1 intensity ratio, which are 
always shifted to lower field with respect to the potas- 
sium salt). The spectra often display numerous 
resonances (Fig. l), especially when the metal is highly 
substituted by poly(l-pyrazolyl)borate groups. 

The spectra of the monomeric NbCL[HB(pz),] ac- 
count for the presence in solution of one molecular 
species displaying equivalent pyrazolyl groups, as only 
one set of a couple of doublets (at 8.27 and 8.12 ppm) and 
one triplet (at 6.81 ppm; J = 2.6 Hz) are observed. The 
hydridotrispyrazolylborate ligand appears to behave as 
tridentate, the niobium atom therefore being heptacoor- 
dinated.. For ail other hydridotrispyrazolylborate 
derivatives, which are dinuclear, niobium(IV) species, 
[HB(pz),l- acts as a bidentate, but exchange between 
coordinated and uncoordinated pyrazolyl was never 
observed. As also noted for instance for 
UC12[HB(pz)&? the resonances of the uncoordinated 
pyrazolyl are generally more shielded, and slightly 
broader, than those of the coordinated one. 

Thus the spectra of *the solutions 
Nt$UHBW)&pzH)~ and NbXWIB(pz)& show 
only two sets of pyrazolyl resonances each in a constant 
2: 1 ratio. The main difference is due, for 
Nb,C&[HB(pz),12(pzH)2, to the additional resonances of 
the coordinated pyrazole, which appears equivalent 
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Fig. 1. IH NMR spectra of Nb2Cb[H2B(Pz)~ in CD3CN (0.03.10 -3 M) at room temperature (peaks marked 
with the same symbol belong to the same species). 

(SNH=14.4ppm; 7.85(d), 7.83(d), 6.60(t); J=2.2Hz).  
These data are in agreement with the presence of a single 
molecular species in each solution. The pattern of the 
pyrazole resonances indicates that the heterocycle func- 
tions as a monohapto neutral ligand, via the 2-N atom, as 
previously observed. 1'22 The most probable structure 
would be isomer A--the metal center being hexacoor- 
dinated--for Nb2Clt[HB(pz)3]2. For Nb2CIt[HB(pz)3]2- 
(pzH)2, species having bridging or chelating ~?2-hydrido- 
trispyrazolylborates (four isomers for each one) are pos- 
sible, but only one isomer is detected in its solution. 

CI CI 

(I CI 

A 
One molecular species mainly (95% of the total peaks 

area) is found for the solutions of freshly prepared 
Nb2CL[HB(pz)3]+. That species displays only two types 
of pyrazolyl groups, in a 2:1 area ratio, thus suggesting 
equivalent but ~2-hydridotrispyrazolylborate ligands, and 
isomer B appears as the most probable. Other species in 
dynamic equilibrium, but not yet determined, were found 
for the solutions prepared from NbeCI4[HB(pz)J4 more 
than two months old. 

" "  

I \ 
C i -  Nb / Nt - - ~  

B 

The spectra of Nb2CIt[H2B(pz)2]Y2 (Y = MeCN or 
pzH) display only one type of signal for the polypy- 
razolylborate [doublets at 9.26, 8.07 and 8.17, 8.00ppm; 
triplets at 6.81 and 6.41 ppm (J -- 2.6 and 2.2 Hz) respec- 
tively]. The presence of MeCN in the coordination 
sphere of Nb2Ci~[H2B(pz)2]2(MeCN)2 was confirmed by 
a singiet at 2.53ppm. The pyrazole ligand of 

Nb2CIe[H2B(pz)2]2(pzH)2 is characterized by a deshiei- 
ded NH signal (8 = 14.1 ppm), as two doublets at 8.06 
and 8.04 ppm and one triplet at 6.62 ppm (J -- 2.7 Hz) in a 
1:2 intensity ratio (by comparison with the pyra- 
zolyl signals). NMR monitoring shows that 
Nb2Cls[H2B(pz)2]2(pzn)2 could not be obtained by ligand 
exchange from Nb2CIe[H2B(pz)2](MeCN)2 at room tem- 
perature. The spectra of Nb2Cit[H2B(pz)2]2Y2 account 
for the presence in solution of a single molecular species 
in which the pyrazolyl groups appear equivalent, as are 
the neutral iigands acetonitrile or pyrazole. These data 
are similar to those for Nb2Cl6[HB(pz)3]2(pzH)2, and the 
geometry of the Nb2Cit[HaB(pz)2]2Y2 adducts is prob- 
ably closely related to that of the former compound, in 
which the [HB(pz)J- ligand functions as a bidentate like 
[n2B(pz)2]- .  

Only one molecular species is also detected in the 
solutions of Nb2CIs[H2B(pz)2]3, the polypyrazolylborate 
groups being inequivalent in a 2:1 intensity ratio (Table 
3). Only one isomer C fits these spectroscopic data: 

.%,, 

Contrary to the preceding compounds, the spectra of 
Nb2CLs[H2B(pz)2]+ and Nb2C12[H2B(pz)2]+ depend on the 
dilution, thus suggesting the presence of different mole- 
cular species, but no indications of disproportionation 
reactions were found, and we therefore favour the 
presence of geometrical isomers in equilibrium. The 
spectra are often complicated as a result of resonances 
overlapping. For instance, the spectra of 
Nb2CLt[H2B(pz)2]+ (Fig. l) consist of 5 sets of pyrazolyl 
signals, which can be attributed (on the basis of their 
constant relative area for various concentrations) to 
three molecular species. Two species (oqe being always 
predominant--60% for a 0.3 10 -3 molar solution) display 
non-equivalent hydridobispyrazolylborate ligands in a 
1:1 intensity ratio. Three isomers (D, E, F) are com- 
patible with these data, but molecular models show that 
the coordination sphere is less crowded for isomer D 
than for E or F. 



Synthesis and characterisation of niobium(V) and niobium(fV) poly(l-pyrazolyl)borates 209 

F 

Two molecular species are detected for the solutions 
of Nb2C12[H2B(pz)&. The main species (80% for a 0.4 
lo-” molar solution) presents two types of [H2B(pz)J- 
Iigand (2: 1 intensity ratio). Isomer G in which the metal 
is heptacoordinated should be the most favoured for 
steric considerations, but other isomers having only 
chelating [HzB(pz)z]- groups, and for which the metal is 
octacoordinated, may be possible. Note that high coor- 
dination numbers are also common for niobium(IV) /3- 
diketonates.” 

BKPERfMRNTAL 

AU manipulations were conducted under dry de-oxygenated 
argon, using ScNenk tubes and vacuum-line techniques. The 
solvents were carefully distilled over the standard dry@ 
reagents and de-oxygenated. NbCl,,s3 NbCl,(MeCN)3a’ and the 
polypyrazolylborate potassium salts2’ were synthesised as de- 
scribed in the literature. IR spectra were recorded as nujol mulls 
on a Perkin-Elmer 577 spectrometer. The NMR spectra were 
obtained on a WH-98 Bruker spectrometer operating in the 
Fourier transform mode. Molecular weight data were measured 
on a Knauer pressure osmometer. The mass spectra (VG 
Micromass 70-70 spectrometer) and the microanalysis data were 
effected by the Service Central de Microanalyses du CNRS. 

Synthesis of (NbCI,[HB(pz),]}K 
A solution of KBH(ozh (I.55 9.6.13 mmol) in I5 ml MeCN was 

” ,_. 

added to a solution of NbCls-(l&g, 6.14 mmol) in 6Oml of 
MeCN maintained at -UPC. Precipitation started immediitcly. 
Stirring was continued for about one hour and the temperature 
raised slowly to room temperature. The reaction mixture was 
filtered off. After washing with CH2C12 and vacuum drying, 1.58 g 
(58%) of a pale yellow powder of ~bClJHB@z)s]}K was 
obtained. (IO-’ M in DMF, A = 75 ohm-’ *cm* . mole-‘). 

Synthesis of {NbCl,[HB(pz),]}K 
A solution of KBh(uz)~ (0.85 a. 3.36 mmol) in 20 ml MeCN was _ ,_. 

added to a solution of NbCl,(MeCN), (I.21 g, 3.38 mmol) in I5 ml 
MeCN at room temperature. A slightly exothermic reaction 
occurred immediately, with formation of a precipitate. After 16 h 
stirring, l.22g (75%) of @bClJHB(pzhJ]K in the form of a 
powder was isolated by filtration. (1.5 IO-‘M in DMF; A= 
72ohn-‘.cm2*mole-‘). 

Synthesis of N~C~,[HB(~Z)~] 
A suspension of KBH(pzb (0.71 g, 2.83 mmol) in 10 ml CHsCIs 

was slowly added to a solution of NbC& (0.73 g, 2.69 mmol) in 
24 ml of a mixture of CHzClz and MeCN (4: I) at room tem- 
perature. The yellow solution rapidly became cloudy and dark 
orange. The reaction was completed by reiluxing for 18 h. The 
reaction mixture was filtered at room temperature, the tiltrate 
evawrated to drvness and extracted with CHXI,. Precinitation 
was obtained by adding Ccl,; 0.98g (88%) of red crystals of 
NbClJHB(pz)3] were obtained. 

Synthesis of Nb2ClJHB(pz)&pzH)2 
A solution of KBH(~z)~ (I 88 g, 7.34 mmol) in 15 ml MeCN was 

slowly added to a solution of NbC!, (I g, 3.74 mmol) in 50 ml 
MeCN at -30°C. Stirring was maintained for I2 h at -3o”C, and 
the insoluble product was then removed by filtration. During the 
concentration of the filtrate, crystallisation started and was 
completed by storing at -30°C for 2 days. Finally 0.91 g (30%) of 
red crystals of N~$XJHB(PZ)&~~ were collected. Mass 
spectrometry (IZOYI, chemical ionisation) M= 
NbGlHB(pz),l~zH) (I&-PZH) (I%), Mz-2pzH (2%), 
NbP[HB(pzhl[H2B(pz)zl (1 W, NMHB(pzkllH~B@zkl (23%), 
Ni$H2B(pzkk (5%). NbCIN2[HB(pz),] (IS%), pzH (10%). 

Synthesis of N~$~JHB(Pz)~]~ 
A suspension of KHB(pz), (1.51 g, 5.97 mmol) in 20 ml CH2CIs 

was slowly added to a solution of NbCIS (1.63 g, 6.05 mmol) in 
6Oml of a CH+&:MeCN (4:l) mixture, and the reaction 
medium was allowed to retlux for I2 h, giving a brown suspen- 
sion; KCI was separated by tiltration. The filtrate was concen- 
trated to about 6 ml, and 1.789 (72%) of a reddish brown solid, 
N~$&[HB(~z)~]~ crystal&d out and was separated by filtration. 
Mass spectrometry (70 eV, 150°C): [M = NbCIs[BH(pz),]M (4%), 
M-Cl (46%), (M-CI-$NJ (32%) M-pzH (46%) M-pzH-N2 
(46%), NbC12(pz), (72%), pzH (100%). 

Synthesis of N~&&[HB(~z)~], 
A suspension of KBH(pz), (I.75 g, 6.9 mmol) in 18 ml MeCN 

was slowly added to a stirred suspension of NbCI, (0.514g, 
2.19 mmol) in 34 ml MeCN at room temnerature. The suspension 
became violet and then grey-green. The reaction was completed 
by retluxing 24 h and a dark red suspension was obtairw&After 
cooling, the precipitate of KCI was separated by filtration and the 
tiltrate evaporated to dryness. The residue was redissolved in 
CH3CN and crystallisation was induced by adding Ccl,, and 
completed by leaving in the cold (-3O’C). Finally, 0.45 g (35%) of 
dark red crystals of Nb2ClJHB@z)$ were obtained. 

Synthesis of {N~CI~[H,B(~Z)~]}K 
Potassium hydridobispyrazolylborate (1.36 g.7.25 mmol) in solu- 

tion in 20 ml MeCN was added to a suspension of NbCIJ (1.9Og, 
7.04 mmol) in 40 ml CH2C12. An insoluble product formed im- 
mediately. The reaction was completed by stirring at room tem- 
peraturefor 12 h and retluxing for 1 h more. Fil&tion left 2.7 8 
(70%) of a grey-yellow powder. (0.8.10-’ M in DMF; A = 
81 ohm-‘.cm2*mole-I). 
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A solution of KBH2(pz)2 (0.918, 4.89 mmoi) in 15 ml MeCN 
was added to a solution of NbCl5 (1.30g, 4.81 mmol) in 50ml 
MeCN at -30°C. The solution became brown-yellow, and then 
brown-green, and a precipitate appeared. Stirring was maintained 
at -30°C for I h and the reaction mixture was allowed to reach 
and stay at room temperature for 14 h. The precipitate was 
eliminated by filtration and washed with MECH. The filtrate was 
concentrated to about 10 ml, a red-brown precipitate appeared 
and the crystallization was improved by storing alternately at 
-30 ° and -5°C. After 5 days, the mother liquor was separated by 
syringe. After washing with toluene and vacuum drying, 1.26 8 
(80%) of a grey-violet product were collected. Mass spec- 
trometry (70eV, 120°C) M=NbCI3[H2B(Pz)2](MeCN); M2- 
MeCN (4%); M2-2MeCN (8%), Nb2CI2[H2B(Pz)2]2 (21%); 
Nb2[H2B(pz)2]2 (10%); HbC1H2[H2B(pz)2] (20%), pzH (100%). 

Synthesis of Nb2CIt[H2B(PZ)2]2(pzH)2 
KBH2(PZ)2 (1.348, 7.20 mmol) in 15 mi MeCN was added to 

NbCIs (0.98 g, 3.6 mmol) in 50 ml MeCN at -30°C. Stirring was 
maintained for 2 h at -30°C and for 12 h at room temperature, 
giving a reddish brown suspension. The insoluble products were 
removed by filtration. Concentration of the filtrate to about 10 ml 
induced crystallisation which was improved by leaving at 0°C for 
24h. Filtration left 0.48 (27%) of a buff colored solid, 
Nb2Ci6[H2B(pz)2]2(PzH)2. Mass spectrometry (70eV, 150°C): 
M=NbCI3[H2B(pz)2](pzH); M2-pzH (1%); M2-2pzH (4%), 
Nb2Cl2[i,i2B(pz)2]2(pzi,i) 18%, Nb2Cl2[U2B(Pz)2]2 15%, 
Nb2[H2B(pz)2]2(pzH) (11%), NbCI[H2B(pz)2](pzH) 12%, pzl-I 
(100%). 

Synthesis of Nb2CIt[H2B(Pz)2]3 
A solution of KBH2(PZ)2 (I.07 g, 5.74 mmol) in 30 ml MeCN 

was added to a suspension of NbCI4 (1.35 g, 5.74 mmol) in 40 ml 
MECH. After 2h stirring at room temperature, the reaction 
mixture was refluxed for about 12 h. The KCI precipitate was 
separated by filtration and the yellow-brown filtrate concentrated 
to about 7 ml. A yellow solid started to precipitate, and the 
precipitation was imporved by adding a small amount of diethyl- 
ether. 0.76 g (33%) of yellow crystals of Nb2Clt[H2B(Pz)2]3 were 
obtained. 

Synthesis of Nb2Cl4[I-12B(Pz)z]4 
KBH2(Pz)2 (1.72 g, 9.24 mmol) in 30 ml MeCH was added to a 

stirred suspension of NbCI4 0.088, 4.6mmol) in 40ml MECH. 
The mixture was refluxed for about 12 h. The brown solution was 
separated from KCI by filtration and was concentrated to about 
4 ml. Addition of diethyl-ether led to the crystallization of a 
brown solid, Hb2CI4[H2B(Pz)2]4 (1.05 g, 50%). Mass spectrometry 
(70eV, 150~C): Nl~[H2B(PZ)z]3 (1%) Nbe[l-12B(Pzh]~--~H2 (2%), 
Nb2[l-12B(Pz)z]2(pz)Cl (3%), Hb2[H2B(Pz)2]2H (2%), Nb2(PzH)3H 
(40%), NbCIBNtCsHs (7%), pzi,i (100%). 

A longer reaction time (16 h instead of 12 h) led to the isolation 
of Nb2CI3[H2B(pz)2]5. 

Synthesis of Hb2CI2[H2B(pz)2]6 
A solution of KBH2(PZ)2 (2.22 g, 11.9 mmol) in 35 ml CH2Ci2 

was added at room temperature to a suspension of NbCl5 (0.77 g, 
2.85 mmol) in 35 ml CH2CI2. A brown suspension was obtained 
and the reaction was completed at reflux for 24 h. The KCI 
precipitate was eliminated by filtration. The filtrate was concen- 
trated to about 5 ml; addition of pentane resulted in the for- 
marion of an oily precipitate; the mother liquor was eliminated 
by syringe. 1.2 g (74%) of a brown-black powder was obtained 
after drying under high vacuum. 

The ionic products are air-stable in the solid state. Most of the 

neutral products can be handled in the air for short periods, and 
their stability generally increases with the number of poly(l- 
pyrazulyl)borate groups per niobium, but the dinuclear species 
having an odd number of chlorine atoms remain highly air- 
sensitive. In solutions, all products are unstable in air. 

The molecular products are insoluble in toluene, CCI4, Et20, 
soluble but often unstable in CH2CI2, more stable in MECH. The 
ionic products were found to be insoluble in most organic 
solvents such as MeCN or acetone but slightly soluble in pyri- 
dine and in dimethylformamide. 
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ABSTRACT 

The crystal structure of tetrachlorophosphorus(V1 hexachlorouranate(V), PClt.UCl;, 

has been solved with 2492 independent F(hkl) collected by necessity from one 

component of a bicrystal; all crystals prepared were twinned. The structure is 

triclinic, space group PI, with a = 7.038(4), b = 7.373(4), c = 13.706(a) t, 

a = 89.38(3), 8 = 8E.S0(3), y = 105.20(31°, with 2 = 2. The two components of the 

bicrystal, in the volume ratio of 2.5 to 1, had their reciprocal lattice spots 

sufficiently separated to allow collection of the data set from component 1 with 

AgKa radiation (1 = 0.5608 A). A model was derived from the Patterson synthesis 

and refined by least squares to R = C((FO~-(F~~)/ZIFO~ = 0.146. The structure was 

confirmed by a final (po-p,) synthesis. 

The structure is an assembly of octahedral U(llCls, U(21C16 and tetrahedral PCl: 

groups. The chlorine atom array is hexagonal close-packed, while the polyhedra are 

regular within the experimental errors. The structure is isomorphous with the 

transition metal analogues 

Several addition compounds 

UCls.RrPO (R = NMe2, Ph or 

the subject of the present 

PCls.NbCla and PCls.TaCla. 

INTRODUCTION 

of UC15 have been reported, e.g. UC15.SOC12, 

PhCH21, SUCls.CC12 = CClCOCl, and UC1a.PC151. The latter, 

study, was first prepared by Cronander ‘ in 1873. Its 
2 

properties were further studied by Panzer and Suttle* whose optical measurements 

showed that the bright orange-red crystals were triclinic, and highly twinned (the 

twinning precluded further structural studies.) Panzer and Suttle found that 

UC15.PCls formed the ions Pcl: and UCli in non-aqueous ionising solvents, but were 

uncertain whether these existed in the solid. UC15.SOC12 is consideredlto be 

sOC1+ UC16 . Some UC15.PC15 was prepared, in connection with studies in this 

laboratory on the volatilities of uranium complexes. As found earlier3, all 

crystals showed twinning, and structural analysis was connnenced, by necessity, on a 

fragment that was not single. The structure was solved, and is compared, in the 

Discussion, with analogous transition metal structures 5,6,7 

with the method of 

done under drybox conditions, 

EXPERIMENTAL 

The air-sensitive crystals were prepared in accordance 

Panzer and Suttle3. Preparation and manipulation were 
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and crystals were sealed for study in glass capillaries. Of ten crystals mounted, 

only three were unhydrolysed after several days and one of these kept for long 

enough for the present data collection. Weissenberg photographs could not be 

interpreted because the crystal was multiple and the irregular morphology was not 

helpful in determining axial directions. All the definitive work was done on a 

I-circle diffractometer with AgKa radiation (to minimise absorption, X = 0.5608 t), 

the counter being an Si/Li solid state detector. 

A scan of reciprocal lattice spots showed the crystal was essentially a bicrystal. 

Two identical reciprocal lattices were observed, the volume ratio of 

crystal 1:crystal 2 being approximately 2.5:1. At x=0, the b* axis of crystal 1 at 

41 = 139.0° was nearly coincident with the a* axis of crystal 2 (0 = 137.4O) while 

at x - -26O, the a* axis of crystal 1 (4 = 65.8O) was nearly coincident with the b* 
axis of crystal 2 ($I = 63.4O). The c* axes of crystals 1 and 2 ran in opposite 

directions. Thus the two orientations could be described as an interchange of the 

a* and b* axes in the basal plane with the c* axes in opposite senses. As the 

superposition was not exact, this crystal was called a bicrystal rather than a twin. 

Unit cell dimensions measured for crystals 1 and 2 agreed within the experimental 

errors. (hkl) intensities for crystals 1 and 2 showed general agreement, but there 

were irregularities which were thought to be due to the obscuring of one crystal 

component by the other. Superposition of reciprocal lattice spots was uncommon. 

A set of (hkl) intensity data were collected for crystal 1. 2860 intensities gave, 

on averaging equivalents, 2492 independent I(hk1). The intensities were normalised 

to a standard reflexion, corrected for absorption (u = 109 cm-') and Lorentz and 

polarisation factors*, and reduced to F(hk1) values. The crystal shape was 

describedby eight(hkl)planes,and transmission factor6 lay between 0.03 and 0.08. 

The irregular shape and the uncertainty as to which parts of the crystal belonged to 

crystal 1 and which to crystal 2 produced systematic errors in the absorption 

corrections. Crystal data are summarised in Table 1. 

TABLE 1. CRYSTAL DATA FOR TETRACBLQROPHOSPHORUS(V) 

BEXACBLOROURAWATE(V) 

PC1:.uc1; : Formula weight = 1247.1, density = 3.02 g cm-3(calc) = 3.02 g cms3 

(obs3), melting point = 154OC, triclinic, Pl or pi. Pl confirmed by structure analysis, 

unit cell volume = 686 i, molecules/cell = 2, volume/Cl- ion = 34.3 ii3 (36.0 in 

a-and B-UC15 and 31.6 in PCla), linear absorption coefficient = 109 cm-' (AgKa) 

Unit Cell Dimensions (A and deg) 

Crystal Component a b C a 0 Y 
of Bicrystal 

Crystal 1 7.038(4) 7.373(4) 13.706(E) 89.38(3) 8S.80(3) 105.20(3) 

Crystal 2 7.042(14) 7.375(15) 13.736(30) 89.17(12) 
I 
88.71(7) 104.90(5) 
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ANALYSIS AND REFINEMENT 

The space group was either Pl or Pi while the unit cell volume was consistent with 

two formula units per cell. The reflexions with L = 2n+l were generally weak while 

all others were strong. This showed the uranium atoms formed a subcell of half the 

c-dimension, with uranium atoms at (000) and (OOf). A Patterson synthesis confirmed 

this, and showed 24 peaks, each of about one tenth the height of the U-U vectors. 

The latter were U-Cl and U-P vectors. The U-Cl vectors indicated octahedra about 

U(1) and U(2), differing in orientation. One orientation was arbitrarily fitted 

around U(1) and the other around U(2). Four more Cl locations were found from the 

map which completed a hexagonal close-packed Cl lattice. A further vector appeared 

to be a U-P vector to a P atom in a tetrahedral hole in this lattice. The 

arrangement derived was a packing of U(l)Cl, octahedra, and PClt tetrahedra, the 

polyhedra being discrete (i.e. no chlorine bridging of uranium, such as that found 

in UC15'). The space group was Pi by the structure analysis. 

The model was refined with the least-squares program LINUS 
10 

, with neutral 

scattering factors for U,P and Cl and Af' = -6.7 and Af" = 10.6 e for uranium. 

During the refinement, a trend was noticed for some reflexions to have Fo > Fc. 

These 33 reflexions were given reduced weights in the refinement. The 'unobserved' 

reflexions were given values of F = F where l? is the mean calculated Ftil over the 

unobserved reflexions. The model refined smoothly until all shifts were < 0.002 

e.s.d. The final value of R = Z(\FO~-~FC\)/E\FO~ was 0.146. Although this was 

higher than usual, due to systematic errors caused by the bicrystal, the structure 

was well-determined because of the large ratio of observed reflexions to variable 

parameters, and a final difference synthesis confirmed its correctness. In this 

synthesis,there was a peak 0.8 i from uranium of & the height of the uranium peak, 

while elsewhere the average value of the points in the map was sf & the height of 

a Cl atom, 
1 

except for a few points where it became Sk - the height of a chlorine 
6 

atom. Thus the final difference synthesis showed systematic errors only. 

A table of positional and thermal parameters is given in Table 2 and interatomic 

distances and angles in Table 3. A table of FO and Fc may be obtained from the 

authors on request. 

TABLE 2 POSITIONAL AND THERMAL* PARAMETERS IN TETRACHLoRoPHOsPHORUS(V) 

Atom 103 x lo3 y lo3 s lo3 611 lo3 S22 lo3 833 lo3 612 lo3 513 103 823 

U(1) 000 000 000 14.6(7) 13.5(6) 2.1(l) 3.1(S) -1.4(2) 2.0(2) 

U(2) 000 000 500 13.8(6) 17.2(7) 3.6(2) 3.1(S) -1.6(2) 2.4(2) 

Cl111 -241(3] 172(3) -52(2) 34(6) 33(S) 8(l) 21(S) -4(2) l(2) 

Cl(2) 241(31 315(3) 24(2) 35(5) 23(4) 6(l) -l(4) -6(2) 3(2) 

Cl(3) 115t3: S(3) -172(l) 37(6) 33(S) 4(l) ll(4) 3(2) 3(2) 

213 

Cl(41 143(3) -183(3) 380(l) 23(4) 23(4) 7(l) 9(3) 4(2) 2(2) 

Cl(S) -324(2] -82(2) 417(l) l3(3) 24(4) 7(l) 3(3) -5(l) 2(2) 

Cl(6) 114(2‘ 288(21 394(l) 19(3) 24(4) 6(l) 6(3) l(l) 7(2) 
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I I I 

P 616(2) 412(2) 262(l) 15(3) 19(3) 4(l) 4(3) -2(l) 2(l) 

*T.F. = exp-(311 h* + 2812 hk + . ..) 

TABLE 3 INTERATOMIC DISTANCES AND ANGLES IN TETRACHLOROPHOSPHORUS(V) 

u (1) -cl (1) 

U(l)-Cl(Z) 

U(l)-Cl(3) 

U(2)-Cl(4) 

U(2)-Cl(5) 

U(2)-Cl(6) 

P-Cl(7) 

p-C1(8) 

P-Cl(9) 

P-Cl(10) 

HEXACHLCROURANATE(V) (A' AND DEG) 

2.474(13) A Cl(Z)-U(l)-Cl(3) 

2.517(14) Cl(l)-U(l)-Cl(3) 

2.475(13) Cl(l)-U(l)-Cl(3) 

2.495(13) Cl(l)-U(l)-Cl(Z) 

2.501(10) C1(4)-U(2)-Cl(5) 

2.500(11) C1(4)-U(2)-C1(5) 

C1(4)-U(2)-C1(6) 

1.925(18) C1(4)-U(2)-Cl(6) 

1.886(18) C1(5)-U(2)-Cl(6) 

1.910(16) C1(5)-U(2)-C1(6) 

1.930(16) C1(7)-P-Cl(8) 

C1(7)-P-Cl(9) 

90.3(5) 

91.2(5) 

88.8(6) 

92.1(6) 

91.4(5) 

88.6(5) 

90.2(4) 

89.8(4) 

89.7(4) 

90.3(4) 

109.6(g) 

109.7(8) 

Cl(l)-U(l)-Cl(Z) 87.9(6)' c1(7)-P-c1(10) 109.0(S) 

Cl(Z)-U(l)-Cl(3) 89.7(5) C1(8)-P-Cl(10) 111.0(8) 

C1(9)-P-Cl(10) 109.1(9) 

DISCUSSION 

The crystal structure of UC15.PC15* is shown in Figure 1. This analysis has shown 

that UC15.PC15 is in fact PClt.UCli, i.e. tetrachlorophosphorus(V) 

hexachlorouranate(V1; thus these ions occur in the solid as well as in solution. 

The compound may alternatively be thought of as an arrangement of hexagonal 

close-packed chloride ions, with P5+ and Us+ ions in tetrahedral and octahedral 

holes. As the bond lengths, Table 3, are shorter than the ionic contact distances 
11 

(2.57 i for U6+-Cl- and 2.12 f for P5+ - Cl-), the former description in terms of an 

assemblage of discrete UC11 and PCl: ions is preferable. The UClb and PCl: poIyhedra 

are regular within the experimental errors. The U-Cl distances are comparable with 

the U-Cl distance (average) in a- and B-UC15 
9,12 of 2.52 i and the P-Cl distance of 

13 
1.97 i in the tetrahedra of PC15 . (pC15 consists of PCl: tetrahedra and PC16 

octahedra). 
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Figure 1. Crystal structure ofUCls.PC15 as viewed 
down the in ,undrei;;xsizk ;umbers shown are x-coordinates 
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Kistenmacher and Stucky' solved the structures of the interesting compounds 

[PC~I,IZ[TI~C~~OI and [PC11+1[TizCl51. The first is based on Xl: tetrahedra and 

TizClro dimers of the type found in a- and B-UCl5. The second is built of Pcl: 

tetrahedra and triply-bridged TizCls dimers. The structure of PCl1,.vCl5~ consists 

of PCl: tetrahedra and VCl; bipyramids. 

Structural studies by Preiss' of the transition metal analogues PC15.NbC15 and 

PCl5.TaC15 were brought to our notice after the present work was complete. An 

examination of his data showed that these compounds were isostructural with 

UC15.PC15 but that the coordinates differed from ours as his origin was selected 

at (O,O,f) instead of (O,O,O) and his long axis ran in the opposite direction. The 

a and y angles of Preiss were indistinguishable from 90*, as his unit cell angles 

were f l.l"; in the present study, the errors in the angles are f 0.03O or 37 times 

less. It was of interest that the actinide and transition metal analogues belonged 
14 

to the same structural type, as this is not always the case . 

Twinning was also occasionally seen in PCl5.NbC15 and PC15.TaC155, but here the 

twinning there was an exact superposition, quite different to the bicrystal 

formation in the UC15.PC15 crystal. Preiss also redetermined the PC15 structure 
15 

and found a P-Cl distance of 1.90(l) i in the tetrahedra in PCl5. 

This is the same as the average P-Cl distance in UC15.PC15. 
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ABSTRACT 

UO2(thd)2 C&OH (thd = tetramethylheptane-3,5-dionel is monoclinic, with a = 10.602(111, 

b = 22.883(20), c = 12.054(11) & and 6 = 105.90(3)*, Z = 4 and space group P21/c. 

The structure, which is molecular, was solved by conventional Patterson and Fourier 

techniques with 3173 independent fbkl) reflexions collected with NoKa radiation 

(X = 0.7107 Al, and refined to R = E(IFo[-\Fc/)/CIFol I= 0.093. The uranium 

coordination polyhedron is a pentagonal bipyramid, with U-C (earbonyl) distances 

between 2.25 and 2.37 g and a longer U-Q (methanol1 distance of 2.50 fi. The uranyl 

group is linear (uranyl angle 179.3(8)“). The pentagon oxygen atoms and uranium do 

not form a planar system, as there are deviations of up to 0.17 & from the mean plane. 

If the methanol oxygen atom O(7) is excluded from the plane calculation, the remaining 

atoms are more nearly planar. The four carbonyl oxygens are coplanar, with uranium 

0.08 A from their plane. The methanol oxygen is 0.28(4) & from this second plane. 

The two (thd) molecules, excluding methyl carbons, are planar and are inclined 

at 43.6* to each other in a boat form and at 29.1 and 14.5O to the pentagonal plane. 

The methanol C-O bond is inclined at 133O to the U-O bond, confirming the ligand is 

the neutral CHJOH molecule, and not CH3O: 

INTRODUCTION 

At the Lucas Heights laboratories, we have studied the crystal structures of various 

uranyl chelate compounds including a- and B-UC&(hfa)ptmp (I,IIl lp2 UC2(hfaj2 fIII13, 

UOe(hfa12 NHs (Iv) 4, UO:! (acac)z tppo GjH6 WI5 and w&(3-cl acac12tppo (vn5, where 

hfa = hexafluoroacetylacetonate, tmp = trimethyl phosphate,acac = acetylacetonate 

and tppo = triphenylphosphine oxide. Interesting structural features have emer$ed, 

e.g. the different molecular conformations in I and II, the trimeric molecule in 

III, and the hydrogen-bonded NH3 complex in IV. A similar compound, UOr(hfalzthf, 

where thf = tetrahydrofuran, has been the subject of a structural study6. Another 

ligand of interest is thd = tetramethylheptane-3,5-dione, a somewhat bulkier ligand 

than acac or hfa. The neutral ligand used here was CHaOH, the complex being 

217 
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UO,(thd12CH3OH (VII); the crystal structure of this complex is reported. 

EXPERIMENTAL AND ANALYSIS 

Several large crystals (3 nan x 1 mm x 1 mm) of UO2(thd)rCH3OH were grown from 

solution. As the compound was moisture sensitive, a fragment 'L 600 urn thick 

was mounted in a glass capillary and Weissenberg photographs gave the monoclinic 

space group P21/c. Approximately 5000 (hkll reflexions were measured on a 

&circle X-ray diffractometer with a Si/Li solid-state detector and Wolcc 

radiation (X = 0.7107 I(). The intensities were normalised to a standard reflexion 

and corrected for Lorentz, polarisation and absorption factors'l. On averaging 

equivalents, 3173 independent (hkl) were available for analysis. The crystal 

was irregular in shape, but, for absorption correction, its shape was approximated 

by 6 Ml) planes (Table 1). As the linear absorption coefficient was large 

(55.4 cm-i), the absorption was difficult to calculate accurately. Crystal data 

for UOz(thdl2CHSOH are given in Table 1. 

TABLE 1. CRYSTAL DATA FOR UOz(thd)&H3OH 

U07C2SH44, M = 670.63, monoclinic, a = 10.602(11), b - 22.883(20), 

c = 12.054(11) i!, S - 105.90(3)', U = 2812 A', 2 = 4, DC - 1.584 g cm-3, 

F(ooo) = 1292, space group P21/c. ~olCl radiation (A - 0.7107 A), u(MoRa) = 55.4 cm-'. 

Crystal bounding planes : 

hkl 

059 

OTIS 

05i 

OZl 

812 

Si2 

dist.(cm) from centre 

0.019 

0.019 

0.033 

0.035 

0.036 

0.036 

A Patterson synthesis gave the uranium location in the unit cell, and the remaining 

atoms were located in successive (PO-p,), structure factor cycles. 

The complete model was refined with the program LINUS', using neutral atomic 

scattering factors, and Af' = -4.9, Af" = 11.3 for uranium. The final value of 

R = I((Fo~-IFc~)/CIFO~ was 0.093. No peaks of structural significance were 

observed on the final (po-p,) map. Positional and thermal parameters are 

given in Table 2 and interatomic distances and angles in Table 3. The observed 

and calculated structure factors may be obtained from the authors on request. 



- - - 
Atom 103 x 103 y LO3 z 

--- 

U 370.9(2) 03.9(l) 24.9(l) 

Jranyl 

3xygens 

O(l) 378(3) 36(l) 69(3) 

O(2) 366(3) 170(2) -19(3) 

Carbonyl 

3xygens 

O(3) 510(3) 140(Z) 195(3) 

O(4) 244(3) 137(2) 140(3) 

O(5) 167(4) 87(2) -87(3) 

O(6) 386(3) 71(2) .157(3) 

rlethanol 

3xygen 

O(7) 599(31 81(2) 16(3) 

thd (1) 

C(1) 41(10) 145(4) 244(E) 

C(2) 55(11) 230(5) 120(10 

C(3) 132(B) 237(3) 327(7) 

C(4) 127(5) 202(3) 219(4) 

C(5) 253(5) 179(2) 205(4) 

C(6) 372(5) 203(2) 269(4) 

C(7) 495(4) 181(2) 263(4) 

C(8) 620(5) 209(2) 341(5) 

C(8) 613(15) 270(7) 344(13 

C(9) 604(12) 207(5) 464(10 

cc101 723(12) 160(5) 373 (la 

C(11) 700(10) 235(5) 261(g) 

thd (2) 

C(12) .111(12) 80(5) -360(11 

C(13) -102(12) ill(5) -168(11 

cc141 -64(13) 14(6) -203(11 

C(151 -42(5) 71(3) -227(4) 

Cc161 LO6(5) 76(2) -192(5) 

C(17) .76(5) 72(3) -277(4) 

C(18) !06(5) 69(2) -258(4) 

C(19) 176(5) 61(3) -355(4) 

C(20) 172(10) -E(5) -384(g) 

cc211 i16(9) 74(4) -317(7) 

C(22) LOO 89(4) -465(g) 

Methanol 
ar n 

C(23) 721(5) 79(3) 99(5) 
--- 
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TABLE 2. POSITIONAL AND THERMAL PARAMETERS* IN UOz(thd)2CH30H 

* T.F. = exp-(611 h2 + 2 812 hk +...I 

0’ 811 or B 

8.8(2) 

5(3) 

5(3) 

5(3) 

8(31 

15(5) 

7(4) 

11(4) 

12.0(26) 

14.3(32) 

9.5(20) 

ll(6) 

H(6) 

lO(6) 

5(5) 

9f6) 

12.5(41) 

16.6(36) 

16.5(36) 

13.9(29) 

16.0(38) 

15.2(36) 

16.2(39) 

14(7) 

lO(6) 

9(7) 

14(E) 

20(7) 

12.8(29) 

10.3(22) 

12.6(28) 

lO(7) 

o3 822 .03 Bl2 

.0(l) 

.03 833 

r.9(2) 0.2(l) 

.03 f313 

0.4(l) 

3(l) 

3(l) 

ll(3) 

15(4) 

O(1) 

l(1) 

l(2) 

l(3) 

4(l) lO(3) l(1) l(3) 

4(l) 9(3) O(l) l(3) 

6(l) 4(3) l(2) O(3) 

6(2) 6(3) O(2) 2(31 

4(l) lO(4) l(2) l(3) 

5(2) 7(5) 2(3) O(4) 

3(l) 7(4) O(2) 5(41 

3(l) S(4) O(2) 2(4) 

3(l) 8(4) O(2) -l(4) 

3(l) lO(5) O(2) ~(4) 

3(l) 6(4) -l(3) O(4) 

3(l) 13(7) l(2) 3(51 

6(2) 3(4) l(3) -2(41 

3(l) 4(4) -l(3) l(51 

8(3) 14(5) 2(3) 3(51 

5(2) lO(6) l(3) -3t5: 

. ‘c 

o3 823 

-3(Z) 

- 2 (2) 

*2(Z) 

-l(2) 
-2 (2) 

-l(2) 

-l(2) 

l(2) 

O(2) 

-l(2) 

l(3) 

-2(3) 
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TABLE 3 INTERATOMIC DISTANCES AND ANGLES IN UO2 (thd)2CHJOH 

U-O(l) 1.63(2); (uranyll 

U-O(2) 1.60(2) (uranyl) 

U-Of3f 2.33(2) (carbonyl) 

U-0(4) 2.31(2) ( (t ) 

U-O(5) 2.25(2) ( 11 ) 

U-0(61 2.37(2) ( m 1 

U-O(?) 2,50(2) (Methanol) 

Metbanol MolecUle 

C(23f-017) 1.41(3) 

Methanol Angle 

U-0(7)-C(23) 133.2(14) 

Angles about Uranium 

0(1)-U-O(2) 179.3(8)" 

0(1)-U-O(3) 95.2(6) 

0(1)-U-O(4) 95.3(6) 

0(1)-U-O(5) 88.8(7) 

0(1)-U-O(6) 89.7(6) 

0(1)-U-O(7) 81.9(7) 

tbd(l1 

thd(l) 

C(4)-C(1) 1.67(5) 

C(4)-C(2) 1.38(5) 

C(4)-C(3) 1.51(4) 

C(4)-C(5) l-49(3) 

C(5)=0(4) 1.23(2) 

C(5)-C(61 1.40(3) 

C(61-C(7) 1.42(3) 

C(7)=0(3) 1.28(2) 

C(71=C(8) l-53(3) 

C(81-Cf9) 1.54(5) 

C(8)-C(lO) 1.5415) 

C(W-C(lll 1.57(5) 

C(E)-C(8) 1.40(7) 

0(2)-U-O(3) 84.9(7) 

0(2)-U-O(4) 85,4(71 

0(2)-U-0(5) 91.5(7) 

0(2)-U-0(6) 89.7(6) 

0(2)-U-0(71 97.4(73 

C(l)-C(4)-C(2) 

C(2)-C(4)-C(3) 

C(l)-C(4)+?(3) 

C(l)-C(4rt-c(5) 

C(2)-C(4)-C(5) 

C(3)-C(4)-c(5) 

C(4)-C(5)-C(61 

C(4)-C(5)-O(4) 

0(4)-C(5)-c(6) 

C(5)-C(6)-C(7) 

108(3f 

ll.3(3) 

98(2) 

107(3) 

ill(3) 

118(2) 

120(2) 

116(2) 

124(2) 

123(2) 

C(61-0(7)-O(3) 124(2) C113)-C(15)-C(12f 106(3) 

C(6)&(7)-C(8) 119(2) C(12)-C(15)-C(14) 107(3) 

0(3)-C(7)-C(8) 117(2) C(14)-C(15)-C(13) 112(4) 

Ci7f-C(El-C(9) 106(3f C(14)-C(15)-C(l61 104(3) 

C(7)-C(8)-C(10) 107(3) C(121-C(B)-C(161 115(3) 

C(7)-C(E)-C(ll) 108(2) C(13)-C(15)-C(16) X12(3) 

C(7)-C(8)-C(8') 113(3f C(lSl-C(16)-O(5) ll9(2) 

C(9)-C(8)-C(lO) 90(3) C(15)-C(16)-C(17f 120(21 

C(lO)-C(8)-C(11) 88(3) O(S)-C(16)-C(17) 120(2) 

C(ll)-c(8)-C(8'f 71(3) C(16)-C(17)-C(18) 127(2) 

C(8')-C(E)-C(9) 89(43 C(17)-C(l8)-C(19) 124(2f 

tidf2) 

C(151-C(12) 1.58(61 

C(15)-C(13) 1.42(6) 

C(lS)-C(14) 1.36(6) 

C(lS)-C(16) 1.52(3) 

C(l6)=0(5) 1.28(3) 

C(16)-C(17) 1.41(3) 

C(17)-C(18) l-34(3) 

C(18)=0(6) 1.27(3) 

C(lE)-C(19) 1.55(3) 

C(19)-C(20f 1.61(5) 

C(19,-c(21) 1.47(4) 

C(19)-C(22) 1.50(5) 

Pentagon Angles 

0(3)-U-0(4) 71.6(5) 

0(4)-U-0(5> 78.2(5) 

0(5)-U-O(6) 71.6(5) 

0(6)-U-O(7) 65.3(5) 

0(71-U-0(3) 74.315) 

thd(2) 

c(17)-C(18)-o(6) 123(21 

0(6)-C(18)-C(l9~ 113(2f 

C(lE)-C(l9)-C(22) ii2(3) 

C(lE)-C(19)-C(2O) lO6(3) 

C(l8)-C(19)-C(21) 114(31 

C!(18f-C(19)-C(22) 112(3) 

C(20)-C(19)-C(21) 103(3) 

~(21)~c(19)-~(22) 1X(31 

C(20)-c119)-Cf22f 104f3) 

Angle between (thd) (1) and thd(2) planes 

= 43.6(15J" 
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DISCUSSION 

The molecular structure is illustrated in the ORTEP diagram of Figure 1, and the 

packing of molecules in the unit cell is shown in Figure 2. The main structural 

features are described below. 

Figure 1. Stereo diagram of the WOz(thd)2CHsOH molecule. 

Figure 2. Stereo diagram showing the packing of four 

UOp(thd)zCH30H molecules in the unit cell. 
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The U pentagonal bipyramid 

The uranium coordination polyhedron is a pentagonal bipyramid formed by the uranyl 

group, four carboxyl oxygens and the hydroxyl oxygen. The 0(1)-U-O(2) angle is 

essentially linear, 179.3(8)O. The U-O(urany1) distances, l-63(2) and 1.60(2) f( 

are slightly shorter than the usual distance, 1.71 ii. The U-O(carbony1) distances 

lie between 2.25(2) and 2.37(2)fl, whereas the U-O bond to the methanol oxygen o(7) 

is longer, 2.50(2)8. Table 4 sunmarises interatomic distances of interest in the 

series of uranyl chelates we have so far studied. Table 4 shows the U-O(7) bond is 

weaker then the U-O bonds to the other neutral ligands in the series. This is because 

the (thd) group is a weaker Lewis acid than the (hfa) group. The O-U-O angles in the 

pentagon are between 65 and 78O, close to the theoretical value of 72' for a regular 

pentagon. 

TABLE 4 COMPARISON OF INTERATOMIC DISTANCES IN THE 

PRESENT SERIES OF URANYL CHELATES 

Bond a-UOn(hfa)ztmp 

U-O (uranyl) 1.73 

U-O (carbonyl) 2.40 

U-O (neutral 2.31(3) 
ligand) 

C=O 1.25 

C-C(ring) 1.49 

Ref. 1 

B-UOn(hfa)ztmp U02(hfa)zthf UOp(hfa)?NH3 UOz(thd)sMeO: UO2(hfa)z I 

1.69 1.66 1.69 1.62 

2.40 2.38 2.40 2.31 

2.26(3) 2.35(2) 2.48(6)(N) 2.50(2) 

1.27 1.30 1.24 1.26 

1.46 1.35 1.50 1.46 

2 6 4 this work 

1.74 

2.32 

The angles 0(1)-U-O(7) (81.9(7j") and 0(2)-U-O(7) (97.4(7)") suggest that the methanol 

oxygen atom O(7) is out of the plane formed by the other pentagon oxygen atoms and 

uranium. The least squares plane through uranium and O(3) to O(7) is given in Table 5. 

The system is not planar, with O(3), O(6) and O(7) deviating by 0.13(4), O-17(4) and 

-O.l7(4)i from the plane. The plane through uranium and O(3) to O(6) is shown in 

Table 5. When O(7) is excluded from the plane calculation it is seen that the four 

carbonyl oxygen atoms O(3) to O(6) lie in a plane with uranium slightly out of this 

plane by 0.08 f( and the methanol oxygen 0.28(4)fi from this plane. The uranyl group, 

however, is normal to the pentagon plane, as the 0(1)-U-O and 0(2)-U-O angles in 

Table 3 both average to 90'. 
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TABLE 5 LEAST-SQUARES PLANEiS IN U02(thd)3CH3OH 

The equation is in the form Aax+Bb(f+y)+Ccz = D where x,y and x are in fractional 

coordinates. 

Plane Atom Distance to Plane Cfo A B C D 

Pentagonal U 

Plane C(3) 

Atoms C(4) 

O(5) 

C(6) 

C(7) 

Pentagonal U 

Plane, minus O(3) 

C(7) O(4) 

C(5) 

C(6) 

C(7)* 

thd(1) O(3) 

ring O(4) 

atoms C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

thd(2) C(5) 

ring atoms O(6) 

C(l5) 

C(l6) 

C(17) 

C(18) 

C(19) 

-0.019(2) 0.119 0.921 -0.390 13.10 

0.13(4) 

-0.03(4) 

-0.07(4) 

-0.17(4) 

O-17(4) 

-0.078(2) 0.050 0.928 -0.370 12.98 

O.Ol(4) 

0.04(4) 

-0.01(4) 

O-04(4) 

-0.28(4) 

-0.03(4) 0.186 0.659 -0.753 8.86 

0.05(4) 

O.OO(6) 

-0.02(S) 

-0.03(5) 

-0.00(S) 

0.04(6) 

-0.08(S) 0.022 0.990 -0.141 13.39 

-0.10(5) 

-0.09(6) 

0.02(6) 

0.08(7) 

0.00(S) 

O.Ol(7) 

* not included in plane calculation. 

The (thd) ligands 

The bond distances and angles for the (thd) molecules in Table 3 are normal. The 

C-C bonds average 1.50 R for thd(1) and 1.48 fi for thd(2) , and the carbonyl distances 

lie between 1.23 and 1.28 A. The least-squares planes in Table 5 show that thd(l) 

and thd(2) are (excluding methyl carbons) planar to within the experimental error. 

However the thd(1) and thd(2) molecular planes are tilted at 43.6(15)" to each other 

in the form of a boat. This is not unusual to these compounds, e.g. the lnterplanar 
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angle of 4S" in a-UOz(hfa)ztmp' (boat) , and the tilt of 31' in UOZ. (3-~1 acac)2tppo5. 

The thd(l) and thd(2) groups are inclined to the pentagonal plane calculated without 

O(7), by 29.1 and 14.5O respectively. Tilt angles of diketonate planes in the 

present series of uranyl chelates are collected in Table 6. 

TABLE 6 TILTS OF DIEETONATE PLANES 1 AND 2 WITH RESPECT 

TO THE UOs PENTAGONAL PLANE, AND THE TOTAL 

CONFIGURATION 

a-UOz(hfa)ztmp 22.5 22.5 

B-UO~(hfa)ntmp 3.7 13.9 

UOz(hfa)zthf 13.2 18.9 

U02 (hfa) 2NH3 7.7 7.7 

UOp(3-Clacacjstppo 2 23 

UO2 hCaC) 2tPPO.&,H6 10 11 

UOp(thd)$H30H 29.1 14.5 

Configuration Ref 

boat 

boat 

boat 

boat 

L-shape 

chair 

boat 

L 

6 

4 

5 

5 

this wor' k 

Disorder was observed in the methyl groups of thd(1) but not in thd(2); four 

electron density maximawere observed about C(8). The extra methyl carbon location 

is labelled C(8)' in Table 2 and can be observed in Figure 1. In this complex, the 

thermal factors on the peripheral methyl 

observed in the CF3 groups of the uranyl 

(c) The Neutral Ligand CHJOH 

The only atoms observed directly in this 

C(23) and O(7). The C(23)-O(7) distance 

carbons are large. Disorder was also 

(hfa) complexes studied previously. 1.3,4 

molecule are the carbon and oxygen atoms, 

is 1.41 (3) 1, and the hydroxyl oxygen is 

weakly bonded to uranium (U-O(7) = 2.50(2) A). Although the hydrogens were not 

directly observed, this analysis has established that , on the basis of bond angles, 

the ligand is CHJOH rather than CHJO-. Figure 1 shows clearly the C-C bond is 

inclined to the U-O bond. The angle U-O(7)-C(23) is 133.2(14)"; an angle of 180° 

would be expected if there were no hydroxyl hydrogen attached to O(7). 

We thank L. Szego, H. Loeh and Dr A. Ekstrom for the crystals and for useful 

discussions. One of us(PIM) is grateful to the Australian Institute of Nuclear 

Science and Technology for the award of a post-graduate research scholarship. 
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Abstract - The reactions of recoil tritium with germane have been studied. Excited GeHST 

molecules decompose mainly to HT. Both scavengers and moderator fail to affect the HT and 

GeHST yields. This has been attributed both to the low energy of Ge-H bonds and to the 

high reaction rate of H atoms with germane. Apparently there is no lack,of continuity on 

the reactivity of T atoms with GeH4 from hot to thermal energies. 

Introduction 

Gas-phase high energy tritium reactions greatly contributed to the knowledge of the 

"recoil chemistry"'. 

A great deal of work has been done during the last two decades and the best approach 

to the fundamental knowledge of the hot reactions has been obtained from very simple 

systems such T + H T+D 
2,3 4 

2' 2 
and T + CH 

4' 

We already studied recoil T reactions with hydrides such SiH45, Si2HS6, methylsila- 

7,8,9,10 11 
nes and NH_. to get information on the influence of the chemical prope;ties of the 

reactant on the hot reaction. 

In this paper we report on the 

hydride of the IVth group: GeH4, which 

but longer bond distance and lower bond 

Experimental. 

GeH4 was prepared by reduction of 
,7 

reactions of recoil T atoms with an other simple 

exhibit the same molecular geometry as CH 4 and SiH 
4 

, 

energy. 

Ge02 with KBH4, accordingly to W.L. Jolly and J.E. 

Drake*-, and purified by gas-chromatography. NO was prepared by reduction of diluted HN05 

with copper wires and purified by gas-chromatography. 
3 
He used as target for the 3He(n,p)T 

reaction was purchased from The Radiochemical Centre-Amersham (England). Details on samoles 

preparation and neutrons bombardment are reported in previous papers 
5,13 . Neutrons bombard- 

ment was performed in the TRIGA Mark II reactor of the University of Pavia. 

225 
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Analysis was carried on by radio-gas-chromatography using Chromosorb 102 and Silicone 

oil 702 columns in the -10 to +150DC temperature range. 

_. 
Isotopic exchange and 

II 
Ge activity. No isotopic exchange was observed on heating for 15 

days at 330°K mixtures of HT and GeH or H and GeH3T. 
4 2 

The natural abundance of 
70 

Ge is 20.55% and its nuclear cross section for the 

70Ge(n,r)71 Ge reaction is 3.9 x 10 
-24 2 71 

cm . Ge decays for E.C. with an half life of 11.6 

d. The soft X-rays associated with the E.C. are detectable by the flow ionization chamber 

used as radioactivity detector. Under our experimental conditions at the end of the 

neutrons bombardment the calculated activity of 
II 
Ge was about of the same order of 

magnitude of that of tritium. This activity could seriously interfere with the measurement 

of any GeH3T and Ge2H5T. Experiments performed bombarding GeH4+3He mixtures and pure GeH4 

showed that 25 days after bombardment the contribution of 
71 

Ge to the total activity of the 

sample was negligible. Each sample was then stored in the dark for thirty days at 253°K 

before the analysis. 

Total activity and recoil loss.: The total activity of each sample was both calculated 

3 
from He content and measured from a butane sample filled and bombarded at the same time of 

GeH4 samples. 

In low pressure samples the detected activity was corrected for recoil loss using a 

range of 0.126 cm for tritons in GeH 
4 

at STP; 1.12S cm, 0.287 cm, 0.271 cm and 1.592 cm 

14 
have been used as tritons ranges in Ne, 02, NO and He respectively . 

Results. 

Decomposition of T for H substituted species often occurs in hot atom chemistry due to 

the energy released to the molecule by the hot reaction. The aim of the pressure dependence 

study is to know to what extent the decomposition of excited species could affect the 

primary products distribution. 

Table 1 shows that at reactant pressure higher than 106 KPa the unimolecular 

decomposition of excited GeH3T* molecules becomes neglegible. 

The yields of GeH3T and Ge2H5T are about the same as for other simple hydrides of the 

IV group no other Germanium-hydrides have been detected in measurable amounts. HT yield is 

high, more close to that from SiH 
15 

45 than to that from CH4 . 

The activity detected in gas phase was always very close to the total calculated 

activity suggesting that the decomposition of hot products leads mainly to volatile 

substances. 
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Table 1. Yields of HT, GeH3T and Ge2H5T in the 13-200 KPa pressure range. 
a 

GeH4 HT GeH3T Ge2H5T 
Tot. experim. Activity 

Tot. calcul. Activity 

200 KPa 71,2 + 3,7 25.3 + 2,2 2,l + 0,7 1.02 + 0.03 

160 KPa 72,4 + 4,0 24,l + 1,6 1,9 + 0,6 0.97 + 0.06 

106 KPa 71,7 + 4,l 24,6 + 1,8 1,8 + 1,o 0.99 + 0.02 

80 KPa 74,3 + 3,2 21,5 + 0,9 2,4 + 0,9 0.95 + 0.06 

40 KPa 77,0 + 2,6 17,3 + 0,8 2,9 + 1,l 1.01 + 0.09 

13 KPa 81,l + 5,2 13,6 + 1,2 3,3 + 0,9 0.98 + 0.02 

a 
Yields are percentage of total activity experimentally determined from butane samples 

bombarded at the same time. The total calculated activity was obtained taking into 

3 
account: He content, neutron fluxes and recoil losses for each sample. 

The total hot yield may be obtained using radical scavengers to clean the system from 

interfering reactions such reaction /l/. 

GeH4 + 

O2 and NO were used because I and 
2 

Table 2 shows the effect of 

T (thermal) -+ GeH3 + HT 

Br2 easily react with GeH4. 

/l/ 

both O2 and NO as scavergers on the yields of HT, GeH3T 

and Ge2H5T. 

Table 2. Effect of scavengers on the T* 
a 

+ GeH 4 system. 

GeH 
4 

Scavenger HT GeH3T Ge2H5T 
Tot. experim. Activity 

Tot. calcul. Activity 

106 KPa NO 1 KPa 70,6 + 5,l 23,4 + 3.0 1,8 + 0,9 0.97 + 0.02 

106 KPa O2 1 KPa 71,3 + 4,6 22,8 + 2,2 1,9 + 0.3 0.99 + 0.03 

13 KPa NO 2 KPa 79,2 + 6.1 13.2 + 0,8 2,2 + 0,3 1.04 + 0.04 

13 KPa NO 4 KPa 77,2 + 3.7 11,5 + 1,l 1,5 + 0,4 0.96 + 0.08 

a 
See note on Table 1. 

The effect of Ne added to the system as inert moderator for the recoiling T atoms is 

reported on Figure 1. In spite of its very low efficiency, NO was added in increasing 

16 
amounts (from 10 to 30%) as the mole fraction of Ne increased . 
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Substitution reaction appears to be affected by the decrease of the energy of the 

tritium atoms (i.e L by moderation), whereas HT yield increases of about 5% in highly 

moderated samples. 

Discussion 

The possible reactions of hot T on GeH4 give rise to HT by hydrogen 

and, by hydrogen substitution /3/, to GeH3T which can be found 

TX + GeH 
4 

- GeH3 + HT 

T* + GeH 
4 

-c GeH3T + H 

Some highly excited substituted molecules, GeH3T*, may 

deactivation to GeHT CT-germylene) or HT. The decomposition 

in an excited 

abstraction /2/ 

state (GeH3T*): 

/2/ 

/3/ 

decompose before collisional 

to germyl radicals (GeH2T or 
17 

GeH3 1 is energetically unfavourite as shown by RRKM calculations-', Fig. 2. Further 

reaction of germylene-T radicals with the substrate is responsible for the formation of 

digermane /4/ 
18 

GeHT + GeH4 - Ge2H5T /4/ 

Decreasing the pressure of the system from 200 to 13 KPa the yield of GeH3T decreases 

of about 11% whereas HT increases of 10% and Ge2H5T of about 1%. 

From the calculated decomposition rates (Fig. 2) it also appears that the decom- 

position of GeH3T* to HT should be less favourite than the decomposition to GeHT and hence 

the yield of Ge2H5T should increase more than HT as the pressure decreases. 

The small increase of Ge2H5T and the 10% increase of HT suggest that only a small 

fraction of GeHT species survive long enougth to undergo reactive collision with GeH4 /4/ 

while the larger fraction further decomposes accordingly reaction /5/ 

GeHT - Ge + HT /5/ 

Reaction /5/ is thermodinamically feasible, fast and probably with a low activation 

19 
energy . 

As reported on Table 2 neither O2 nor NO show a significant effect on both HT and 

Ge2H5T. There is some uncertainty on the efficiency of the above scavengers on GeH 
3 

and 

20 
GeH radicals 

18 

2 
but they are known to be good scavengers for thermal T atoms . It could 

then be supposed that reaction /l/, which is known to be very fast 
21,22 

, may compete with 

the scavenger for the reaction of thermal T atoms. On the other hand it appears from 

moderator experiments that the HT yield does not decreases as expected (also with high 

percentage of NO). The failure of moderation suggests that a different mechanism may 

contribute to the HT yield and that such mechanism should be insensitive to thermal radical 

scavengers and favoured by the decrease of the energy of the recoiling T atoms. Moreover, 

the increase of HT at very high moderation suggests that, besides a possible decomposition 

to HT of excited GeH3T* molecules by collision with Ne, the abstraction reaction /2/ could 
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occw also at very low energies consuming the T atoms which being moderated are no more 
l * 

able to react as in /3/ . 

To sum up, the question arises if either the substrate molecules compete with the 

scavenger for thermal T atoms or monogermane exhibit a kind of shadowing effect on NO, i.e. 

GeH 
4 

reacts with both thermal and quasi-thermal(epitherma1) T atoms, sharply decreasing the 

number at T atoms that, once thermal, could be scavenged by NO or 0 . 
2 

Although the literature data on the rate of reaction /l/ are discordant and could indicate 

a considerable energy dependence (different rate constants have been observed using 

different hydrogen atom generation methods) 
21,22 

It seems unlikely that the rate constant 

for reaction /l/ could be higher than that of scavenging reaction. Hence we suggest that 

the lack of scavenging effect is due to shadowing effect. 

The above suggestion is upported by: a) the cross section for the abstraction reaction 

increases as the energy of the involved bond decreases, because the low energy threshold 

24 
for the reaction decreases with the bond energy . b) RRKM calculations show that the mean 

energy released to the GeH3T molecule by the substitution reaction is low (only 4r101g.J). 

This implies that the mean energy of the T for H substitution is low,'it could than be 

inferred that also the abstraction reaction occurs at low energy. 

Conclusions. 

25 
It has been already pointed out that in hot T chemistry the hot HT yield is 

correlated with the dissociation energy of the bond involved in the reaction. Ge-H bonds 

are relatively weak and therefore the HT yield should be high, however the inefficiency of 

scavengers towards the HT yield in GeH 
4' 

in addition to the high reaction rate for thermal 

hydrogen abstraction, suggests that tritium atoms abstract hydrogen from germane without 

lack of continuity from hot to thermal energies. On the contrary the T for H substitution 

yield is apparently unaffected by bond energy: in fact the simple hydrides CH 4, SiH4 and 

GeH 
4' 

having the same molecular geometry but different bond energies and lengths, exhibit 

the same T for H substitution yield, i.e. about 25%. 

** 
The scavenger inefficiency prevented us to perform a complete kinetic analysis. However 

the second kind plot of the Estrup-Wolfgang theory 23 (obtained using: cTcGeH ~0.44 nm', 

G 
T+Ne 

=0.22 nm2, Q 
T&NO 

= 0.30 nm2 and OL GeH ~0.263 = 0.96tiNe) shows a non-linear4trend with 

an intercept = 0.5 tiNe(other values of 40(GeH have been tested with the same result). The 

curvature of the plot confirms that the val$es at higher moderation are lowered by the 

unimoleculaar decomposition; the extrapolation using only the values from low moderation 

experiments gives: I GeH =0.65'Y 

3 
Ne' 
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GeH4 mole fraction 

Fig. 1. Effect of Ne moderation on the products yields for the TX + GeH 
4 

reaction. Yields 

as percentage of total activity. HT = 0 ; GeH3T = n ; Ge2H5T = A 
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12 

-x11 

i 
10 

9 

E (J xdgj 

Fig. 2. RRKM calculated specific rate constants for decomposition reactions: GeH3T - 

GeH2T + H =-; 
GeH3T - GeHT + H 

2 
=-m-e- and GeH3T + GeH =-___ 

2 
+ HT . The i.r. 

frequencies used for the calculations where taken from L.P. Lindeman and M.K. Wilson, Z. 

Physik. Chem. 9, 29 (1956). Activation energies from ref. 26 and 19 respectively. 



232 M.CASTIGLIONIandP.VOLPE 

Acknowledgements 

The work was supported by the Italian National Research Council (C.N.R.). The authors thank 

the staff of the LENA Laboratory of the University of Pavia for making it possible to carry 

out experiments in the TRIGA Mark II Reactor. 

References 

1 
G. 

2 
M. 

3 
Il. 

4 
R. 

5 
G. 

6 
G. 

Stocklin, Chimie des Atomes Chauds, Masson e Cie Paris, 1972. 

Karplus, R.N. Porter and R.D. Sharma, J. Chem. Phys., 45, 3871 (1966). 

Seewald and R. Wolfgang, J. Chem. Phys., 47, 143 (1967). 

Wolfgang, J. Chem. Phys., 39, 2983 (1963). 

Cetini, 0. Gambino, M. Castiglioni and P. Volpe, J. Chem. Phys., 46, 89 (1967). 

Cetini, 0. Gambino, M. Castiglioni e P. Volpe, Atti Accad. Sci. Torino, 99, 1093 

(1965). 

P. Volpe e M. Castiglioni, Atti Accad. Sci. Torino, 105, 293 (1970-71). 

8 
M. Castiglioni and P. Volpe, Gazs. Chim. Ital., 102, 709 (1972). 

9 
M. Castiglioni and P. Volpe, Gazz. Chim. Ital., 106, 699 (1976). 

10 
P. Volpe and M. Castiglioni, J. Chem. Sot., Faraday Trans I., 74, 818 (1978). 

11 
M. Castiglioni and P. Volpe, Gazz. Chim. Ital., 105, 247 (1975). 

12 
W.L. Jolly and J.E. Drake, Inorg. Syntheses, vol. 7 pag. 36. 

13 
G. Cetini, 0. Gambino e B. Minasso, Atti Accad. Sci. Torino, 99, 1137 (1962-63). 

14 
J.W. Root and F.S. Rowland, Radiochim. Acta, 10, 104 (1968). 

15 
P.J. Estrup and R. Wolfgang, J. Am. Chem. Sot., 82, 2665 (1960). 

16 
D.J. Malcolme-Lawes, Radiochim. Acta, 16, 57 (1971). 

W. Frost, Theory of Unimolecular Reactions. Academic Press, N.Y. 1973, pag. 28. 

18 
P.P. Gaspar and J.J. Frost, J. Am. Chem. Sot., 95, 6567 (1973). 

19 
C.G. Newman, J. Dsamoski, M.A. Ring and H.E. O'Neal, Int. J. Chem. Kinet., 12, 661 

(1980). 

J. Dzarnoski, H.E. O'Neal and M.A. Ring, J. Am. Chem. Sot., 103, 5740 (1981). 

20 
D.C. Fee, S.S. Markowitts and J.K. Garland, Radiochim. Acta, 17, 135 (1972). 

c1 K.J. Choo, P.P. Gaspar and A.P. Wolf, J. Phys. Chem., 79, 1752 (1975). 

22 
E.R.Austin and F.W. Lampe, J. Phys. Chem., 81, 1134 (1977). 

23 
R. Wolfgang, J. Chem. Phys., 39, 2983 (1963). 

24 
G. Stocklin, Chimie de6 Atomes Chaudes, Masson e Cie, Paris 1972, pag. 84. 

25 
F.S. Rowland, M.T.P. International Rev. of Science, Phys. Chem. Series One, 9, 109 

(1972). 

26 
M.J. Almoud, A.M. Doncaster, P.N. Noble and R. Walsh, J. Am. Chem. Sot., 104, 4717 

(1982). 



Polyhedron Vol. 2 No. 4, pp. 233-243, 1983 U277-5387/83/0@23-11$05.50~0 

Printed in Great Britain. Pergamon Press Ltd. 

POLYHEDRON REPORT NUMBER 3 

MECHANISMS IN THE RACEMIZATION OF OPTICALLY 
ACTIVE CO-ORDINATION COMPLEXES IN THE SOLID STATE. 

A REVIEW 

P. O’BRIEN 
Department of Chemistry, Chelsea College, Manresa Road, London SW3 6LX, England 

(Received 1S September 1982) 

CONTENTS 

I. Introduction ..................... 
2. Studies of the formal kinetics of solid state systems ....... 
3. Other methods relevant to kinetic studies of solid state systems . . , 
4. Oxalato complexes ................... 
5. Complexes of 2,2’-bipyridyl and l,lO-phenanthroline ....... 
6. Ethylene diamine complexes ............... 
7. Cobaloxime complexes 
8. Pressure induced racemizations : 

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

.............. 
9. Conclusions ..................... 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

* . 
. . 
. . 
. . 
. . 
. . 
. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 
* . 

233 
233 
235 
236 
238 
239 
241 
241 
242 

1. INTRODUCTION 
Although reactions of coordination compounds in the solid state have been known since the time of 
Werner’ detailed studies of the kinetics and mechanism of such reactions remain (relative to solution 
studies) rare. Racemization (1) is a particularly simple reaction, no new chemical species need 
necessarily be transported to or from the reaction site for its occurrence: 

2L+D+L. (1) 

Various kinetic studies of the racemization of coordination compounds in the solid state have appeared, 
and a collection of many of these references is available.* The purpose of this article is to reconsider the 
validity of such kinetic work in relation to the complicated but well documented theory of rate processes 
in the solid state. 

The vast majority of studies to date have modelled racemization with a simple unimolecular rate law. 
It is shown here that a more accurate model of the kinetics of these reactions is available in well known 
equations for the kinetics of solid state processes; subsequently the correlation of activation parameters 
with elementary chemical steps is fraught with difficulties. 

The first observation of solid state racemization is usually attributed to Johnson and Mead: strictly 
they studied the mutarotation of strychninium salts of [COG]. Later, a study of the racemization of 
K3[Cr(ox)3] was reported.4 There were few studies of such systems until the l%Os, when Bailar’s school 
investigated the solid state racemization of [Cr(en),Xd’ and [Co(en),]X.‘j An isolated and thorough study 
of K3[Cr(oxh] appeared in 1969.’ More recently, Yamamoto et al. have studied the racemization of 
tris(chelate) complexes of Ni(I1) and Fe(H) with 2,2-bipyridyl and l,10-phenanthroline.8*g In parallel to 
the above studies of thermal racemization a number of studies of pressure induced racemization have 
appeared; this work will be considered separately. 

Consideration will now be given to the more relevant aspects of the theory of rate processes in the 
solid state and the implications of this for studies limited to formal kinetics. This will be followed by a 
detailed examination of reported studies of solid state racemisations. 

2. STUDm ON TEE FORMAL KINETICS OF SOLlD STATE SYSTEMS 

Excellent reviews of the mechanisms possible for solid state processes are available.‘k’3 The 
majority of coordination chemists studying racemization in the solid state choose a unimolecular rate 

233 
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law; there seem to be two main reasons for this: 
(a) analogy with solution studies (nearly always performed under first order or pseudo-first order 

conditions). 
(b) assumptions, regarding the process occurring in the lattice based on the Scheme 2 shown below: 

2L>L+D racemization 

L 2 D inversion kin, = F 

(L and D are enantiomorphs, kin, and k,, are t)lC rate constants for inversion and racemization, 
respectively). In dilute solutions prepared with achiral solvents, the above scheme is usual and correct. 
In the solid state the complexes racemize within an asymmetric lattice. Optically pure and racemic 
compounds are not isomorphous; hence simple correlations of inversion and racemization rate constants 
are not valid. 

Alternatively, an individual optically active molecule undergoing inversion in the solid state (by whatever 
mechanism) is necessarily in intimate contact with its nearest neighbour. Its neighbour being chiral leads to a 
diastereomeric situation which might be represented as in[31: 

nL+(n- l)L+D. (3) 

All molecules within the l_attice do not have an equal probability of undergoing inversion, it is thus 
extremely unlikely that when racemization is complete, asymmetric centres will continue to invert at 
the same rate. The formal kinetics of a solid state process deals with exactly this kind of problem. The 
kinetics of solid state processes are difficult to interpret, two main approaches are available. 

(a) A careful consideration of the forma1 kinetics of the process, observed under varying conditions 
should be made, (the subject of this section). 

(b) Other crucial experiments, microscopic examination, morphology, texture, etc. should all be 
considered (the subject of the next section). 

Some commonly used rate equations for solid state processes are summarized below (Table 1). These 
equations fall into three main classes, those based on diffusion control of reaction rate D,, Dz and D,, 
those based on the concept of an order of reaction R2, R3 and F, and those describing nucleation and 
growth kinetics A2 and A3. I4 There are various methods of assigning rate law, a number of these are 
mainly of value in deciding on the type of mechanism, viz. D, R or A. Reduced time plots (plots of (Y 
(fractional reaction) vs t/t& fall into this category. Such plots have the same shape irrespective of the 
magnitude of the rate constant, using a master curve it is easy to compare quantities of data. The curves 
for R2 Rs are quite similar making delineation within this group diicult. Figure 1 shows some data for the 
racemization of [K,Cr(ox),] (anhydrous sample D14) compared with the theoretical curves for rate laws 
Rj and Aj. The fit to R3 is excellent; however the main conclusion from such a graph should only be that 
the concept of an order is appropriate. 

An alternative to this method has been introduced by Sharp and Hancock.” Plots of In-ln( 1 - a) vs In 
time are used, the gradient (m) of such plots in the region 0.1~ (Y < 0.5 is characteristic of the type of 

Table 1. Some commonly used rate equations for solid state reactions 

Mechanism Integrated form” Notation” mab 

Diffusion control 1 dimension 
Ditlusion control 2 dimensions 
DilTusion control 3 dimensions 
Phase boundary control 2 dimensions 
Phase boundary control 3 dimensions 
Fist order (random nucleation) 
Nucleation and growth 2 dimensions 
Nucleation and growth 3 dimensions 

“Notation of Sharp et al. Ref. 14 is used. 

a2 = (k/xZ)t 
(I-a)ln(l-a)tu=(k/ll)f 
(1-2a/3)-(l-u)*“= 

1 - (1 - # = (,,$“’ 
1 -(1 -Cgl = (u/r)t 

ln(l-a)=-kt 
[-In (1 - a)]“* = kr 
[-in (I- u)]“~ = kr 

bSlope of plot of In-ln(1 - m) vs In t after Sharp and Hancock. Ref. 15. 

Dda) 0.62 
4(a) 0.57 
D,(a) 0.57 
R2b) 1.11 
RAa) 1.07 

FI 1.00 
A264 

Ma) ::: 
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0 0.6 I .6 2.4 

t/to 5 

Fii. 1. The use of a reduced time plot. Solid lines are theoretical curves for mechanisms Al and RX, points are a 
vs f/to3 for anhydrous sample D of d-K,[Cr(ox&l” (data at 242,246 and 251°C). 

mechanism. Briefly for the gradient m - 1 the concept of an order of reaction (R,, R3 or F,) is valid, for 
m - 0.5 diffusion control (D,, Dz or D4) is appropriate and m - 2 is consistent with nucleation and growth 
(A, or A3 AvramilErofeyer) kinetics. The straight lines obtained in this way are only approximate, but 
the method seems reliable. 

These two techniques help us to decide to which class a solid state process belongs. A simple 
inspection of the data plotted as a vs time is also worthwhile.“j The presence or absence of an induction 
period should always be investigated, as this may help to rule out certain of the above mechanisms. 

The problem of deciding which particular-rate law to use within a type is more ditlicult. If the concept 
of an order of reaction is valid (R2, R3 or F,) we have recently advocated a differential method,“~” based 
on equation (4) as being extremely useful: 

-(1-a) +++;, 
d(l- a)/dt 

Accurate and reliable values for the order (n), and (in the absence of a zero time error) rate constant (k) 
may be determined by an approximation procedure.” 

Another possibility is simply to consider the statistical fit of the various possible integrated rate 
equations (care is needed with the range of values considered). When no serious zero time error is 
involved a comparison of theoretically predicted and observed values for the intercept on the f(1 - a) 
axis is also extremely useful. Dolimore et aLL9 have suggested that the linearization of reduced time plots 
may be a worthwhile procedure. 

A combination of the above procedures provides a useful method of screening kinetic data for solid 
state rate processes. In closing some brief mention must be made of the possible marked effect of 
particle size distribution. There have been several studies of the effect of particle size distribution,2”-23, 
and it should always be borne in mind that change in particle size assembly can produce as marked a 
change in formal kinetics as a change of mechanism,23 

3. OTHER METHODS RRLEVANT TO JUNFXIC !TI’UDIRS OF SOLID STATE SYSTEMS 

It has been variously suggested”-“j that a full study of the mechanism of a solid state reaction should 
not be limited to formal kinetics alone. The following have been itemized as being particularly 
informative methods.23. 

(a) Structure: the lattice (crystal structure) of both product and reactant should be known. 
(b) Texture: studies of the actual crystals; grain aggregation, crystallite sizes, orientation or crystal- 

lites surface area and lattice defects. 
(c) Morphology: direct observation of nucleation, subsequent reaction and behaviour of particles. 
Much of this can be di5cult, and racemizations have on occasions proved singularly intractable, e.g. 

Bailar and Kutal could observe no interface during the reaction of (+)[Co(en),]X,.6 
The molecular nature of the racemization of coordination compounds in the solid state should also be 
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(a) (b) (c) 

Id) (e) 

Fig. 2. Commonly proposed transition state for the racemization of his-chelated coordination complexes. 

considered. In Fig. 2 we collate some commonly suggested transition states for the racemization of 
t&chelated coordination complexes. In the solid state formal kinetics does not on the whole provide a 
method of determining which of these mechanisms is operating; although studies of pressure induced 
racemization may be helpful uide infra. In certain cases mechanisms may be eliminated on the basis of 
chemical considerations, e.g. Fig. 2c is impossible for an anhydrous complex in uacuo. 

Symmetry considerations have proved to be extremely useful in chemistry.27-29 The reactions of 
coordination compounds have been considered by Eaton3’ and later more thoroughly by Whitesides.3’ 
Notably the racemization of tris-chelate d3 systems by a twist mechanism, was found to be thermally 
allowed for weak field cases.32-34 This lends some support to the frequent suggestions that such 
mechanisms operate in the solid state. 

4. OXALATO COMPLEXES 

Johnson and Mead first reported4 the solid state “racemization” of [Co(ox),] in 1932, however as 
strychninium salts were used this is really not a racemization. In fact the diastereomeric strychninium 
salts of d and I [COG] showed different rates and final percentages of inversion. The majority of work 
reported by Johnson et al,4S5*35 in the 1930s concerned such diastereoisomers, but a brief study of 
K3[ d-Cr(ox)3] was carried out. 

Historically these were the first solid state thermal racemizations to be studied. A number of 
interesting observations were made: diastereoisomers showed markedly different behaviour in the solid 
state, a first order model of the kinetics was found to be unsatisfactory, the racemization of anhydrous 
complexes was demonstrated (although in general at a rate slower than for the corresponding hydrate) 
and the effect of crystal size on reaction rate was investigated. This work was thorough and made the 
best use of the then available experimental methods.36 Brief mention of the slow rate of solid state 
racemization of [Cr(oxM was made by Billardon36 but no detailed studies were carried out. 

Perhaps the most thorough study of the kinetics of the thermal racemization of a co-ordination 
complex in the solid state was carried out by Chowdry and Harris.” Both hydrated and anhydrous 
forms of K3[Cr(oxh] were studied, rapid racemization was observed during dehydration of the complex, 
in line with the earlier findings of Johnson et al. No real effort was made to investigate the 
mechanism of this rapid reaction but the possibility of expansion, of the complex with lattice water (Fig. 
2c) was noted. Anhydrous samples were found to racemise at a faily reproducible rate; racemization 
rate constants were determined from plots of (1 - a) vs time on logarithmic paper. A fist order model 
with an induction period was considered appropriate. Apart from observations on dehydration, and a 
study of the effect of neutron irradiation this work was limited to formal kinetics interpreted as outlined 
above. 

We have reinvestigated the data of Chowdry and Harris7*37 in some detail. A typical set of. data, 
(anhydrous sample D Ref. 37)t will be considered using the scheme outlined in Section 2. Plots of (Y vs 
time (or t/to,5) Fig. 2 are deceleratory throughout, the reduced time plot lying closest to the theoretical 
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Table 2. Kinetic data for the racemization of anhydrous sample D of 
WXoxJ,l 

Temperature 
(“c) 

lti k/l&” interceptb El= &I 

242 2.64(*0.13) 1.00(~0.01) 0.80 

E 
2.86@0.09) 1.02(?0.01) 1.2 
4.27(*0.24) 0.999( + 0.01) 0.8 228 W mole-’ 

246 3.%(50.13) l.Oi(~.Ol) 1.1 

;: 
7.11(*0.39) 0.999@0.001) 1.3 
6.73(?0.27) 0.999(ti.O1) 1.3 

“Rate constant obtained from plots of (1 - @ vs f in min-‘. 
bIntercept of plot of (1 - a)‘/) vs f on (I - a)“’ axis. 
‘Slope of plot of In-In (1 - a) vs In I (0.1 < LI < 0.5). 

line for R3. The slope of plots of In-In (1 - a) vs In t (0.1~ (Y < 0.5) are all close to unity (Table 2); the 
above suggest that the concept of an order of reaction (R,R,F,) is appropriate. 

Delineation between these order based mechanisms is achieved in a number of ways. Plots of 
integrated rate equations [Fig. 3, Table 21 show R3 to provide the best fit to the data at all temperatures. 
Plots of (I- (Y)“~ are colinear with the expected 0, 1 origin [Table 2, Fig. 41, not the case for Rz or Fr. 

I I 
60 160 

Time, hr 

0 

I .6 

Fig. 3. Comparison of order based rate equations for anhydrous d-K,[Cr(ox,+),]. Anhydrous sample D of 
d-K,[Cr(ox&] at 242’C?’ A (1 - @, 0 (1 - a)‘“, A In (I - a). 

06 

I I I 

60 120 160 

Time, hr 

Fig. 4. Plots of (1 - a)“’ vs time for d-K#Xox,hl at various temperatures. A, 0 duplicate runs at 242T, 
0, I duplicate runs at 246T, 0, A duplicate runs at 251°C. 
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There are unfortunately insufhcient data for a proper application of our differential method;” orders 
between 0.6 and 0.8 are obtained in cases where enough data3’ for a preliminary analysis are available. 

The two third order rate constants determined by these methods may be used to obtain an activation 
energy of 227kImole-’ (for anhydrous sample D). This may be contrasted with the two values 
570 kJ mole-’ (for the induction period) and 159k.l mole-’ (for racemization) reported for the same 
sample by Chowdry.“’ Support for our interpretation of the formal kinetics of this system may be 
obtained by the method by Ng;12 plots of log to.S vs 11 T K-’ lead to an activation energy of 235 kJ mole-‘, 
comparing very favourably with the activation energy from our single step mechanism. 

There are insufficient data on the activation energy of solid state racemization of this kind for a 
detailed comment on our value of -227 kJ mole-‘. However it is similar to others reported for phase 
boundary controlled reactions in the solid state. The activation energy of -500 kJ mole-’ reported by 
Harris and Chowdry,‘J7 seems unreasonably high even for nucleation in the solid state. 

It seems clear that in this case there are at least two mechanisms for the solid state racemization. The 
first, appropriate for hydrated samples, may well involve expansion of the first co-ordination sphere 
with lattice water and has been little studied. The second, that of anhydrous samples, is most accurately 
described by phase boundary control in 3 dimensions (R,), and possibly proceeds at the molecular level 
by a twist mechanism.3’ More work is needed to elucidate fully the mechanisms operating for this 
system. 

5. COMPLEXES OF 2&BIPYRlD~ AND 1,1~pHENANTHBOLlNE 

Yamamoto et uZ!~ have reported on the racemization of various anhydrous salts of Ni(I1) and Fe(I1) 
with 2,2-bipyridyl and l,lO-phenanthroline. Throughout unimolecular rate laws were applied; we have 
again carefully recalculated fully reported data.8 Considering each complex in turn, for [Fe(phen)J 
(CI0.J2 we find m (the slope of plots of In-ln (1 - ar)vs In time -1 at all temperatures, suggesting that the 
concept of an order of reaction is valid. A statistical and graphical analysis of the results Fig. 5 and 
Table 3 leads to the conclusion that a phase boundary controlled process in two dimensions (R2) best 
describes the kinetics. The results of our calculations are similar for [Ni(phenh] (C10412, however the 
delineation of the mechanism between those based on order (FIR2 or. R,) is not quite so clear as for the 
corresponding iron complex. 

For the bipyridyl complexes the gradients of In time vs In-ln (1 - a) plots are much steeper (Table 3) 
suggesting nucleation and growth kinetics are appropriate. Yamamoto’s plots of ln(1 - (Y) vs time are not 
colinear with the origin for any of these complexes, and many graphs show marked curvature. The 
slopes of the In-ln( 1 - cw) plots lead to the conclusion that nucleation and growth in two dimensions occur 
for the nickel complex and in three for the iron complex. For all four complexes reduced time plots 
indicate that the reactions belong to the types postulated above. The quantity of data available is. 

0 IO 20 30 40 50 

Time, hr 

Fii. 5. Comparison of rate laws for the racemization of Fe(phen)3(C104)2. Graphical representation of various 
rate laws: 0 In (1 -a), I (1 - a)ln, X (1 -a)“*. 
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Table 3. Summary of rate constant calculatiuas 

239 

Compound 
Rate 

TK ldk/s P mb law E,C 106k/s E,” 

413 0.4% 0.936 
[Fe(phenhl(CtW~ 421 1.36 0.942 

428 3.16 0.996 
435 5.71 0.984 

460 7.86 0.994 
[NiMeM(Clo& 463 11.4 0.976 

470 33.0 0.992 
475 41.2 0.919 

398 4.99 0.861 
Mb~py)~l(CQ)~ :: 8.38 0.968 

15.4 0.984 
421 5.34 O.%l 

456 7.47 0.992 
Wi(bipyhl(Ct04h 463 16.01 0.993 

g 22 36:2 9 0.951 0.991 

-1.3 0.777 
-1.2 (l-a)‘” 173 1.81 179 
-2.0 6.38 
-1.0 I R,(a) 9.72 

-1.2 
-1.1 272 
-1.2 

1 

(1 -a)ln 214 !:y 
5.83 

-1.1 Ma) 13.6 

-3.0 
-5.0 
-3.0 
- 1 

‘V-ln(1 -a) 0.306 
140 0.917 188 

2.31 
Ma) 6.67 

0.333 
1.25 

141 1.83 209 
3.89 

“Correlation coefficient. 
bm, slope of plot of In time vs ln-ln (1 - a). 
‘Activation energy in W mole-‘. 
dResults of Yamamoto. Ref. 9. 

unfortunately rather limited both in terms of a vs time and temperature range, however it seems clear 
that there is little theoretical justification for the use of a first order rate law. 

Yamamoto’ also correlated variations in activation parameters, most notably for the racemization of 
(-)[Ni(bipy)J with the donicity of the lattice counter ions. Unfortunately in this paper full data were not 
reported, however activation parameters are often relatively insensitive to the rate law chosen.13 As 
a first approximation published values of AHS9 for the racemization of [Ni(bipy),] as the perchlorate, 
iodide bromide and chloride are considered. An alternative explanation for this marked variation in 
enthalpies of activation with counter ion could be changes in lattice energy. Lattice energies may be 
approximated by the Kapustinski equation38*39 shown in its simplest form below (5): 

or 
u ~ 287.2 yZ+Z_ 

4 
(5) 

(where do = r, + r, the sum of ionic radii of anion and cation). 
The lattice energy with a constant cation is thus approximately inversely proportional to the radius of 

the anion. Figure 6 shows a plot of (AH*)-’ against r, for the perchlorate, iodide, bromide, chloride of 
optically active [Ni(bipy)3]. A clear correlation exists and although at present tentative, such ideas are 
probably worthy of more attention. 

(a) I cis-[Cr(en)&lJCl~ Hz0 

6. ETEYLRNE DIAMINR COMPLRKFS 

This complex was found’ to racemize only during dehydration; no evidence was found for the 
racemization of the anhydrous complex. Bailar and Le May concluded that a scheme of the kind shown 
below explained their observations: 

I-cis-[Cr(en),Cl,)Cl>Cl- Hz0 + I-cis-[Cr(en)zCIJC1 + Hz0 

I-cis-[Cr(en)$lJCl + Hz0 + I-cis-[Cr(er&Cl(HzO)]Clz 

I-cis-[Cr(en)zCl(HzO)lCl~+ rat-cis-[Cr(en),ClJCl + H20. 
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T 
+ 
I 

a 
x 

“0 - 

I.6 20 22 24 

Radius Of OnlO”, a 

Pi. 6. Correlation of activation energy and radius of anion for [Ni(bipy),]X,. A plot of AH*-’ vs r., 
correlation coefficient = 0.851; the point corresponding to Cl- is well off the line and carries a large error 
bar (based on Yamamoto’s data), excludii this point the correlation is excellent viz correlation 
coefficieot=0.994. It is interesting to note that the higher values of AH* are associated with the lower 
lattice energies (when calculated by Kapustinski’s method). This is the opposite of our intuitive expec- 
tations. Little is known of the processes involved in racemixatioo and at present the correlation presented 

is purely empirical. 

Racemization occurring in the second or third steps. Interestingly X-ray powder pictures showed 
d - I-cis-[Cr(en)2C12]CI obtained by dehydrating the racemic compound to have a markedly different 
structure from ruc-cis-[Cr(en)zClz]Cl obtained by the simultaneous dehydration and racemization of the I 
complex. This is the only detailed study of an optically active cis-bis-chelated complex, and in 
contrast to tris-chelated complexes the anhydrous complex has not been shown to racemize. 

Some analogy may be drawn with solution studies of similar complexes, the rate of racemization has 
been found to be similar to the rate of chloride exchange, again suggesting an “aquation-anation” 
pathway. The solid state racemization of this complex is worthy of more attention, chloride exchange 
during racemization/dehydration could provide firmer evidence for the above mechanism. Isothermal 
studies of the dehydration of the optically active complex would be expected to show more than one 
mechanism of dehydration to occur. Finally, an interesting and unassigned exotherm was noticed in the 
DTA of I-cis-[Cr(en2C1,]Cl HzO, the origin of which may be significant. 

(b) (+WobOJXd-bO 
The racemization of optically active [Co(en)J13 in the solid state was first reported by Dwyer et ~1.~ A 

detailed study of this system was undertaken by Kutal and Bailar.6 The mechanism was attributed to a 
twist process; the marked acceleration of racemization during dehydration at higher temperatures being 
attributed to disruption of the lattice. Electron microscopy revealed marked modification to the crystal 
after dehydration, but no interface could be detected for the racemization process. 

Samples dehydrated at relatively low temperature, when heated to high temperature underwent 
thermal racemization. Quantitative kinetic studies for such samples were not reported, and for no 
samples was the reaction followed to completion. However qualitatively the rate of racemization was 
reproducibly found to be I- > Br- > Cl- (Fig. 7); this is exactly the order expected if lattice energy were 
controlling the reaction uide supra. Although no formal kinetics were studied by Kutal and Bailar this 
singularly thorough study used many of the techniques listed in Section 3 and as such remains unique. It 
is reasonable to suggest that such reactions could and should be followed to completion if possible, and 
that a more detailed kinetic study might reveal much new information. 

(c) Other ethylene diamine complexes 
d-cis-[Co(en)2[H20)Cl]C12. was shown4’ to undergo simultaneous, racemization, anation and dehy- 

dration at 100°C. 
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Fig. 7. Effect of counter ion on the racemization of (+)-[Co(en)JX3 at 127°C. 

d-cis-[Co(en)zCIJC1*HZO. Racemized largely after dehydration5 (24 hr at 16O”C), no conversion to the 
trans isomer was observed. Insufficient is known of these racemizations for any serious speculation 
regarding mechanism to be made. 

7. COBALOXIME COMPLEXES 

A series of papers have appearede5’ reporting the racemization of complexes of the kind R-a- 
cyanoethyl (s-cu-methylbenzylamine) cobaloxime. The cyano ethyl group in this complex racemizes 
during X-ray exposure at ambient temperatures. The mechanism suggested for this unusual reaction is 
that a planar cyanoethyl radical produced by Co-C band cleavage, rotated about the CoC=N axis to face 
the opposite side of the plane to the cobalt atom; then recombines to give the racemic complex. 

8. PREBBURB INDUCED RACEMIZATION 

High pressure of the order of 10,OOOatm promotes the racemization of (-) K3[Co(Cz0&],‘2944 (+) 
[Ni(phen)J (C104);3*45 and (-MWphenhl (CQ)2. 43 A First order model was used as the basis of the 
kinetic analysis in each of these studies; for (-)K3[C~(C204]3]” the fit obtained to a tist order rate law is 
excellent (although some unspecified correction for decomposition was made). The limited quantities of 
data available from such studies make verification of the rate law dithcult. 

In all the above cited studies negative volumes of activation [AV*] were found. It seems likely that the 
sign of the volume of activation will be unaffected by the choice of rate law and that these negative 
values are reliable. Negative values of AV’ are usually correlated with a twist type of mechanism for 
racemization, and this was concluded to be the case in all the above studies.4u5 However it is difhcult to 
make a very strong case based on negative values of AV’ alone. As pointed out by Brady et al.” lattice 
distortions over large distances, which may accompany local volume changes in the complex ion, make it 
difficult to interpret volumes of activation in terms of volume changes of the complex ion alone. Also the 
extrapolation of high pressure results4’ for Ni(I1) and F(I1) tris phenanthroline complexes to atmospheric 
pressure suggests a fairly high rate of racemization for these complexes in the solid state under ambient 
conditions; this is known not to be the case. A mechanism change at high pressures provides a possible 
explanation for this observation. 

Perhaps analogy with solution chemistry is useful here; it has recently been shown 46*47 that negative 
values of AVt may be consistent with dissociatively activated mechanisms. Thus causing earlier ideas” 
based on a simple interpretation of AVt alone to be revised. The interpretation of the solution kinetics 
experiments is generally much less ambiguous than that of corresponding ones in the solid state but 
much caution is obviously needed in equating the magnitude and sign of volumes of activation with 
molecular mechanisms. 



242 P. O’BRIEN 

9. CONCLUSIONS 

There are a number of general and specific conclusions to be drawn from this article. Firstly, well 
documented rate laws for solid state processes may well describe the kinetics of racemization of 
coordination compounds in the solid state better than the generally applied unimolecular rate law. Some 
methods of screening kinetic data have been briefIy outlined. As the rate determining step may be 
rearrangements within the lattice itself, the correlation of activation parameters, etc. with molecular 
changes responsible for the reaction may not in many cases be possible. The kinetics of solid state 
reactions is a complicated and often contentious matter, studies limited to formal kinetics are not 
recommended, and the comment of Gomes on the application of rate laws should always be borne in 
mind?r 

On a more specific level the role of lattice water in solid state racemization needs careful con- 
sideration. Frequently anhydrous and hydrated samples of a complex have been compared with no 
regard to the fact that during dehydration the crystal structure is much disrupted. The anhydrous sample 
may well contain many new defects, providing one explanation of the frequent observation,9*44 that 
anhydrous complexes racemize more rapidly than hydrated ones. 

In marked contrast the absence of solid state racemization when water is not present e.g. 
[Cr(en)zC12]Cls may implicate water in the mechanisms. In the case of optically active K,[Cr(ox),] two 
mechanisms operate. The hydrated form racemizes rapidly, possibly by expansion of the co-ordination 
sphere with lattice water, the anhydrous complex more slowly by a phase boundary controlled process. 

Crystallography has not yet provided the necessary structures of racemate and optically active 
complex needed for a better understanding of solid state racemizations. Indeed the frequent obser- 
vation,‘,’ that the thermally racemized solid complex has a different crystal structure from dehydrated 
racemic complex needs further investigation. The crystal structures of some of these apparently simple 
complexes are not trivial and a recent extensive investigations2 of d-l-K3[Cr(ox)3] highlights this 
problem. 

The kinetics and mechanism of solid state racemizations are as yet relatively poorly understood. Only 
with a proper appreciation of the complexity of solid state processes can real progress be made. In many 
ways the ideas expressed in this article are in line with recent suggestions (of a general nature) made by 
HouseT3 and have been briefly outlined earlier by the author.” 
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BINARY, TERNARY AND QUATERNARY COMPLEXES INVOLVED 
IN THE SYSTEMS PYRIDOXAMINE-GLYCINE-IMIDAZOLE 

WITH SOME BIVALENT METAL IONS 

MOHAMED S. EL-EZABY*t, MOUSTAFA RASHADt and NAGIB M. MOUSSAS 
Faculty of Science, Kuwait University, Kuwait 

(Received 10 March 1982) 

Abstraee-Equilibrium-based computer models using MINIQUAD- program were utilized to determine the 
stoichiometry and formation constants involved in the systems pyridoxamine(Pm)-glycine (Gly)-imidazole (lmd) 
with CG(II), Ni(II), Cu(II), Zn(II) and Cd(H) metal ions. The data were obtained from potentiometric pH titration of the 
various binary, ternary and quatemary systems under physiological-like conditions (0.15 M NaNOr-37°C). Various 
composition ratios of metal and ligands were used. The ligand concentrations did not exceed 4 times the 
concentration of metal ion in the binary systems and 4 times of the metal ions in ternary systems. In case of the 
quaternary systems only imidazole concentrations were two or four times the concentrations of metal ions keeping 
those of other ligands equal to that of metal ions. The stability constants of the quaternary species are discussed in 
terms of binary and ternary constants as are the effect of ring size on the stability of mixed ligand species. In 
addition, electrostatic as well as statistical effects also are mentioned and the biological implications of these model 
equilibria are described. 

INTRODUCTION 
Considerable progress has been made in the last two 
decades in the treatment of many diseases by the intro- 
duction of long-term feeding regimens and/or drug 
treatment. For instance gastrointestinal diseases may be 
treated by the introduction of long-term supplementation 
of solutions with protidic, lipidic and glucidic com- 
positions that have been found to be suitable for main- 
taining healthy tissue metabolism in patients.’ A major 
concern lies in the adequate supply of essential trace 
metals which should be included in the regimens to avoid 
impairment in some biochemical processes. Supplemen- 
tation of trace metal concentrations in nutritive mixtures 
have been made.’ The doses appear to have been chosen 
somewhat randomly and very little correlation between 
the administered levels, plasma concentrations and 
overall metal ion balance was observed.3 This may lead 
to the toxicity by the unknown greater concentration of 
an essential metal ion and the loss of the relationship 
between the nutritive requirement for a metal ion and its 
rate of excretion. A better understanding of the inter- 
actions between ligands and metal ions is essential prior 
to any chemotherapeutic medical treatment. Many 
attempts to correlate physiological responses with the 
1: 1 metal-ligand binary formation constants have ap- 
peared in the literature.4 These fail to take into account a 
large number of other important reactions that determine 
the overall degree of complexation such as protonation, 
ternary and quaternary complex equilibria. 

In this study we have investigated the equilibria which 
may be involved in the interaction of pyridoxamine (a 
vitamin Ba compound), glycine and imidazole with some 
divalent metal ions. This may serve as an example of the 
presence of not only binary complexes but also ternary 
as well as quaternary complexes in biological fluids. 

‘Author to whom correspondence should be addressed. 
tDepartment of Chemistry. 
#Department of Biochemistry. 

Moreover, glycine in combination with imidazole may 
serve as a model for histidine interaction with metal ions. 

EXPERIMENTAL 
The ligands glycine (Gly) (799%; BDH), (99%; BDH) and 

pyridoxamine dihydrochloride (Pm) (>%; Merck) were used 
without further purification. Imidazole (Imd) (Aldrich) was crys- 
tallized from benzene and dried under reduced pressure. The 
stock solutions of the ligands were kept at 5°C in dark. 

Cobalt(H), nickel(H), copper(B), zinc(E) and cadmium(H) 
nitrates (799%; BDH) were used as provided. The concen- 
trations of the stock solutions were checked by potentiometric 
methods. The method is essentially EDTA titration of metal ions 
using Radiometer pH meter model pH M62 provided with 
Radiometer cupric selectrode type 1112 Cu as indicator electrode 
and Radiometer calomel electrode type K401 as a reference 
electrode5. 

The titrimetric data were acquired using Orion Research 
microprocessor ionalyzer type 901, using Radiometer combined 
glass electrode type GK 2301 C. The ionalyzer in the pH mode 
was calibrated using two Radiometer buffers at pH’s 6.98 and 4.03 
at 3PC. All pa-metric titrations were carried out as previously 
described6. The ionic strength of all titration solutions was ad- 
justed to 0.15 MNaNOr. The temperature of the titration cell was 
kept constant at 37°C. The titrant in most cases was a solution of 
0.1 M carbonate-free NaOH which was 0.15 M in NaNOr and in 
few cases was 0.1 M HNOr. In all titrations, purified nitrogen was 
passed into the solution before and during the titration time. The 
metal ion concentration was in the range (0.6-2.0)10-‘M. The 
ligand concentrations did not exceed 4 times the concentration of 
metal ions in the binary systems. In ternary systems, the con- 
centrations of each ligands were not more than twice the con- 
centration of metal ions except in case of imidazole where its 
concentration did not exceed 4 times that of metal ions. In the 
quatemary systems, the concentrations of each l&and was iden- 
tical to that of metal ions except imidazole where its concen- 
tration was not more than 4 times that of metal ions. Multiple 
titrations were carried out for each system. The hydrogen-ion 
concentration was taken as 10mpH. 

Methods 
Titration data were analysed by using MINIQUAD- pro- 

gram’. Different equilibrium models have been tested. The 
results were assessed by observing the values of chi square (Xi*), 
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Table 1. ~otonation consents of Pm, Gly. and Imd at 1.0 = 0.15 M and T = 37*C, II = number of ti~ation points, 
and rr = standard deviation 

Syatorn I.p q f s* loge (ol * ” pli rang I lterature Ref., I,T 

w I ues 

Rn IOOOI 10.40?~,012~ 386 6.7-10.5 10.40 6, 0,5,30* 

I0002 I6.562(.OIY) 18.45 

IO003 22.063(.010) 96 3.2-4.4 21.95 

GJV .OlOOl 9.335(.001) 158 7.6-10.3 9.30 8, 0.15, 37O 

01002 Ii .8661.002) 159 4.3-2.4 II.76 

imd 0010l 7.0901.cKl3) 51 6.1-9.3 7.12 9, 0.2, 25* 

* I , p. q, r, s are the stolchlonmtrlc coefficients corresponding to Pm-, GIV-, 

Imd, M2*, and He. respectively. 

+ The ranges of S, Xl2 and R are ~~~.J?-KJ.O)IO-~~, f38-88) snd (.OQZ-.OMI, 

rsspectlvely. 

crystallographic factor (R) and sum of squared residuals (S). The 
model which gave the lowest R values, Xi2 value (or both) and S 

concentration range (l-3)10-’ M with CG:T free NaOH of 0.1 M. 
In addition, 25 ml of the aqueous solutions of Gly and Imd in the 

value has been adopted taking in ~nsjderation the errors in ~on~n~ation range of (0.5-l.0)10-2M were titrated with 
experimental quantities and rules for p~pagation of errors. 0.1 M HNO,. Table 1 depicts the values of protonation constants 

The protonation constants of Pm, aud Gly were determined by obtained at I = 0.15 M and T = 37°C. 
titrating 25 ml of the aqueous solution of the ligands in the The conditions of measurements for the determination of the 

Tabie 2(a). Formation constants of the binary metal complexes of Pm at I = 0.15 M, T = 37°C n = number of 
titration points and o-standard deviation 

t.i2+ 1pqr-a log B(U) + ” pH range Iitara- Ref.,l,T 
ture 
YalUeS 

CO rOOlO 

200 IO 

200 I2 

Nl lOOlO 

IOOI I 

20010 

200 I2 

cu IOOI I 

IO0 12 

200 13 

IO0 IO 

20010 

2001 I 

20012 

Zn 10010 

20010 

Cd 10010 

20010 

1001 I 

5.591 I.037) 

10.255(.054) 

2?,435(.055) 

6.464(.017) 

14.203(.055f 

10.521(.036) 

28.137( .072) 

17.2251.023) 

21.337(,034) 

38.914(.021) 

10.805~.0331 

17.4?1~.018) 

25.458(.017) 

x.535(.044) 

6.411(.0341 

I I .874(.050) 

5.3?9(.01If 

8.214(.2951 

l3.231(.032) 

144 7.1-9.1 

136 6.8-9.7 

326 3.1-4.7 

174 6.7-8.4 

276 7.0-8.9 

426 6.5-9.2 

5.09 15,o. 1,250 

9.60 

6.00 

10.92 

IO.20 

15.97 

5.68 

4.59 

+ The ranges of 5, Xl2 and R are (Ll.21-401.0)10-8), (7-171) and (.OO3-.034). 
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stability constants of the binary, ternary and quaternary complex 
species were the same as for the protonation constants of 
ligands. The composition ratios of ligands to metal ions (M”) 
were always 1: 1,2: 1, and 3: 1 in case of Gly : M2+ and Pm: M2+ 
and 2: 1 and 4: 1 in case of Imd: M2’ binarv systems. Table 2 lists 
the values of stability constants of the binWary systems. In the 
ternary systems, the ratios of Pm:Gly:M*+ were 1:l:l 1:2:1, 
1: 1: 1, while the ratios of Pm : Imd : M*+ and Gly : Imd : M*+ were 
1:2: 1 and 1:4: 1. Table 3 depicts the values of the ternary stability 
constants obtained in this work. In the quaternary systems, the 
ratios of Pm:Gly:Imd:M*+ were 1:1:2:1 and 1:1:4:1. The values of 
the stability constants are listed in Table 4. 

In calculating the stability constants of the binary complexes 
using MINIQUAD program, the protonation constants were 
kept constant while varying the values of the binary species. In 
case of ternary systems, the values of protonation constants of 
ligands and the stability constants of binary complex species 
were kept constant While varying those of ternary complex 
species. In case of the quatemary system the values of pro- 
tonation constants of ligands, the stability constants of 1: 1 
binary complex species and those of 1: 1: 1 ternary complex were 
kept constant while varying those of the quatemary complex 
species. 

The ionization of water (pK,) was taken to be 13.38 at I = 0.15 
and 37°C.” 

RESULTS AND DISCUSSION 
Binary metal complexes 

Interactions of the bivalent metal ions Co(H), Ni(II), 
Cu(II), Zn(I1) and Cd(I1) with the ligands Pm, Gly and Imd 
have been the subject of many reports.“-25 The formation 
constants have been re-evaluated at the ionic strength, 
I = 0.15 M and temperature of 37°C (this being isotonic 
with blood plasma). If allowance is made for the effect of 

different reported solution media, some of the formation 
constants reported in this work are more or less in accord 
with those reported by other authors, Table 2 (a, b and c). 

Although, pyridoxamine complexes of various metal 
ions have been studied by different investigators6”‘*‘* 
variation in their results are mostly due to variation in 
experimental conditions and methods of calculation. 
Upon using wider pH range and different initial metal ion 
and Pm concentrations, revealed that Cu(II)-Pm system 
may exhibit somewhat different set of equilibria from 
what have been previously reported, Table 2(a). In the 
Cu(II)-Pm system, the titration data were divided into 
two parts at two pH ranges, 3.14.7 and 6.5-8.4. Upon 
analyzing the data at lower pH range by using 
MINIQUAD- program, protonated binary Cu(II)-Pm 
complexes were obtained, Table 2(a). In the 1: 1: 1 
(Pm : Cu(I1) : H) species, it is believed that the proton is 
located on the hetero-nitrogen atom of Pm rather than on 
the amino group if a 6-membered chelate is assumed to 
be formed. In such case, the protonation constant of the 
hetero-nitrogen atom should be greater than that of the 
amino group, opposite to what one expects for the free 
ligand. Other protonated species may indicate that Pm 
can also act as monodentate ligand species. The for- 
mation constants of the non-protonated species were 
obtained at the higher pH range when the titration data 
were analysed by the same program keeping those 
obtained at lower pH range constant. 

The other bivalent metal ions-Pm equilibrium reactions 
are more or less in agreement with those previously 
reported, Table 2(a). Moreover, it has been proved that 
Pm cannot form tris-metal complex species under the 
experimental conditions used. 

Table 3(a). Formation constants of the ternary metal ion complexes at I = 0.15 and T = 37°C for Pm-Gly systems 

2’ lpqrs log 6 (0) s xi* R ” pH range Reported Ref., I ,T 
“a I ues 

CO I1010 9.309(.281) I.OIE-6 I28 .02l 193 6.8-9.7 10.49 ,.5.30 

I IO1 I 17.746c.299) 18.38 

12010 13.787(.087) 13.79 

Ni I1010 11.538(.060) 1.34E-6 288 .023 248 6.3-10.0 Il.54 0, II 

I IO1 I l9.170(:291) 19.57 

1201 I 23.669(. 149) 

CU l1010 16.605(.165) 2.20E-7 80 .OlO 192 3.2-10.1 16.99 

I IO1 I 25.394(. 119) 24.61 

11012 31.515(. 124) 

II013 35.930(. 133) 

1201 I 30.078(. 136) 

12012 37.946(.210) 

21012 39.490(.127) 

Zn 1201 I 23.301(. 119) 7.64E-8 IO1 .OlO 86 6.8-9.3 

21014 47.910(.174) 

Cd I1010 8.625(.069) 4.OOE-7 I09 .Ol2 278 7.0-9.7 

1201 I 21.372(.104) 

12012 30.5@6(.0891 

21014 48.717(.081) 
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Table 3(b). Formation constants of the ternary metal ion complexes at I = 0.15 and T = 37°C for Pm-Imd systems 
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t4** 1 Pqrs log 8 (0) s Xi* R n pH range 

CO 101 I I 

10310 

20210 

202 I2 

Ni IO1 I I 

10310 

20210 

202 I2 

CU IO1 I I 

10210 

1021 I 

202 I I 

Zn 10212 

IO3 IO 

10412 

201 IO 

16.947(.0711 2.46E-7 

14.502(.026) 

16.517(.042) 

33.925(.042) 

17.984(.0351 I. l6E-7 

15.697(.033) 

17.649c.044) 

34.873(.072) 

21.049(.044) 2.29E-7 

16.788( .033) 

24.060(.0401 

31.388(.045) 

28.125(.180) 6.07E-7 

l6.203( .083) 

34.x)7(.084) 

16.150(.093) 

I I8 

I I2 

39 

486 

.007 204 6.7-9.2 

.WB 186 6.7-9.7 

.006 242 4.0-8.3 

-016 232 6.7-8.1 

Cd IO1 IO 8.494( .037) I .06E-7 218 .008 204 6.7-9.4 

IO1 I I 17.500(.028) 

IO2 I2 27.818(.060) 

Table 3(c): Formation constants of the ternary complexes at I = 0.15 and T = 37°C for 
Cly-lmd systems 

Mz+ lpqrs log6 WI S XI2 R n pH range 

co 

Ni 

CU” 

Zn 

Cd 

’ M. khan et al. (19) obtalned log B values for the complex species 

o I I I 0 and 0 I 2 I 0 equal. to 12.16 and 15.14, respectively. 

01 I IO 

0 I 4 I 0 

01 I IO 

01410 

02210 

01 I IO 

01310 

021 IO 

01 I ID 

0 I 4 I 0 

0 I I l-l 

01 I IO 

7.889(.031) 2.75G7 II6 .OlO 180 7.3-9.2 

15.514(.058) 

8.849(.0322) 6.23E-8 I I8 .007 I84 7.0-9.5 

16.846~.101) 

16.247(.0x)) 

Il.86(.064) 7.lIE-8 135 .OC6 164 6.3-9.4 

18.080(.046) 

16.856(.070) 

7.911(.138) 1.40E-6 256 .027 234 6.7-0.0 

16.693(.117) 

-0.341 C.023) 5.16E-7 107 .020 I84 7.4-9.2 

a.om .038) 
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Table 4. ‘Formation constants of metal ions complexes involved in the quatemary systems under consideration at 
I = 0.15 and 37°C. S = sum of squared residuals, Xi* = Chi square and R = crystallographic factor 

I.?’ lpqrs log 6 (0) S Xi2 R n pH raw 

CO*’ I I I IO 

I I I I I 

I I I I2 

I I21 I 

11212 

Nl2+ I I I I I 

I I I I2 

I I I I3 

II212 

C”2+ I I I IO 

I I I I3 

I I21 I 

II212 

II213 

2n2’ I I I I3 

IIZII 

II212 

Cd2* I I I I3 

I I21 I 

II212 

I I I l-l 

13.174(.049) 1.24E-7 I7 

21.958(.112) 

29.32lt.368) 

24.644l.155) 

32.589(.123) 

23.080( .030) 7.23E-6 157 

29.543c.625) 

36.416c.344) 

33.426c.067) 

21.575(.044) I.7lE-6 101 

42.5lOt.044) 

32.661 c.053) 

39.966c.068) 

46.341(.088) 

37.902t .055) 9.43E-8 91 

26.354c.042) 

33.533t.0701 

38.519(.046) 8.40E-8 67 

25.384t.073) 

33.847(.041) 

3.490( .053) 

.007 140 6.7-9.2 

.005 180 6.4-9,6 

.003 I36 5.1-0.7 

,005 160 6.6-0.5 

.007 I76 6.7-9.0 

Glycine binary metal complexes were extensively stu- 
died in the last two decades.16 Various equilibria and 
their formation constants were reported. At least two 
unprotonated complexes were detected in the present 
work. Table 2(b) depicts their formation constants. Of 
course, S-membered metal chelates are assumed to be 
formed. It has been proved that other species may also be 
formed. Cd(H) may form protonated complex species with 
glycine and Zn(II) forms soluble hydroxy glycinate com- 
plex species in solution, Table 2(b). The presence of 
triglycinate complexes were not confirmed under the 
experimental conditions used in this work, except in the 
In(H) system. 

Complexes of imidazole of various metal ions were 
studied by several investigators.8’S2 It has been 
observed that precipitation was fast at slightly alkaline 
medium under the experimental conditions used in this 
work. This behaviour precluded our obtaining enough 
titration data for the determination of the formation 
constants of the binary complexes. However, it has been 
confirmed that polymerization of complexes is not the 
trend among the metal complexes studied except in the 
Cu(I1) system, Table 2(c). In the latter system several 
polymeric complexes were detected. It has been reported 
that these types of Cu(II) complexes with imidazole are ___ _. . _ 
dependent on the ionic strength of the medium and the 

salt type used in its adjustment.= Actually there was no 
correlation between our work and that reported by pre- 
vious other authors in case of the Cu(II) system except 
in the possibility of the formation mononuclear species. 

Ternary and quatemary metal ion complexes. 
The stability constants of the ternary metal ion com- 

plexes reported in Tables 3 and 4 are for the following 
equilibrium reaction. 

lPm-tpGly_tqImdtrM*‘tsH+ 

% h&Pm1 Gly, Imd, H.. (1) 

At least 20 sets of complexes for each system were 
examined using MINIQUAD- programme. Many were 
rejected when chi square (XI?, crystalographic factor 
(R) and sum of squared residuals (S) are large or when 
constants had large standard deviations. Furthermore, 
the effect of variations in the values of protonation and 
binary constants on the constants of the chosen ternary 
model (and also ternary’constants in case of the chosen 
quaternary model) were examined and was concluded 
that the choices were correct with errors in the values of 
the stability constants within the standard deviation 
shown in Tables 3 and 4. 
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(i) Ternary metal ion complexes 
The ternary complexes involving Pm as one of the 

ligands are mostly protonated. Since Gly and Imd ligate 
metal ions when they are not protonated it may be 
expected to stay this way in their ternary complexes. 
One should expect that the protons may be located on 
the Pm moiety in their ternary complexes such as 
l:l:O:l:l, 2:1:0:1:2, 1:2:0:1:1 and 2:0:2:1:1 spe- 
cies. The presence of other protonated ternary species 
may indicate that Pm and Gly can act as monodentate 
ligands. It is noted that some of the intermediate species 
in the Pm-Imd-M2’ system are absent (e.g. 1: 0 : 2 : 1: sH) 
except in Cu(I1) and Cd(H) systems. There is likely a 
preference to particular structures; penta-coordinated 
and hexa-coordinated structures in case of Co(H), Ni(II) 
and Zn(II) systems (e.g. 1:0:3:1:0 and 2:0:2:1:0 
species) and tetra-coordinated and hexa-coordinated 
structures in Cu(I1) and tetra-coordinated and hexa- 
coordinated structures in Cu(II) and Cd(H) systems (e.g. 
1:0:2:1:0 and 2:0:2:1:1 species). In such complexes 
two or more Imd molecules are involved. 

The ternary complexes not involving Pm are entirely 
unprotonated, (i.e. Gly-Imd-M2+ system), Table 3(c). 
Similar to the system Pm-Imd-M”, stepwise species are 
absent and preference to penta-coordinated structures is 
more obvious. In these complexes more than one Imd 
moiety and, in rare cases, more than one Gly moiety are 
involved. The presence of species containing more than 
one Gly molecule (in the Gly-Imd-M2’ system) is less 
than those containing more than 2Pm molecules in the 
Pm-Imd-M” system. This may be explained as due to 
the better a-acceptor character of Pm over that of Gly. 
However, six-membered chelate of Pm should be expec- 
ted to exert more hindrance than the five-membered 
chelate of Gly. This may explain why more than one 
molecule of Imd prefer Gly containing complexes rather 
than those containing Pm where steric factor is greater. 
In the ternary systems studied, the aquated 1: 1: 1 spe- 
cies (for Pm or Gly : Imd : M2+) are stable at a certain pH 
range (which is usually below pH 7.0), where Imd, in 
particular, is not completely deprotonated. 

The formation of 1:l:O:l:s or 1:O:l:l:s 
(Pm- : Gly- : Imd : sH’ : M : sH) ternary complex species 
from binary species may result from either one of the 
following reactions or both: 

MLH, t ML’H. % M t MLL’H.; 

K’ = BmH,ISIMLHmSIML’H” 

M(LH,)z t M(L’H.)z= ZMLL’H, ; 

K” = j32m&32~~~,J32~~n 

(24 

(26) 

where BITH, BIMLII,,,~ BZBALI-I~, BIMLW., ad BZ.ILW. are 
the formation constants of the ternary complex, first and 
second complex species of LH, and tirst and second 
complex species of L’H., and s = n t m. 

Table 5 lists the values of log K’ and log K” (log K 
andlogXusedbySigeln)for l:l:l:O:s, 1:O:l:l:s and 
0: 1: 1: 1: 0 complex species whenever the binary con- 
stants data were available. It is generally found that the 
formations of most ternary complexes under con- 
sideration, are favored over the formations of the bi- 
binary metal complexes as well as most mono-binary 
species. It should be kept firmly in mind that the mag- 
nitudes of log K’ and log Kn are strongly influenced by 
statistical differences in the formation of each complex 
as well as differences in bonding. The statistical values of 
log K’ and log K” depend on the coordination number of 
the metal ion and denticity of the hgands,28*29 e.g. for the 
tetragonal complex of Cu(II) with bidentate ligands the 
statistical value is -0.6 log units. For other situations, the 
statistical values may be less but is always negative. 
Values of log K’ and log Ku greater than -0.6 log units 
indicate that ternary metal complex formation is more 
favored than that of binary metal complexes. Table 5 
shows that the values of log K’ and log K” are mostly 
greater than -0.6. The log K’ values of M-Pm-Gly 
systems are more negative than those of M-Pm-Imd and 
M-Gly-Imd systems. This is not surprising since the 
latter systems exhibit less steric hindrance than the 
former. 

The formation of 1: 1: 1: s (Pm: Gly or Imd: M: sH) 
ternary complex species involving Pm may also be dis- 
cussed in the light of the following equations; 

MPmH, t L * MPmLH,; Knr = flrrHJfllMPmHS (3a) 

M + PmH, % MPmLH, ; K”’ = B~,lSr&Sr~r_ (3b) 

(L may stand for either Glr or Imd). Table 6 lists the 
values of log Ku’ and log’ for 1:l:l:O and 1:l:l:l 
complex species. It is obvious that the values of log K”’ 
are greater than those of log K”’ for most metal ion 
complexes. This may reflect the type of bonding of Pm 
to these metal ions. Pm may increase the electron density 
in the vicinity of the metal ions rendering them less 
electrophilic towards the other ligands, Gly and Imd. 
Furthermore, upon inspecting Table 6, one may also find 
that the size of chelate rings affect the stability of the 
ternary complex species. Six (Pm), five (Gly)_membered 
chelates are more stable than five (Gly), five (Gly)_ 
membered chelates. However, six (Pm), Six (Pm)-mem- 
bered chlates are more stable than five (Gly), six (Pm)- 
membered chelates except in Ni(II) and Cd(H) systems. 

Table 5. The values of log K’ and log Ku defined by the eqns (2a and 2b) for all ternary systems studied in this work 

System lpqrs 
log u’ lob K” 

CO(ll) Ni(ll) Cu( I I ) Zn(ll) Cd(lI) coc.1 I I Nl(ll) CU(ll) Zn(lI) Cd(ll) 

PmGly I1010 -0.93 -0.40 -2.03 -- -1.37 -0.13 +2.5a *I.87 -- +2.45 

IlOll --- -0.56 l 0.34 -- __ -0.42 +O. 63 l 0.48 -- -- 

Pmlmd I 0 I I I --- *o. 50 -0.19 -- +1.53 __ l 2.57 l Z.Ol -- __ 

Gly-lmd 01 I IO l O.Zl +o. IO .0.01* -0.26 l 0.66 *I.69 l 2.47 l 2.3G *I.17 ‘4.03 

* M. Mohan et al. (19) obtained a value of -0.26 
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Table 6. The values of K”’ and K” expressed by eqns 3(a) and (b) 

L. 
Stoichlometry log K”’ log K 

IV 

Co Ni Cu Zn Cd Co Ni Cu Zn Cd 

Pm Six (Pm). six-membered (Pm) 
chelates 

l1010 (4.66)(4.06)(6.66)(5.46)(2.83) 

I IO1 I _ - (14.65) - 
- I 

G’Y 

I1010 

I IO1 I 

Five, six-membered (Pm) 
chelates 

SlxWm), Five-membered (Glykhelates 

3.72 5.08 5.80 3.51 3.24 4.66 6.00 a.78 4.71 4.00 

- (4.43)(6.04)(3.82)(1.96) - (4.43)(6.04)(3.82)(1.96) 

4.42 4.91 a.17 - - 13.101 l3.62*17.5: - - 

Imd 

IO1 I I 

01 I IO 

Monodentate Iigand(Imd), Slx(Pm), monodentate (Imd) complexes 

six-membered chelates 

3.62 3.78 3.83 - 4.27 13.92 14.78 17.03 - 14.98 

Monodentate Iigand (Imd), five-membered (Gly) chelates 

3.24 3.30 4.03 2.70 3.41 

( I Correspond to the equi I ibria: M LHn + LHm = M L2Hnem 

l Correspond to the equl I ibria: ML + Pn+i z M Pm LH 

The stability enhancement of imidazole ligation in 
ternary complex formation may be revealed when the 
values of log K”‘, Table 6, are compared with the 1: 1 
binary species, Table 2(c). The presence of Gly or Pm H 
usually enhance the nucleophilic attack of Imd to metal 
ions. Although, PmH has slight higher electron releasing 
power than Gly, yet Imd seems to prefer ligation to the 
mono-binary species containing PmH rather than that 
containing Gly. This finding may indicate that interaction 
between Pm and Imd is less than that between Gly and 
Imd. 

common, 1:1:1:1:3, 1:1:1:2:1:1 and 1:1:2:1:2 spe- 
cies. The persistence of the latter two species 
emphasize the preference of hexa- and penta-coor- 
dinated structure among these metal ions complexes. The 
chelation of the metal ions with Pm and Gly facilitate 
their ligation with imidazole. This may be verified by 
comparing the formation constants of the following 

T,= f~,~‘2 Tcu= 3.2 x 10-3M 

MINIQUAD distribution diagrams for Cu(I1) ternary 
systems, as representative example, are shown in Fig. 
l(a-c). The figures compare the complex distributions of 
Cu(II) with Pm-Gly, Pm-Imd and Gly-Imd systems. It 
should be borne in mind that these distribution curves 
are dependent on the initial concentrations of the reac- 
tants. In selecting these diagrams for representation, we 
have made the choice for those showing the distribution 
of the greatest number of the species mentioned in 
Table 3. 

(ii) Quaternary metal ion complexes 
Table 4 lists the formation constants of the quaternary 

complexes represented by eqn (1). It is clear from this 
table that most of the complexes are protonated in 
solutions of the same pH range used before in case of 
the binary and ternary systems. Again one may expect 
that the protons are preferably located on the Pm moiety 
specially in mono and di-protonated species. In the tripro- 
tonated species, Gly may also be protonated. This pro- 
tonation is an indication of a decrease in the positive 
character of metal ions as many ligands clustered around 
them. It may also indicate that ligands of multidentate 
nature may behave as mono-dentate is presence of other 
ligands. Table 4 also shows that there are no unique 
stoichiometry for various quaternary species among the 
metal ions studied. However, three species are present in 

3 4 5 6 7 8 9 D 0 

PN:Gly:Cu: Ii 

A2 I I2 

BI I I2 

Cl I I3 

0 I 2 I I 

El 2 12 

G 2 0 I 0 

PH 

(a) 
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60 r Tpm= ‘/2 T,md* 2 T,,= 2 x IO-’ 

PN:Imd:Cu: H 

Al 2 IO 

&I I1 I 
Cl 2 I I 

Fii. 1. MIN~QUAD compute ~s~ution of complex species with pH of Cu(II) ternary systems. (a) Pm-Gly- 
Cu(lJJ system. @) Pm-Imd-C@) system. (4 G~y-~md~u~ system. 

equilibrium reactions; that for OS: 1: 1: Qspecies by approximately one log 
unit. Moreover, the log KY values for 1: I : I : I : 1 species 
invoiv~ Co(H) and Ni(II) are 4.21 and 3.91 which are 
stiIl greater than that of the rnon~~rn~y species of Imd 
by more than one log unit. The nucieop~c attack of 
Imd seems not to depend primarily on the d~~shed 
positive character of the central metal ions but also on 
the electron density of other ligands in the complex. 
Furthermore, the log K"' values’are still greater than that 
corresponding to the b&binary species of Imd by more 
than one log unit, e.g. the 1ogK for 1:1:2:1:1 of the 
Co(H) and Cu(H) systems are 6.99 and 7.47, respective1.y. 

M Pm Gly H, t 2 Imd 4 M Pm Gly ImdzH, ; 

Km = ~H*~~~* 
VW 

(where &QH, and &QR, are the formation constants of 
the quatemary ovomplex species 1:I:l:t:s and 
I : I: 2: 1: s respectively) with those of the binary com- 
plexes of these metal ions with imidazole, Table 2(c)_ 
The Iog KV values for 1: I: 1: 1: 0 species of Co(H) and 
Cu(H) systems are 3.86 and 4.97 which are greater than 

There is a ~emendous number of ~~b~~ reactions 
involved in the formation of the 1: 1: 1: 1: s q~tern~ 
complex. It may be formed from the combination of 
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three different binary species or one binary and one 
ternary species or from two ternary species. It has been 
shown, Table 5 that mono-binary species are mainly in 
equilibrium with the ternary species, in most cases. One 
should expect that the most important species in the 
quaternary system are the mono-binary as well as the 
ternary species. The formation of the quaternary species 
may be examined if the following equilibria are con- 
sidered, 

ML + ML’L”H, = MLL’L’H, t M; 

K”” = B*QIislSIMLBIML’l_WS 
(5) 

ML’ t MLL”H, % MLL’L”H, t M; 

K “=I = ,%QHs/flIM,_, ,%MLL"HS 
(6) 

ML”H,t MLL'%MLL'L"H,tM; 

K== ~IQE&IML"H.~IMLL' 
(7) 

(L, L’ and L”H, stand for Gly, Imd and Pm, respec- 
tively). Due to the lack of the formation constants of the 
necessary species to calculate the log K*, log Kvnl and 
log K”‘, only the values for few species ma&be obtained. 
It has been found that the log K , log K” and log K= 
are 0.36, 1.18 and 0.74 for the 1: 1: 1: 1: 1 species of the 
Co(H) system. This finding indicates that quaternary 
complex formation is moderately enhanced with the 
equilibrium reaction six more than that of 5 and 7, 
confirming the great affinity of Imd to ternary complexes 
containing Gly and Pm. Ni(II) quaternary system 
behaves similarly but with lower values of the log K’s 
(-0.45, to.71 and tO.03, respectively). For the 
1: 1: 1: 1: 0 species of Cu(II) system, the values for the 
1ogK’s are -1.75, -0.55 and -1.36, respectively. The 
negative values show that quaternary complex formation 
is diminished but still equilibrium reaction 6 is the least 
which confirm the favorable tendency of Imd to attack 
the ternary species involving Gly and Pm. 

The formation of the 1: 1: 1: 1: s quaternary complex 
species may also arise from the combination of two 
different ternary complex species; 

MLL’t MLL'H,%MLL'L"H,tML; 

KX= PIQHJIML I ~IMLL$IMLL"H~ 
03) 

MLL’ t ML’L”H, %MLL’L”H, t ML’ 

Kxl= ~~IQH#IMC I /&MLL*/%ML'L-H~ 
(9) 

MLL"H,tML'L"H,=iMLL'L"H,tML"H, 

Kxn= BIQH,PIML"H,/PIMLL"H,BIML'L"HS. 
(10) 

It has been found that log KX, log Km and log Xx1* are 
0.99, 0.15 and 0.59 for the 1: 1: 1: 1: 1 species of Co0 
system. The same trend was obtained for Ni(II) system 
except the log values are less in magnitude than that in 
Co(H) system, i.e. 0.61, -0.65 and 0.13, respectively. 
These results showed that the equilibrium reaction (9) is 
not favored in comparison with the reactions (8) and (10) 
and they reflect the high stability of the monobinary 
species of Gly and Pm with respect to that of Imd. The 
log values for KX, Km and Kxl for 1: 1: 1: 1: 0 for Co(H) 
quatemary species are greater (0.26, 0.21 and 1.32, res- 
pectively) than that of Cu(II) system (-0.56, -1.76 and 
0.28, respectively). One may conclude that the formation 
of quatemary species from ternary species are more 

favored in Co(H) system than in that of Cu(II) system. 
The rationale is probably of structural origin. 

The stabilization enhancement of the formation of 
1: 1: 2: 1: s complex species may be analyzed in a way 
similar to that discussed for the 1: 1: 1: 1: s species. In 
such case lots of equilibrium reactions may be con- 
sidered. However, the most important reacting species 
are the mono-binary and ternary species. One may con- 
sider only the following equilibria; 

ML+ 2ML'tML"H,=MLL;L"H,t3M; 

K xu1= B*QH~ISIMLP$L'BIML"H~ (11) 

ML t ML&“H 3 % MLGL”H, t M; 

K xIv= ~~QI-I,I~IML&~L~~~H~ 
(12) 

2ML’t MLL"H,sMLGL"H,t2M: 

Kxv= ~~QH~~~~.IL~~MLLw~ 
(13) 

ML%, t MLL; = MLL;L”H, t M; 

K xv1= /~*QHJ~~IML"H~/~MLL~ (14) 

MLL’ t ML’L”H, %MLL:L”H, t M; 

K xv11= ~*QH~//~MLL'~MuIL'~H~ (19 

where &QH~ is the formation constants of the species 
1: 1:2: 1: s. Unfortunately, not all the formation con- 
stants in eqns (11)-(15) can be evaluated due to the lack 
of binary as well as ternary formation constants. The 
formation constants Kxl” and Kxv’ for the species 
1: 1:2: 1: 1 cannot be determined since we have not 
obtained the ternary species ML;L”H, and MU 
except in one Cu(II) system, Table 3(b). The log values 
for Kxv” for the same quaternary species are negative 
for the most metal ions (-0.20, -1.35, -1.53, -0.15 for 
Co(H), Ni(I1) Cu(II) and Cd(H), respectively). It may be 
noticeable that Ni(I1) and Cu(I1) exhibit the largest nega- 
tive values for the log Kxv”. This finding reflects the 
great stability of the ternary species of both Ni(II) and 
Cu(II) shown in the equilibrium reaction (15). The log 
values for Kxnl and Kxv for the species 1: 1:2: 1: 1 
follow the same trends for all metal ions (logKX”‘= 
0.60, -0.67, -1.71, 1.03, 2.13 and log Kxv = 0.83, -0.09, 
-2.05, 2.03, 2.92 for Co(H), Ni(II), Cu(II), Zn(II) and 
Cd(H). The negative values for the log K’s are restricted 
to Ni(I1) and Cu(II). The forementioned results indicated 
that the formation of quaternary species 1: 1:2: 1: 1 
cannot arise from just the iteraction of mono-binary 
species among each other or the interaction of mono- 
binary species with ternary species or the interaction of 
ternary species with each other except in Co(H), Zn(I1) 
and Cd(I1). This may lead to the conclusion that struc- 
tural reasons are playing a role in such complex for- 
mation. Cu(II) and Ni(II) binary and ternary species are 
less apt to form the oactahedral structural quaternary 
species, easily allowed for other metal ions. 

It is worth to mention that the values of log K’s 
evaluated for the eqns (4)-(15) are not corrected statis- 
tically since the structures of the complexes and the 
magnitude of the thermodynamic trans-effect were un- 
known. However, under the assumption that these metal 
ions can have octahedral structures and that the ther- 
modynamic trans effect is negligible, there is a statistical 
correction of -log 6 (-0.78) for all log K’S The log 
values which are greater than -0.78 will imply 
enhancement of quaternary complex formation. 
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A representative complex distributions of the Cu(II) 
quaternary systems are shown in Fig. 2. It-is clear that 
binary complexes are unable to compete successfully 
with quatemary and ternary complexes at pH’s lower 
than 8.5 in both systems. In addition, quatemary com- 
plexes are more predominant than ternary complexes. 
The ternary complexes which were found to co-exist 
with quaternary complexes are mainly 1: 1: 0: 1: 2 species 
(Pm:Gly:Imd:M: sH) system. Due to the early pre- 
cipitation (at pH - 9) in the glycine quatemary systems, 
one cannot predict the type of complex species which 
may exist at pH’s higher than 9.0. 

CONCLUSION 

In the mammalian body, the variation in the ligand 
types and their concentrations exceed the various metal 
concentrations in such a way that a wide range of 
complexing species compete actively for different metal 
ions. In this work we have proved that not only binary 
and/or ternary complexes could be formed but quater- 
nary complexes may also be formed. Clearly, mixed- 
ligand formation has important biological implications 
due to the enhanced probability of bringing of different 
ligands together or of facilitating enzyme-substrates in- 
teraction through a metal ion link. This was found to be 
true in the ternary and quatemary systems studied in this 
work. Generally, the presence of Pm (specially the pro- 
tonated forms) in the vicinity of metal ions facilitate the 
further attack of other nucleophilic ligands which leads 
to the formation of the quaternary complex species. It 
also seems that the electrostatic interactions between 
different ligands are diminished as Pm becomes pro- 
tonated. These complexes are positively charged in most 
cases which effectively facilitate their transport in 
biological fluids. However, transfer of these complexes 
through cell membranes requires them to be neutral, a 
criterion not in their favor. This is only fulfilled in case 
of some of the ternary complexes of Pm-Gly system. 

It has been shown in this work that free metal ions 
cannot exist in a wide pH range (>6-9), and are mostly 
found in the form of mixture of ternary and quaternary 

complex species and hence they may be found as such in 
most mammalian biological fluids. However, at pH’s 
higher than 9 or less than 6, they may exist in the form of 
a mixture of binary, ternary and quaternary species and 
are probably found as free ions at pH’s lower than 4.0 
(specially in Cu(II) systems). 
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Abstract-Ten separated oligomeric methylsiloxanes, with cyclic and linear segments of different size, have been 
prepared and studied. The thermal decomposition of these compounds has been investigated in the temperature 
range from 4o(Moo”C. The pentasiloxy cycle proved to be more stable than the tetrasiloxy in the investigated 
compounds. Compounds containing the strained cyclotrisiloxy group have the lowest stability. On the basis of the 
pyrolysis product distributions, a general mechanism of dimethylsiloxane elimination and addition is proposed. 

INTRODUCTION 
The works dealing with the thermal decomposition of 
siloxanes were concentrated for long on siloxane 
polymers. Very important conclusions have been drawn 
concerning the decomposition of the polydimethylsilox- 
ane to cyclic oligomers under heat treatment.je3 In a 
previous paper’ we studied some cyclolinear methyl- 
siloxane polymers and reported how the thermal 
decomposition of the macromolecular chain is influenced 
by the branching points regularly built in. In order to get 
more information about the thermally induced processes 
in the siloxanes at the linear and branched molecular 
segments, we turned to the study of volatile oligomeric 
siloxane compounds. 

The investigated compounds are composed of two 
metylsilsesquioxy (CH,SiO,,) and six to twelve 
dimethylsiloxy [(CH,),SiO] groups arranged so that two 
cyclotrisiloxanyl, cyclotetrasiloxanyl, or cyclo- 
pentasiloxanyl rings are linked by a dimethylsiloxane 
chain. 

EXPERIMENTAL 
The following examples are given to illustrate the general 

procedures used in the synthesis of methylbicyc1osiloxanes.S” The 
physical constants of the compounds synthetized are given in 
Table 1. 

Bis@enfamethylcyclotrisiloxy) tetramelhyldisiloxane 
In a three-neck flask equipped with stirrer and thermometer 

1Ocm’ of dry benzene was placed. 16.Og (0.0958 mol) of 1,3- 
dihydroxytetramethyldisiloxane, 19.5 g (0.193 mol) of triethyl- 
amine in 100 cm3 dry benzene and 9.6 g (0.0638 mol) of methyl- 
trichlorosilane in 100 cm’ dry benzene were added dropwise over 
two hours at 5°C. The mixture was kept at 2&22”C for 6 hr. The 
triethylamine hydrochloride was filtered off, the solution was 
washed with water. then distilled at 13 mbar to yield 9.6 I (51.9%) 
of bis(pentamethylcyclotrisiloxy)tetramethyidi&oxane -ai 126 
122°C. Found: C, 29.25; H, 7.39; Si, 38.20; Calc. for C H Si 0 * I4 42 II 9. 

C, 29.03; H, 7.31; Si, 38.80%. 

*Author to whom correspondence should be addressed. 

I-(Heptamelhylcycloletrasiloxy) - 3 - (nonamethylcyclopentasil- 
oxy) - teframethyfdisiloxane 

In a three-necked flask equipped with stirrer and thermometer 
9.13 g (0.045 mol) of 1,3dichlorotetramethyldisiloxane in 50cm3 
of dry diethyl ether was placed. 11.19g (0.030 q ol) of hydroxy- 
nonamethylcyclopentasiloxane and 3.1 g (0.030 mol) of aniline in 
50 cm’ dry diethyl ether were added dropwise over 2 hr while the 
mixture was kept at 2&22”C. Two hours later an additional 8.94 g 
(0.030 mol) of hydroxyheptamethylcyclotetrasiloxane and 3.15 g 
(0.030 mol) of aniline in 50 cm3 dry diethyl ether were added. The 
mixture was stirred for several -hours -then the aniline hydro- 
chloride was filtered off. The distillation at 0.3 mbar Gelded 2.7 P 
of bis(heptamethylcyclotetrasiloxy)tetramethyldi.&xane (b.; 
105Q 3.6g of l-(heptamethylcyclotetrasiloxy) - 3 - 
(nonamethylcyclopentasiloxy)tetramethyldisiloxane (b.p. 115- 
116°C) and 2.0 g of bis(nonamethylcyclopentasiloxy) tetra- 
methyldisiloxane (b.p. 126-128aC). 

Hydroxyheptamethyfcyclopentasifoxane 
In a two-necked tlask equipped with stirrer and thermometer 

0.9g (0.05 mot) of water, 4.29g (0.046 mol) of aniline and 1 g 
acetone in 100 cm3 of diethyl ether were placed. 17.3 g (0.044 mol) 
of chlorononamethylcyclopentasiloxane in 10 cm3 of diethyl 
ether was added dropwise over 1 hr, while the temperature of the 
mixture was kept at 5-8’C. The mixture was stirred for 2 hr. the 
aniline hydrochloride was filtered off. The solution was washed 
with water, then distilled at 20 mbar to yield 12.8 g (78.0%) of 
hydroxyheptamethylcyclopentasiloxane. 

Chlorononamethylcyclopentasiloxane 
In a three-necked flask, equipped with stirrer and thermometer 

75 cm3 dry diethyl ether was placed, 30.0 g (0.0955 mol) of 1, 
7diiidroxyoctamethyltetrasiloxane and 18.1 P (0.194 mall of 
aniline in i50 cm’ oi dry diethyl ether and 19.17 g’(O.130 m&l) of 
trichloromethylsilane in 150 cm3 of dry diethyl ether were added 
dropwise simultaneously over 2hr while the temuerature was 
kept at 4-6”c. The reaction mixture was stirred for-8 hr then the 
aniline hydrochloride was filtered off. The mixture was distilled 
at 20 mbar to yield 20.9~ (56.2%) chlorononamethylcyclopen- 
tasiloxane (hp. 65dTC). 

Pyrolysis 
Pyrolysis experiments were performed at 4OWWPC in evacu- 

ated and sealed Pyrex glass tubes. The sample weight was 5 mg, 
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Table 1. Physical constants of the investigated separated methysiloxanes 

Molecular Relativi 

structure* 
molec- 
ular 
maes 

---- 

PIT-D2-T$ 
D' 

D :$T-T:$D 

{:T-~J-T:$ 

D:;:T-D,-T$;D 

8; T-D7-T;gx 

D$:T- aj-T:;:D 

D:;:T-D2-T$# 

g: T-D2-T$g 

~;;T-D3-T$-; 

D;D,;T-D6-T!:;:D 

--- 

579.2 

579.2 

65'3.4 

727.6 

801.6 

801.6 

801.6 115-116' 1.0193 

875.8 

949.9 

126-127' 1.01X 

150-154b 1.0103 

-024.1 138-142e 1.0133 

WD =(cII3)2SiO T = CH3Si01.5 

Eoiling Density 
point, 

OC ;;;:; 

a: 13 mbar; b: 1 mbar; 

e: 0.1 mbk. 

the volume of the tube was about 0.17 cm3. In fused silica tubes 
the same degradation products were found as in Pyrex glass, but 

(2) The stability increases with ring size, if compounds 

the decomposition was slightly slower. 
composed of 3, 4, and 5 siloxane membered rings (see 
the full lines in Fig. 1) are considered. 

Analysis of the pyrolysis products 
The analysis of the pyrolysates was performed on a Perkin- 

Elmer-900 gas chromatograph equipped with Flame Ionization 
Detector and electronic integator PE D-26. The peak area values 
were converted into molar amounts with response factors 
measured for cyclic and bicyclic methylsiloxane standards. 
Identification of the pyrolysis products was based on the reten- 
tion time coincidence with pure authentic materials on three gas 
chromatographic columns. The following columns were used: 

-3.5 m, 2 mm i.d. packed column; support: EO-lOOmesh 
Chromosorb G; phase: 5% OV-17; temperature program from 
4O-280°C at 6S“lmin. 

(3) The more siloxane groups separate the two rings 
the less stable is the compound (see the dashed lines in 
Fig. 1). 

-3 m, 2mm i.d. packed column: support: 80-100 mesh 
Chromosorb G; phase: 3% OF-l; temperature program: from 
40-220°C at 6.5”lmin. 

-20 m, 0.2 mm i.d. Fused silica capillary column, coated with 
OV-101 phase; temperature program: from 5&2OtPC at Q/min. 

The thermal decomposition of methylsiloxanes leads 
to a series of products, most of them identical for all 
samples. Figure 2 shows the pyrolysis product dis- 
tribution of 1,3-bis(pentamethylcyclotrisiloxy)tetra- 
methyldisiloxane at 500°C. The methylcyclosiloxane oli- 
gomers (maiidy D3 and D,) are the more important 
products. Their amount increases as the pyrolysis tem- 
perature is raised. The variation of the quantity of 
dimethylsiloxane in cyclic pyrolysis products with the 
molecular composition of the pyrolysed siloxane is 
shown in Fig. 3 for two different pyrolysis temperatures. 
There is a linear relationship between the molar amount 
of D units, forming cyclic pyrolysis products, and the D 
content of the pyrolysed molecule, at both temperatures 
examined. RESULTS AND DISCUSSION 

The thermal stability of the ten compounds has been 
compared on the basis of the amounts that remained 
unchanged after pyrolysis performed under similar con- 
ditions. These values, determined after pyrolysis at 
500°C for 20min, are given in Fig. 1. The following 
tendencies of the relation of thermal stabilities are 
observed in this Ggure: 

(1) The strained cyclotrisiloxy group containing com- 
pounds have the poorest stability among the isomeric 
bicycles (see T2Ds and T,D9 isomers). 

Index 
3f re- 
frsctio 

1.4059 

1.4026 

1.4062 

1.4038 

1.4058 

1.4058 

1.4062 

1.4065 

1.4053 

c: 0.3 mbar; r1.r 135 mbar 

The pyrolysis products range from T,D, to T2D,,+* 
when T2D. separated molecules are pyrolysed. The 
process taking place under pyrolysis may be described 
by the following general formulae: 

4sD-5wc 

TD, + Y[DI e TzDn+y (Y = 192) (2) 
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TD6 ‘207 T2Da rzD9 1240. TDll T20n 

Fig. 1. The amounts remained unchanged after pyrolysis at 500°C for 2Omin, characterking the relative thermal 
stabilities, plotted against molecular composition. Symbols: > = D, i.e. (CHskSiO >- = T, i.e. CH$iOr.~. 
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Fii. 2. Pyrolysis products of l,3-bis(pentametbylcyclotris~oxy)tetramethyhfis~oxane Cr,D,, structure in frame), 
separated on OV-101 capillary gas chromatographic column. Pyrolysis: SWC, 20min. For structural symbols 

see Fig. 1. 
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Fig. 3. The number of D units produced from 196 q olectdes of bicychc siloxane, forming cyclosiloxanes under 
pyrolysis at StXPC( t ) and SlWC(x) resp., plotted against the q olectdar composition of the pyrolysed compounds. 
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5-c 

TD z z = T,D,-, + [D] (z = 3,4, $6) (3) 

4m-6oo~c 

3[Dl x Dg (4) 

45Moo”c 

D,t[D] = D4 (5) 

Reactions (4) and (5) proposed by Davidson and 
Thompson,’ involving dimethylsilanone intermediate [D], 
explain the formation of cyclic oligomers. On the basis 
of the quantitative and structural analysis of the silox- 
anes occurring in the reactions (l)-(3), the following 
conclusions can be drawn: 

(1) The elimination of dimethylsilanone from the 
separated siloxanes-reaction (D-takes place equally from 
the linear separating segment and from the tetrasiloxy or 
pentasiloxy cycle. The reaction leads to new separated 
compounds containing two linked rings in which the size of 
the cyclic groups becomes gradually smaller and the 
separating chain gradually shorter. In Fig. 4. these proces- 
ses are illustrated in a scheme of decomposition of the 
siloxane given as an example in Pig. 2. 

D. ,D, .D, .D, 
, T-D-D-T 
D’ 

LD’D D T-D-T 
‘D’ 

.DP 

I 
,D-D 

\D-b 

\ 
,D-D 

D 
/D, 

T-T 
‘D-A 

%-. 
% 

D. 
, T-D-T 

,D. 
D 

,D, ~0. 

D’ 
,D 

c< 

T-T ,D 
‘D> ‘D 

,;/ 

?-T-T, 
D. 

D’ \D’D 

Fii. 4. Scheme of [D] elimination and addition reactions under 
pyrolysis of a TzDs bicyclic siloxane. 

(2) The backward reaction, the readdition of 
dimethylsilanone happens preferably to the cyclo- 
trisiloxy group. The same preference can be observed in 
the case of the addition of the dimethylsilanone to the 
original compound, resulting products of higher molecular 
mass than the parent molecule (reaction 2). Note that 
these reactions are important only in the lower pyrolysis 
temperature range. 

(3) The elimination and addition from and to the 
bicyclic products of lower molecular mass (T2D3_6, most 
of them can be of cumulated structure only) seem to 
reach an equilibrium soon (reaction 3). We have to point 
out that the relative amounts of the fused-ring bicyclic 
products are roughly the same for all kind of methyl- 
siloxanes examined at a given temperature. Two out of 
the four most important fused-ring bicyclic pyrolysis 
products contain a trisiloxane cycle known as a strained 
ring.* In this way the relative amounts do not reflect the 
relative thermal stabilities. The distribution of these 
products (see Fig. 2) may be interpreted as being 
produced by the equilibrium between elimination and 
addition reactions. 

The above discussion of the thermally induced reac- 
tions involves only the products formed in quantities 
larger than 0.5% of the pyrolysate. 

Smaller amounts of different tricycles (T.,D,) have 
been also found in the pyrolysates above 550°C. 
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Abstraet-The adduct formation which takes place when Eu(II1) chelates of trifluoroacetyl-d-camphor and 
heptathtorobutyryl-d-camphor bind substrates has been studied. Enhancement of Err(M) luminescence as a 
function of substrate concentration has been used to obtain information on the nature of the chelate/substrate 
adducts, and the stereochemistry of the complexes was studied by means of circularly polarized luminescence 
(CPL) spectroscopy. While no optical activity can be measured for,the free chelates, formation of the adduct 
complexes usually led to the observation of very strong chirality even though the substrates were themselves 
achiral. It was concluded that adduct formation causes the bulky camphorato ligands to interact and adopt a 
configuration of lowest energy. This process perturbs the diastereomer ratios and yields a partial resolution of these 
very labile complexes. 

INTRODUCTION 
The existence of stereoselectivity in transition metal 
complexes containing chiral p-diketone ligands has 
become well established, and studies of this effect pro- 
vide interesting information regarding interligand inter- 
actions in metal chelate systems. Most of these works 
have involved complexes in which the &diketone con- 
tains the camphorato moiety: 

The most commonly studied systems are those of (t)- 
hydroxymethylenecamphor (where R = H, and ab- 
breviated as HMC) and (t)-acetylcamphor (R = CH3, 
and abbreviated as ATC). A racemic mixture of a fris- 
octahedral complex would contain four diastereomers: 
A-cis and A-cis (the facial isomers), as well as A-truns 
and A-trans (the meridional isomers). 

Early work established that with kinetically inert 
Co0 complexes, if (t)-RR-HMC or (t)-RR-ATC was 
used to prepare the chelates then the A-rransdia- 
stereomer was present in the greatest excess.**’ It was 
subsequently shown through x-ray dilIraction studies 
that the absolute cot&ration of Cr(tATC), was indeed 
A-rron~.~ Later studies determined the relative abun- 
dances of the four diastereomers in the racemic pre- 
parations of Co(tATC)F, Cr(tATCh and 
Ru(tATC),,’ and found that while the A-isomer was 
present in the largest excess, considerable amounts of 
the A-isomer was also produced. One general conclusion 
associated with all the studies was that the existence of 

the two frans-isomers was greatly favored over the two 
cis-isomers. 

In our laboratory, we have been investigating the 
stereoselectivity associated with the lanthanide com- 
plexes of chiral pdiketones. Recently, it was demon- 
strated that the optical activity of labile Tb(tATC), was 
profoundly affected by the solvent the material was 
dissolved in.8 The lanthanide chelates differ from the 
transition metal analogues somewhat in that the lan- 
thanide complexes can expand their coordination number 
through adduct formation, and it was found that the steric 
nature of the substrate in’the Tb(tATC), adduct deter- 
mined the particular diastereomer which dominated enen 
though the substrates were not themseloes chiral8 This 
behavior is quite analagous to work carried out on labile 
V(tATC), complexes in which the A-trans/A-trans ratio 
(as determined by NMR methods) could be varied from 
0.31 to 0.97 depending on the nature of the solvent used. 

Eu(III) chelates of fluorinated camphorato /3-diketones 
have been used in the NMR determination of enan- 
tiomeric purity,‘O.” but no attention has been paid to the 
effects which stereoselectivity might have on such 
measurements. Such effects have been shown to exist; 
Eu(TFACh (TFAC = (t)-3-tritluoroacetylcamphor, and 
has R = CF,) shows no optical activity in noncoordinat- 
ing solvents, but shows extremely intense optical activity 
when dissolved in dimethyl sulphoxide solvent.” 
Similar results were reported for Eu(HFBC), (HFBC = 
(t)-3-heptafluorobutyrylcamphor, with R = C,F,), but 
the sign of the optical activity was found to be opposite 
to that of Eu(TFACh even though the absolute 
configuration of both ligands was the same.13 Synthesis 
of mixed-ligand Eu(II1) chelates subsequently showed 
that the stereoselectivity arose from the adduct for- 
mation with the substrate molecules.” 

In the current work, we present the results of studies 
involving the adduct formation of ‘Eu(TFACh and 
Eu(HFBC), with phosphate esters, sulphoxides and sul- 
phones. In many cases, adduct formation with these 
substrates leads to strong optical activity with this 
chirality clearly being a stereoselective effect. The opti- 
cal activity was measured via circularly polarized 
luminescence (CPL) spectroscopy rather than the more 
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conventional method of circular dichroism, since the f-f 
absorptions of the lanthanide complexes are too weak to 
permit CD work except at high concentrations. Recent 
correlations relating the absolute configuration of tri- 
gonal Eu(III) complexes with the signs of CD and CPL 
peaks permitted the prediction of which particular 
isomer predominated in the Eu(TPAC), and Eu(HPBC)~ 
adduct systems. 

EXPERIMENTAL 
Eu(TFAC), and Eu(HPBC)r were purchased from Aldrich, and 

dried for a prolonged period in a vacuum desiccator. Spec- 
trograde CHClr (dried over molecular sieves) was used as the 
solvent for all studies. Trimethyl phosphate, triethyl phosphate, 
tributyl ‘phosphate, dimethyl sulphoxide, di-n-butyl sulphoxide, 
diphenyl sulphoxide, diiethyl sulphone, di-n-butyl &phone and 
diphenyl sulphone were all obtained from Aldrich and used as 
received. 

Luminescence titrations were carried out for each of the 
EufiII) chelates with each of the substrates. Stock solutions of 
Eu(TFAC), and Eu(HFPC), were prepared to be 5 mM, and 
titrated with microlitre amounts of substrate solutions (whose 
concentrations ranged from 0.1 M to 0.5 M, depending on the 
desired ratio of substratelchelate) which were added to 3 ml of 
the Eu(III) solution in the fluorescence cuvette. The total 
luminescence (TL) and CPL soectra of the ‘Dn+‘F. (58omn). 
‘D,,+‘F, (595&n), and ‘DO+‘Fz (615nm) wai followed after 
each addition. Reproducibility in the Eu(II1) TL intensities was 
monitored by periodically recording the emission intensity of a 
piece of uranium glass. 

All luminescence measurements were obtained on a medium- 
resolution CPL spectrometer constructed in our laboratory, and 
whose basic operation has been described.r5 An excitation 
wavelength of -365 nm was used to excite the compounds 
(obtained by passing the output of a 200-W Hg-Xe arc lamp 
through a 0.1-m grating monochromator and suitable glass filters), 
with a bandpass of 16nm being used. As before, the emission 
was collected at 180” to the excitinn light (to eliminate anv 
possible linear polarization effects) aid passed through a con- 
centration solution of NaNOz to remove any unabsorbed exciting 
light. The emission was analyzed by a 0.5-m grating mono- 
chromator at I-nm bandpass, and detected by an EM1 9798B 
photomultiplier tube (S-20 response). No attempt was made to 
correct the spectra for system response since the wavelength 
regions scanned were quite narrow and any correction would be 
minor at best. The TL and CPL signals were recorded simul- 
taneously to insure that the ratio of these quantities would 
account for any instrumental fluctuations. 

RESULTS 
Irradiation of the Eu(II1) chelates in the near-UV 

region of the spectrum results in ethcient population of 
the excited ‘4 state, and to luminescence occurring in 
red spectral regions. Unlike most other Eu(II1) /3- 
diketone complexes, the luminescence of free 
Eu(FTAC)~ and Eu(HFBCb is exceedingly weak and 
dillicult to measure. However, on our equipment the TL 
is large enough to demonstrate that no CPL is present in 
the luminescence spectrum. This result is not surprising 
when one considers that in a racemic mixture of a highly 
labile chelate, all four diastereomers would be present 
and the CPL of these would approximately cancel. This 
has been shown for the analogous transition metal com- 
plexes, where the CD of the two cis-isomers is essen- 
tially equal in magnitude but opposite in sign to that of 
the two trans-isomers.’ While for the transition metal 
complexes, one finds an excess of the A-isomers (when 
starting with (+)-TFAC or (t)-HFBC) in the free 
chelates,s7 the larger ionic radius of the lanthanide ions 
apparently allows the three /Miketone ligands to co- 
exist without significant interaction. 

Mphoxides 

The addition of dimethyl sulphoxide to a CHCl, solu- 
tion of either Eu(TFAC)~ or Eu(HFBC), results in a 
modest increase in the TL intensity within the ‘Do+‘F, 
transitions of the Eu(III) ion. Such increases have been 
attributed in the past to protection of the metal ion from 
solvent quenching via formation of an insulating 
Shea&l6 and is a feature characteristic of adduct for- 
mation.‘7-20 In these earlier works,‘gJo we have outlined 
the basic methods whereby one may use these TL in- 
tensity enhancements to obtain the association constants 
for the 1:l and 1:2 adducts: 

Eu@K)s t S e Eu(DK)s(S) 

Eu@Kh(S) t S e Eu@K),(S),. 

In Fig. 1, the enhancement of Eu(TFAC), and 
Eu@IFBCb luminescence by diiethyl sulphoxide is 
shown for the initial portions of the titration. One may 
easily see that the luminescence intensity does not reach 
a limiting value even after the addition of 15 equivalents 
of substrate per mole of Eu(II1) chelate, although the 
amount of increase tapers off substantially. Continued 
addition of substrate results in further increases in TL 
intensity, although limiting values can be eventually 
reached. The titration curves up to 150 equivalents of 
substrate may be found in Fig. 2, and the final limiting 
intensity was obtained by dissolving an equivalent 
amounts of chelate in neat dimethyl sulphoxide solvent. 
The tendency of the titration curves not to reach a 
limiting value except at very high concentrations of 

I I I 

5 IO I 

EQUIVALENTS SUBSTRATE 

Fig. I. Luminescence titration of Eu(HFBCb (upper trace) and 
Eu(TFAC)~ (lower trace) with diiethyl sulphoxide. Only the 
initial portion of the titration is shown, and the emission in- 

tensities are given in arbitrary units. 
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Fii. 2. Full luminescence titration of Eu(HFBC)~ (upper) and 
Eu(TFAC)~ (lower with dimetbyl sulphoxide. The intensity scale 

is in arbitrary units. 

substrate prevented a calculation of the association con- 
stant in the usual manner.19”0 However, examination of 
Pi. 2 reveals that the initial portion of the curves 
provides evidence for the efficient formation of the I:1 
chelatelsubstrate complex. The remaining portion of the 
titration curve probably represents formation of the 1: 2 
adduct, as well as geometrical rearrangements of the 
/Miketone ligands in the manner as has been reported 
previously.” Application of Job’s method of continuous 
variations led to somewhat ambiguous results, but did 
indicate the existence of 1:l and higher stoichiometries. 
Dibutyl sulphoxide was found to yield much smaller 
degrees of TL enhancement with Eu(TFAC)~ and no 
enhancement with E~I(HFBC)~. No sharp increases in TL 
intensity was noted, and the Job’s plots only indicated 
the presence of 1:l complexes. In fact, it was found that 
addition of solid dibutyl sulphoxide in large quantities 
never led to peaking of the TL spectra. We conclude that 
the 1:l dibutyl sulphoxide adduct only forms partially, 
even at huge ratios of substrate to chelate. Such behavior 
is consistent with the existence of very weak com- 
plexation (and possibly no complexation in the case of 
Eu(HFBC)3). 

No data could be obtained when diphenyl sulphoxide 
was added to CHCl, solutions of either Eu(‘I’FAC)~ or 
Eu(HFBCb, as no TL enhancements could be measured 
at any concentration of this substrate. One may conclude 
that either this substrate does not enhance the lumines- 
cence intensity upon binding, or the degree of com- 
plexation is so small that no enhancement is seen. Given 
the bulkiness of the camphorato ligands, the latter 
possibility is quite likely. 

Accompanying the TL increases associated with the 
dimethyl sulphoxide adduct formation is the appearance 
of optical activity within the Eu(III) emission bands. 
However, this optical activity is not observed until a 

considerable amoung of substrate is added to the chelate 
solutions (at least 50 equivalents of dimethyl sulphoxide 
per mole of Et@) chelate is required). The CPL spectra 
obtained for the :Do+‘F, band system at high concen- 
trations of diiethyl sulphoxide are shown in Pi. 3 for 
Eu(TFAC), and Eu(HFBC),, while the spectra asso- 
ciated with the ‘D0+‘F2 transitions are found in Fig. 4. 
These spectra are essentially the same as we have 
presented earlier for Eu(TFAC)~‘~ and Eu(I-IFBC)~” in 
neat DMSO solvent. It is highly sign&ant to note that 
while both pdiketone ligands are derived from the same 
isomer of d-camphor, the chirality experienced by the 
Eu(III) ion is the opposite in these two cases. This 
observation immediately suggests that a stereoselective 
mechanism is responsible for the observed optical 
activity, and that opposite diastereomers have been 
selected in the two systems. 

The CPL data may be placed on a quantitative basis 
by computing the luminescence dissymmetry factor, a 
quantity which is related to the rotational strength?’ If 
the emitted intensities of left- and right-circularly 
polarized light are represented by I,_ and IR, respectively, 
then the TL intensity is defined as: 

I = l/2& + IR) 

and the CPL intensity is given by: 

AI=IL-IR. 

The luminescence dissymetry factor is defined as: 

g turn = AI/I 

and is analogous to the Kuhn dissymmetry factor used in 

HFBC 

CPL 

TFAC 

Ll I I I 

575 585 595 605 

WAVELENGTH (nm) 

Fii 3. Cuc~y polarized luminescence spectra obtained for 
the Eu(TFAC)#imethyl sulphoxide (lower trace) and 
Eu(HFBC)3hlimethyl sulphoxide (upper trace) adducts in CHC13 
solution. The spectra correspond to emission within the 5D0+7F, 
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Fig. 4. Ciicularly polarized luminescence spectra obtained 
within the ‘Do+‘Fz (Eu(III) transition for Eu(TFAC),/ 
dimethyl sulphoxide (lower trace) and Eu(HFBC)s/dimethyl 

sulphoxide (upper trace). 

circular dichroism spectroscopy. Values for the dis- 
symmetry factors have been collected in Table 1 for the 
Eu(TFAC), and Eu(HFBC)~ complexes with dimethyl 
sulphoxide, and these results are essentially the same as 
those we have previously presented for studies carried 
out on completely different equipment.‘2”3 

No CPL was found when complexing Eu(HFBQ with 
either dibutyl sulphoxide or diphenyl sulphoxide. Such 
observations are consistent with the earlier TL 
enhancement results. However, very weak optical acti- 
vity was found in the case of Eu(TFACh/dibutyl sul- 
phoxide. The CPL spectrum was identical to that 
obtained for Eu(TFACMdimethy1 sulphoxide, although 
the dissymmetry factors (as shown in Table 1) were 

significantly smaller in magnitude. All the data indicate 
that while dimethyl sulphoxide reacts fairly strongly with 
the chelates to form 1:l and 1:2 adducts, the other 
sulphoxides react only weakly or not at all. In addition, 
adduct formation with Eu(HFBC), is seen to be much 
weaker than with the adduct formation of Eu(TFACh in 
spite of the extra fluorination (and predicted increased 
Lewis acidity) associated with the HFBC chelate. 

Sulphones 
It has been established that sulphones are capable of 

bmding to Eu(II1) chelates composed of achira122 and 
choral” #Miietone ligands. We find that addition of 
dimethyl sulphone or dibutyl sulphone to a CHCl, solu- 
tion of Eu(TFAQ3 or Eu(HFBCh yields no more than a 
5% increase in TL intensity, and that the addition of 
diphenyl sulphone yields no TL enhancement that we 
can measure. These very low degrees of luminescence 
enhancement prevented the calculation of association 
constants for the sulphone adducts. It is quite clear that 
while these substrates are capable of bonding to the 
Eu(III) chelates,“‘22 the mode of attachment is such that 
the emission intensity of the Eu(III) ion is not enhanced. 
These observations would imply that the sulphones form 
poor shields which do not adequately protect the Eu(II1) 
ion from solvent quenching. Application of Job’s 
method of continuous variations to the sulphone adducts 
yielded poor quality results due to the low TL enhance- 
ments, but apparently only 1:l adducts form in the 
CHCl, solution for both the dimethyl and dibutyl sul- 
phone substrates. This khaviour is quite different from 
what was observed with the sulphoxide adducts; in that 
situation the diiethyl sulphoxide substrate could form 
1:l and I:2 adducts with Eu(TFAC)~ and Eu(HFBC)~, 
while dibutyl sulphoxide formed a 1:1 complex with 
Eu(TFAC)~ and no complex with Eu(HFBQ3. 

However, while the TL enhancement with the sul- 
phones is minor at best with dimethyl and dibutyl sul- 
phone, it was found that CPL spectra could be obtained 
in some cases. Unlike dimethyl sulphoxide (where strong 
CPL and TL signals were found), with dimethyl sul- 
phone no CPL was observed. On the other hand, CPL 
was obtained in the dibutyl sulphone adducts with both 
Eu(TFAC)~ and Eu(HFBQ (which is somewhat 
different from the analogous sulphoxide results). No 

Table 1. Luminescence dissymmetry factors for the Eu(TFAC)~ and Eu(HFBC)~ adducts with sulphoxides 

Adduct 

Eu(TFAC)3/DMSO 

5DD + 7F, 

-0.75 (a) 
-1.80 (b) 

5DD + 7F2 

ul.35 

+0.15 (a) 
tD.29 (b) 

-0.040 

- (a) 
-0.081 (b) 

+D.D074 

Notes: (1) 

(2) 

DMSO = dimethyl sulfoxide, and DBSO = dibutyl sulfoxide. 

Within the 5Do + 7F, band, two CPL peaks are noted: peak (a) 

is at 587 nm andpeak (b) is found at 596 nm. With the OBSO 

adduct, peak (a) could not be measured due to its extremely 

low intensity. 
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optical activity was noted with the diphenyl. &phone 
systems. Values for the luminescence dissymmetry fac- 
tors of the dibutyl sulphone adducts may be found in 
Table 2. The CPL spectra were essentially identical in 
lineshape to those shown in Figs. 3 and 4, and only 
differed in the observed magnitudes. 

Phosphate esters 
Addition of either trimethyl, triethyl or tributyl phos- 

phate to a CHCl, solution of Eu(TFACh or Eu(HFBC)s 
results in a sizable increase in TL intensity. We have 
used these TL increases previously to obtain association 
constants for the chelatelsubstrate adducts, and noted at 
that time that only 1:l complexes were produced.” Ad- 
dition of triphenyl phosphate resulted in very little TL 
enhancement, which we took to imply that adduct for- 
mation was quite weak with this substrate. Typically the 
TL intensity was observed to reach an apparent maxi- 
mum by the time two equivalents of phosphate ester 
substrate had been added per mole of Eu(II1) chelate, 
and approximately 75% of the limiting value was attained 
after the addition of one equivalent?’ The data obtained 
at this time indicated that only 1:l chelatelsubstrate 
complexes formed. 

During the course of the present studies, it was found 
that the titration curves presented earlier*’ were in- 
complete. While the data we had presented did indeed 
appear to level off, addition of large excesses of neat 
substrate led to further increases in TL intensity. These 
observations parallel those just made for the dimethyl 
sulphoxide titrations, and also indicate that 1:2 
chelatelsubstrate complexes form as well as the 1:l 
complexes. However, it was found that the limiting TL 
intensity could only be reached in the neat solvent, 
indicating that the possible formation of the 1: 2 complex 
is only a weak process. This observation regarding the 
titration curves indicated that formation constants cal- 
culated from such results would be of dubious value. As 
a result, they have not been obtained from the spec- 
troscopic results. 

Accompanying this rise in TL intensity was the ap- 
pearance of CPL within the Eu(II1) emission bands. The 
CPL lineshapes were absolutely identical to those al- 
ready shown for the sulphoxide and sulphone adducts 
(which we have shown in Figs. 3 and 4). However, no 
CPL is observed until a considerable excess of substrate 
has been added, and the CPL does not reach a limiting 
intensity unless the chelate is dissolved in neat solvent. 
Values for the luminescence dissymmetry factors asso- 

ciated with all Eu(III) emission bands of the chelates 
dissolved in neat solvents may be found in Table 3. 

One very striking difIerence between the sulphoxide 
and phosphate ester results is ‘that with the latter sub- 
stratei the sign of the CPL for the Eu(TFAt& and 
Eu(HFBC)~ chelates is the same in every case (opposite 
signs were found with sulphoxide and sulphone adducts). 
These trends indicate that with the phosphate esters, the 
nature of the stereoselectivity is such that the steric 
nature of the ligand sidechain does not play an important 
role in determining the predominant diastereomer (as it 
does with the sulphoxide substrates). 

DBXUSSION 
The data presented in the earlier sections clearly show 

that the nature of the bonding existing between the 
Eu(III) chelates and the substrates used in the present 
work appears to be different in every case. Given the 
general bonding trends of lanthanide @hiketone com- 
plexes, it is quite likely that the substrate bonds directly 
to the metal ion via a terminal oxygen. All substrates 
form a 1:1 adduct: 

Eu(DK)s + S s Eu(DK)&S) 

while 1:2 adducts form when the substrate (S) is 
dimethyl sulfoxide or a phosphate ester: 

Eu(DK),(S) t S e Eu@K),(S),. 

This behaviour is possible since it is also well known 
that lanthanide ions are capable of expanding their coor- 
dination number beyond six. 

In a previous work, it had been found that in the 
titration curves of Eu(TFAC% and Eu(HFBC)~ with 
simple amines, 1: 2 complexes formed with the substrate 
modecules being added in a cooperative manner.19 It has 
been shown that if K, = 4 Kz, then the two substrate 
molecules bind with equal e5ciency.*’ Non-equivalent 
bonding of substrates has been noted for the Eu(FOD), 
(FOD = 6,6,7,7,8,8,8 - heptatluoro - 2,2 - dimethyloctane - 
3,5 - dione) adducts of diiethyl sulphoxide,” although 
the cooperativity demonstrated here was opposite to that 
iIIustrated earlier.” The existence of positive and nega- 
tive cooperativities in substrate bonding provides evi- 
dence that rearrangement of the fidiketone ligands ac- 
companies the adduct formation. 

Prior to the adduct formation, the Eu(TFACh and 
Eu(HFBCb chelates undergo rapid diastereomer 

Table 2. Luminescence dissymmetry factors for the adducts formed between dibutyl sulphone and Eu(‘I’FAC)~ and 
Eu(HFBC)J 

5D0 -. 7F, 5D0 + 7F2 

-0.61 (a 
-1.46 (b 

Kl.089 

Eu(HFBC)~ -0.011 

Note: The two peaks within the 5Do + 7F, band system are located at 

(a) 587 nm and (b) 596 nm. 
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Table 3. Luminescence dissymmetry factors for the Eu(TFAC), and Eu(HFBCh adducts with phosphate esters 

Adduct 5D,, + 7F, .5D, + 7F2 

Eu(TFAC)3/TMP a.040 

Eu(HFBC)3/TMP -0.062 (a) 
-0.15 (b) 

to.011 

Eu(TFAC)3/TEP to.051 

Eu(HFBC)3/TEP to.013 

-0.056 a) 
I -0.11 b) 

K1.026 

-0.041 a) 
I -0.093 b) 

to.015 

Notes: (1) TMP = trimethyl phosphate, TEP = triethyl phosphate, and 

TBP = tributyl phosphate. 

(2) Within the 5Do -f 'F, band, two CPL peaks are noted: peak 

(a) is found at 587 nm and peak (b) is found at 596 nm. 

interconversion, and the lack of observable 
CPL in noncoordinating solvents indicates an ap- 
proximately equal ratio of A (cis and trans) and A (cis 
and frans) isomers. The cooperative nature of the sub- 
strate binding is undoubtedly related to the geometrical 
rearrangements required to fit these substrates in the 
inner coordination sphere of the Eu(III) ion, and these 
rearrangements are seen to be critically dependent on the 
nature (both chemical and steric) of the substrate donor 
atoms. The acidity of the chelate and basicity of the 
substrate must also play an important role in the adduct 
formation process. It is clear, however, that any pertur- 
bation of the h/A isomer ratio will yield optical activity 
in the complex mixture, as such a process may be viewed 
as a partial resolution of the very labile metal complexes. 
The observation that addition of an achiral substrate to a 
solution of either Eu(TFAC& or Eu(HFBCh often leads 
to the observation of optical activity indicates that the 
aforementioned ligand rearrangement can be accom- 
panied by stereoselectivity. It is equally clear that the 
signs of the optical activities within the CPL bands 
contain information regarding the absolute configuration 
of the Eu(II1) ion, but the source of the chirality 
experienced by the metal must first be established. 
It is well established that a metal ion interacts with 
a dissymmetric environment through three major 
mechanisms: (a) the vicinal effect (chirality induced at 
the metal by the simple presence of an asymmetric atom 
on the &and), (b) the conformational effect (additional 
chirality arising when the asymmetric atom is part of a 
chelate ring), and (c) the configurational effect (chirality 
due to an asymmetric disposition of chelate rings about 
the metaQz5 

For the Eu(II1) @-diketone complexes studied here, 
only the vicinal and configurational effects can contribute 

to the Eu(III) ion chirality, as the chelate ring is quite 
planar and does not contain an asymmetric atom. We 
have examined the nature of the vicinal effect in detail 
for (Eu(III) complexes containing camphorato ligands by 
synthesizing and studying chelates whose general for- 
mulae are Eu(DKh(CDK) and Eu(DK)(CDK)* (where 
DK= any achiral B-diietone and CDK= chiral /?- 
diketone derived from d-camphor).” In this earlier work, 
it was shown that optical activity arising from the vicinal 
effect was at least two orders of magnitude ‘smaller than 
the effects found in the present work with dimethyl 
sulphoxide and phosphate ester substrates. It therefore 
appears quite safe to conclude that the chirality 
experienced by the Eu(II1) ion (and manifested through 
the CPL spectra) in the adduct complexes is contigura- 
tional in nature. We believe that the adduct formation 
causes crowding of the bulky camphorato lids, and 
these adopt the conliguration which minimizes these 
interactions. Since the lids are themselves chiral, the 
isomer which forms in largest excess must be chiral and 
thus the adduct formation is accompanied by a spon- 
taneous resolution of the very labile chelate. 

The mirror images of dissymmetric six-coordinate tri- 
gonal metal complexes are denoted A and A.*’ This 
nomenclature is not really applicable to the Eu(II1) 
chelate adducts as these certainly are not trigonal, and do 
not even possess axial symmetry.26 Nevertheless, it is 
possible to speak of the free Eu(III) Bdiketone com- 
plexes as being six-coordinate and trigonal, and we sug- 
gest that the A and A labels might be used to identify and 
approximate stereochemistry for the adduct complexes. 

Complicating the picture is the fact that no correlation 
has yet been made between the absolute configuration of 
a chiral Eu(II1) fidiketone complex and its chiroptical 
spectra. However, such a correlation has been made for 
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Eu(oxydiacetate), (which happens to crystallize in an 
optically active space group), and it has been determined 
that the circular dichroism associated with the ‘Fo+‘DI 
Eu(III) absorption2738 and the circularly polarized 
luminescence of the 5Do+7F, Eu(III) emissio? is 
negative in sign if the absolute configuration of the 
Eu(II1) ion is A. We have used this information to 
correlate observed chirality With Eu(II1) and Tb(III) ab- 
solute configurations in a variety of solution-phase stu- 
dies where the optical activity was induced in a trigonal 
complex through outer-sphere association (Pfeiffer 
effects).gG32 

That the optical activity associated with the Eu(III) 
Bdiketone chelate adducts of the present study may be 
approximately described by the A and A nomenclature 
comes from examination of the CPL spectra. The CPL 
spectra of partially resolved Eu(DPA)~~- (DPA =pyrid- 
ine - 2,6 - dicarboxylate) are very distinctive and 
different from CPL spectra taken in a variety of studies 
we have made where conformational effects dominate. 
Since with Eu(DPA),‘- we have shown that inner-sphere 
complexation is negligible,)’ we believe that the CPL 
spectra shown in Figs. 3 and 4 are indicative of trigonal, 
con&rational optical activity (the magnitudes of the 
dissymmetry factors further support this assignment). 
Since the CPL spectra of the Eu(II1) chelate adducts are 
absolutely identical in lineshape and of approximately 
the same order of magnitude as the earlier work, we 
conclude that the presence of negative CPL in the 5Do+ 
‘FI luminescence band indicates that the diastereomer 
present in largest excess is that of the A-configuration. 

For transition metal complexes of camphorato B- 
diketones, it has been generally found that if one begins 
with R,R-ligand then the A-isomer of the metal complex 
is formed to the greatest extent. The degree of 
stereoselectivity is solvent dependent for labile com- 
plexes; the A/A ratio runs from 3.2 to 1.03 for 
V(+ATC),? In most of the Eu(III) complexes, the 
opposite situation is found to hold: if the chelates are 
prepared from R,R-TFAC or R,R-HFBC then the A- 
isomer is present in the largest amount. Only for the 
sulphone and sulphoxide adducts of Eu(HFBC), does the 

A-isomer form to the greatest extent. One also notes that 
the entire series of phosphate esters all stabilize the 
A-isomers, while diiethyl sulphoxide and dibutyl sul- 
phone lead to the predominance of different isomers in 
the case of Eu(TFAC), and Eu(HFBC),. 

It had been noted earlier that the 5% nm component of 
the ‘D,+‘F, Eu(III) transition of Eu(TFAC)~ dissolved 
in neat dimethyl sulphoxide was totally circularly 
polarized.” We have now proposed that the A-isomers of 
this chelate give rise to this optical activity, and this 
information enables a calculation of the diastereomer 
abundance for this chelate. Since this band cannot con- 
tain any further optical activity, one may assume that 
complete conversion of the initial racemic mixture into 
the A-isomer is achieved in neat DMSO. All other 
solvents yield an excess of this A-isomer, but the obser- 
ved dissymmetry factors are much lower in magnitude. 
This may be interpreted to imply that the complex is only 
partially resolved, and that the degree of resolution may 
be calculated from the g,, factors listed in Tables 1-3. 
We have presented these values in Table 4, and it may be 
noted that increasing the steric nature of the substrate 
invariably results in a lower A/A ratio. No such cal- 
culations were calculated for Eu(HFBC),, as the limiting 
dissymmetry factors for this band is not yet established. 

It has been noted that the plots of induced differential 
shifts, AAS, (obtained during the course of nmr experi- 
ments) ought to increase to a maximum as one titrates a 
substrate with a Eu(III) shift reagent. However, this 
situation is not usually observed.” It has been suggested 
that dilfering magnetic environments”” or varying stoi- 
chiometries” produced during the experiment can ac- 
count for these effects. The present study confirms that 
both effects may be important, as we have shown that 
the stoichiometry can vary with chelatelsubstrate ratios 
and that the existence of ligand rearrangements indicates 
varying magnetic environments. It has proven diicult in 
the past to obtain absolute configurations of unknown 
materials by nmr methods, as the proton resonances to 
not always appear to shift in a rational manner. The work 
presented in this latest investigation has provided an 
insight into this behaviour; if the adduct formation’ is 

Table 4. Diastereomeric abundances obtained for Eu(JFAC), as a function of solvent 

Substrate 
Mole Fraction 

A-Isomer A-Isomer A /A Ratio 

Dimethyl sulfoxide 0.95 0.05 19.0 

Dibutyl sulfoxide 0.52 0.48 1.08 

Dibutyl sulfone 0.87 0.13 6.41 

Trimethyl phosphate 0.65 0.35 1.86 

Triethyl phosphate 0.62 0.38 1.63 

Tributyl phosphate 0.53 0.47 1.13 

Chloroform 0.50 0.50 1.00 

Note: The results were obtained using the 596 rm component of the 5Do -t 7F, 

Eu(II1) emission band. 
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accompanied by ligand rearrangements (which are in turn 
dictated by steric requirements), the chirality of the 
resulting predominant diastereomer does not necessarily 
have to correlate with the absolute configuration of any 
asymmetric atom. Further studies are under way to 
clarify the nature of these processes. 
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Abstract-The copper(I) complexes [Cu(btz),](BPh], (I) and [Cu,(bt),,][C10,]2 (II) have been prepared (btz = 2,2’-bi- 
4,5_dihydrothiazine and bt = 2,2’-bi-2-thiazoline). Crystals of 0 are orthorhombic with a = 10.927(8), b = 11.743(8), 
c = 15.000(6) A, Z = 2, spacegroup P2,2,2. Crystals of (II) are monoclinic with a = 21.928(1 I), b = ll.925(8), 
c = 14.716(11) A, /3 = 103.6(l), Z = 8, spacegroup C2/c. 2121 and 2204 independent reflections have been measured 
on a diffractometer and the structures refined to R 0.061 and 0.063 respectively. In the cation of (I) the two btz 
ligands are coordinated via the adi-imine groups (Cu-N 2.010(6), 2.024(6) A). The resulting CuN4 coordination 
geometry is a Battened tetrahedron with a dihedral angle of 68.9’ between the two “CuNi’ planes. It is suggested 
that this distortion is an intrinsic property of the molecule associated with metal-to-ligand d,,-p,* charge transfer 
rather than a consequence of lattice packing effects. In the dimeric cation (II), each copper(I) ion is bonded to the 
a-di-imine group of one bt molecule (A) but with appreciably different Cu-N bond lengths (2.277(6), 1.999(5) A), to 
one nitrogen atom of a second ligand molecule (B) in the tmns configuration (Cu-N l.%](5) di) and to one sulphur 
atom (Cu-S 2.428(2)& of a third ligand molecule (C). The coordination geometry is a very distorted tetrahedron if 
a very weak interaction (Cu.. . S 3.039(2) A) with a sulphur atom of ligand B is discounted. It is suggested that the 
different structures arise from the different “bites” of the two ligands. 

INTRODUCTION 

It is generally assumed that in the absence of ligand 
constraints the preferred geometry of four-coordinate 
copper(I) is regular tetrahedral.’ 

For the copper(I1) on the other hand, which prefers 
higher coordination numbers, configurations based on the 
square plane, i.e. the square pyramid and the tetragonally 
elongated octahedron, are particularly common.’ Interest 
in copper coordination environments intermediate be- 
tween tetrahedral and “square” has been stimulated 
recently by the discovery of distorted tetrahedral active 
sites in the “blue” copper proteins plastocyanin3 and 
azurin4 and in the recognition of the dependence of 
copper(I)/copper(II) redox potentials’ and, possibly also, 
rates of electron transfer6 on the degree of such dis- 
tortion of the reduced and oxidised species from regular 
tetrahedral and square respectively. 

Copper(H) complexes containing the Cu(bp)* or 
Cu(phen), groupings do not adopt a square planar 
configuration because of interligand steric interactions 
between hydrogen atoms a to the nitrogens.’ Structural 
studies have shown that in such complexes the 
Cu(ligand)z moiety is tetrahedrally distorted or that the 
metal ion adopts an approximate trigonal bipyramidal 
configuration.8-” With copper(I) having a filled d-shell, 
on the other hand, there is no obvious steric or electronic 
reason why the two “CuN2” planes should be disposed 
at other than an angle of 90”, but this is not always 
observed. Recent structural studies’2-‘6 of several cop- 
per(1) complexes of substituted 2,2’-bipyridine and l,lO- 
phenanthroline ligands of the type [Cu(ligand)2]’ have 
revealed significant flattening of the “CuN4” coordina- 
tion sphere (see Discussion). 

In this paper we report the crystal and molecular 

*Authors to whom correspondence should be addressed. 

structures of the copper(I) complexes Ku(btz)2] (BPhJ 
(I) and [Cu,(bt),] (CI04)* (II) where btz and bt are 2,2’ - bi 
- 43 - dihydrothiazine and 2,2’ - bi - 2 - thiazoiine 
respectively. These ligands have obvious similarities to 

btz bt 

2,2’bipyridine but differ in that the a-di-amine group is 
not part of a conjugated system. Previous studies” on 
complexes with iron and other divalent first row 
transition metal ions have shown that both ligands 
chelate via the a-di-imine group. In this paper we show 
that this also is the case for [Cu(btz),]’ which also exhibits 
severe tetrahedral distortion. In (II) the structure is more 
complex involving both a-di-imine and sulphur coor- 
dination. 

RESULTS AND DISCUSSION 

Physical properfies of the complexes 
Both complexes (I) and (II) are diamagnetic. (I) is 

readily soluble in a range of organic solvents (acetoni- 
trile, dimethylformamide, acetone, 1Zdichloroethane) 
while (II) has much more limited solubility in the more 
polar solvents only. Both complexes are stable to air in 
the solid state but solutions slowly turn green on 
exposure to air. The IR spectra of both liiands show a 
strong v(C=N) absorption at 1614cm-’ in btz and 
at 1590 cm-’ in bt, and strong bands in the 800-1200 cm-’ 
region corresponding to skeletal vibrations of the 
heterocyclic rings.” A weak-to-medium intensity band at 
650-66Ocm- in both ligands may be due to the v(C-S) 
vibration. There are marked changes in the IR spectra on 
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coordination to copper(I). In (I), the strong band at 
1614 cm-’ has virtually disappeared being replaced by a 
medium intensity band at 1530cm-’ while the vibration 
at 660cm-’ tentatively assigned to r&S) is relatively 
unchanged, now occurring more weakly at 670cm-‘. 
These observations are fairly consistent with coordina- 
tion via the adi-imine group subsequently proved by the 
X-ray structure determination (see below). The large 
coordination shift (84 cm-‘) of u(C=N) to lower energies 
together with the alteration in intensity is indicative of 
strong coupling between vibration modes within the 
Cu(N=C-C=N) chelate ring?“” This could arise from 
metal d,-to-ligand p: back coordination. Similar effects 
have been observed in low-spin iron(U) complexes of 
crdi-imine ligands.‘72* Significantly in the copper(R) 
complex [Cufbtz),] (ClO& where little metal-to-&and 
charge transfer is expected, v(C=N) is shifted to lower 
frequencies only by 46 cm-’ and without appreciable loss 
in intensity. 

In the case of the bt complex (II), a more complex 
pattern is apparent in the MO-16OOcm-’ region of the 
IR spectrum. The single strong v(C=N) vibration occur- 
ring at 1590 cm-’ in the free ligand is replaced by three 
medium intensity bands at 1600,1572 and 1552 cm-‘. The 
652 cm-’ vibration in the free liiand is apparent also in 
the spectrum of the complex though with much reduced 
intensity and there are also a number of other weak 
bands in this region. While assignment of these bands to 
particular vibrations is difficult and beyond the scope of 
this paper there is the clear indication that the coor- 
dination mode of bt in (If) is different from that of btz in 
(I) as confirmed by the X-ray structure determinations. 

There are also notable differences in the electronic 
spectra of the two complexes. In the solid state (I) 
displays a strong broad absorption consisting of a max- 
imum at 20,2OOcm-’ with a pronounced shoulder at 
16,9OOcm-’ and another weaker one at co. 26,OOOcm-‘. 
The solid state spectrum of (II) consists of a broad 
unresolved absorption band centred at 25,2OOcm-’ (Fig. 

1). 
The different energies of the two (presumably) Cu(I) to 

ligand charge transfer systems reflect the ditferent coor- 
dination environments of the metal ion in the two com- 
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Fig. 1. The electronic absorption spectra of [Cu(btz)~] (BPhJ 0 
and [Cu&t),] (ClO& (II) in the solid state. 

plexes. The much lower energy of the charge transfer in 
0 may be taken as an indication of the good ?r-accepting 
capacity of the adi-imine group. Similar low energy 
metal-to-ligand d,,-p*, charge transfer has been noted” 
in the low spin iron(U) complex [Fe(btz)$‘. Good cor- 
respondence between the spectra of (I) obtained in the 
solid state and in 1Zdichloroethane solution was 
obtained an apparent extinction coefficient of 
1640 dm3mol-‘cm-’ being observed for the absorption 
maximum at 20,5OOcm-’ in this solvent. In more polar 
solvents such as dimethyl formamide and particularly 
acetonitrile marked deviations from Beer’s law were found 
indicating extensive dissociation in dilute solution. The 
effect of added btz ligand was to partially restore the 
spectrum. Complex (II) is insoluble in 1,2dichloroethane 
while in polar sulvents such as acetonitrile even more 
extensive dissociation occurred, preventing measurement 
of the spectrum of the complex in solution even in the 
presence of a large excess of free bt ligand. 

EXPERIMENTAL 
Preparation of the complexes: The ligands were synthesised 

according to the methods described by Tomafia and Page.” 
Purification was by extraction of the crude products with hexane 
followed by recrystallisation from carbon tetrachloride or 
acetone. Complexes were prepared by addition of [Cu(MeCN),] 
(Cl03 to an excess of the ligand in warm de-oxygenated 
acetonitrile under Ns. Orange crystals of [Cu&t),] (CIO& 
separated on cooling. Found C, 28.3, If, 3.1, N, 11.1%. [Cu2(bt)4] 
(CIO,), requires C, 28.4, H, 3.2; N, 11.0%. No perchlorate salt of 
[Cu(btz)$ could be isolated but the tetraphenylborate was 
obtained as dark brown cubes on addition of Na(BPb,) to the 
reaction mixture. Found C 61.3, H 5.7, N 7.2% [Cu(btz),] (BPb.,) 
requires C 61.2, H, 5.7; N, 7.1% 

STRUCTURE DETERMfNAllON 
Crystal data are given in Table 1. The two crystals 

were mounted in turn on a Stoe STADIZ diiractometer 
and data was collected via variable width w scan. Back- 
ground counts were 20 s and the scan rate of 0.033% 
was applied to a width of (1.5 + sin #an 6). Absorption 
and extinction corrections were not applied. 

Both structures were solved by the Patterson method 
and the positions of non-hydrogen atoms found from the 
Fourier syntheses. The hydrogen atoms were generated 
in trigonal or tetrahedral positions and an overall isotro- 
pic thermal parameter was refined. Structures were 
refined by full-matrix least squares with a weighting 
scheme w = ll(cr2(I)+0.003 F2). Final R values were 
0.061 and 0.063 respectively. Calculations were carried 
out using Shelx76’ at the University of Manchester 
Computing Centre. Atomic scattering factors and dis- 
persion corrections were taken from Ref. 20. Important 
dimensions are given in Table 2. Atomic parameters, 
some dimensions, thermal parameters and a list of struc- 
ture factors have been deposited with the editor as 
supplementary material; copies are available on request. 

Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

The structure of [(Cu(btz)3(BPhJ (I) 
This compound contains discrete [Cu(btz)$ cations 

and [BPLJ- anions. Both ions have crystallographic C2 
symmetry with the Cu and B atoms positioned on two fold 
axes. In the cation (Fig. 2) the copper atom is bonded to two 
btz ligands via Cu-N bonds (2.010(6), 2.024(6) A). The two 
“CuN;’ planes intersect at an angle of 68.9” so that the 
coordination geometry is a distorted (&Me&) tetra- 
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Table 1. Crystal Data and Refinement Details 

U (11) 

Formula [Cu(btz)J (RPt14) Fu7W14,?&12 

CUC~~M~~S~N~,B Cu*C*4~1325RK~C:208 

M 734.9 16114.7 

crysta: c:ass Or thorhcmbic MUlGC;iIliC 

Spacegroup P21212 c2/c 

Absences Bkt?,k=2n+: h+k,h+k=2n+l 

h0Q,h=2n+l h0;,1=2n+l 

a(A) 10.927(E) 21.928(?1) 

b(A) 11.743(0) 1?.925(8) 

c(A) lS.OQE(G) 14.716(11) 

P 
(deg) (90) 103.6(l) 

U(A3) 1924.7 37.39.9 

2 2 4 

F(BR0) 820 2064 

dm(g.cm -3) 1.33 1.78 

dc(g.cm-3) 1.35 1.01 

X(A) 0.7107 0.7107 

y (cm-5 8.73 10.09 

Crystal Size(mm3) 0.5*0.5'0.55 0.8*8.2*0.6 

Rotation Axis c b 

2*theta max 50 45 

No of data 3206 3225 

Criteria for 

two six-membered rings. Thus, the N( l)-C(6)-C(7tN(12) 
torsion angle is -13.9, i.e. slightly larger than the twist 
angles (4.4, 5.0 and 12.30) observed for the copper(I)- 
substituted bipyridine complexes referred to above.‘2V’3 

The only intraljlolecular contacts between non- 
hydrogen atoms of less than 3.5 li are N(1). . .N(l*) 
3.46, N(12) . . . N(12*) 3.34 A. There are no contacts be- 
tween cation and anion less than 3.5dj. The only inter- 
molecular contact of note is S(8) . . . S(8) (1 - x, -y, -z) 
of 3.28 A. 

It is difficult to identify the reason for the large devia- 
tion of the dihedral angle between the two “CuN2” 
planes in (I) from 90”. Intermolecular packing effects 
could, of course, account for small distortions but the 
deviation (21”) seems large for a purely packing effect. 
Moreover the observation of dihedral angles ranging 
from 68 to 85” in all the Cu(I)-a-di-imine structures so far 
solved seems to suggest that there may be an intrinsic 
electronic origin. The assignment of the intense visible 
absorption in (I) to a metal-to-&and charge transfer has 
been discussed above. Possibly there is some mixing of 
the excited state, formally a complex of Cu(I1) with a 
ligand radical anion with the ground state. Alternatively 
the flattening of the tetrahedral configuration may lead to 
an improved d,,-p*, overlap. 

The &u&ire of [Cu2(btM (CIO,), (II) 

data inclusion I > 2 6 (I) I > 3 c (I) 

No of data used 

The structure consists of discrete Clod- anions and 
dimeric [CU&.J]~’ cations. Each copper atom is bonded 
to two nitrogen atoms of one ligand molecule (A) (Cu-N 
2.277(6), 1.995(5) A). By comparison with the chelating 
adi-imine groul)s in (I) the first Cu-N bond is leng- 
thened by cu. 0.26.k. The metal atom is also strongly 
bonded to one nitro en NUB) of a second ligand mole- 
cule (B) at 1.%1(5) R . This ligand molecule is in the trans 
configuration and the sulphur atoms S(lOB) cis to N(lB) 
is 3.039(2) A distant from the metal (F’ 
atom is also strongly bonded (2.428(2) f 

. 3). The copper 
) to S(lOB*) of a 

in refinement 2121 2204 

No of parameters 225 244 

R 0.061 0.063 

"w 0.065 0.071 

hedron. As noted in the introduction several other cop- 
per(I) complexes, of a&mine ligands also show this kind 
of distortion. In (Cu(dmbp~)(BF~),‘* (Cu(tmbp)&C10~),‘3 
(Cu(dmp)J(ClOJ,” (Cu(dmbp)~)(N0~)‘5 and (Cu(dmpM 
(NOs).2H20,“j where dmbp = 6,6’ - dimethyl - 2,2’ - bipy- 
ridine, tmbp = 4,4’,6,6’ - tetramethyl - 2,2’ - bipyridine, 
tmp = 2,9 - dimethyl - 1,lO phenanthroline. the dihedral 
angles between the two planar bidentate ligands are 
respectively 80.9, 67.6, 81.8, 80 and 85.4”. In all these 
structures the Cu-N bond lengths fall within the range 
2.01-2.08 A. 

centrosymmetrically related “Cu(bt)” unit. The two 
nitrogen atoms of ligand A together with N(1) and S(10) 
of ligand B constitute an approximate square planar 
environment about the copper atom. Least squares olane 
calculations show that the metal atom is 0.49A out of 
plane in the direction of S(lOB*). If S(lOB) is considered 
to be coordinated to the metal (Cu. . . S 3.039 (2) di) then 
the coordination geometry is a distorted square pyramid 
with the angles involving the axial Cu-S (lOB*) bond being 
102.8(2), 102.6(2), 108.7(2) and 97.0(2)“. However it is prob- 
ably not realistic to consider the Cu.. . S contact as a 
conventional bond, particularly as the Cu-S (lOB)-C (9B) 
angle is K&1(3)“, so that the coordination geometry is 
better viewed as a very distorted tetrahedron the angles 
subtended at the metal by the four donor atoms N(lA), 
N(7A), N(lB) and S(lOB*) ranging from 78 to 145”. 

The five-membered rings of the bt ligands are nearly 
planar. Deviations from the plane are irregular in the four 
examples and we presume that there is no favoured 
conformation. 

In (I) five of the atoms of the six-membered heterocy- As in 0 the S(4)-C(5) and S(lO)-C(9) bonds are 
clic rings are planar within experimental error. However 
C(3) and C(l0) lie 0.66 and 0.70A from their respective 

somewhat shorter at 1.7520, 1.771(8) di, 1.747(7), 
1.752(6) A than S(4)-C(3), S(lO)-C(9) at 1.813(g), 1.809(g), 

planes. Bond distances within the rings are as expected, 1.792(1 l), 1.826(g) A. The N( lA)-C(SA)-C(6A)-N(7A) 
though it is noticeable that W-C(6) and S(8)-C(7) at torsion angle is 0.2 while that of N(lB)-C 5B)-C(6Bt 
1.747(6) and 1.738(6) are significantly shorter than S(S)- S( 10B) is 7.4”. The Cu . . . Cu distance is 3.65 !k . There are 
C(4) and S(S)-C(9) at 1.823(10), and 1.80900) A. There is no close contacts between the two halves of the dimer nor 
a small twist around the C(6)-C(7) bond connecting the are there any cation. . . anion interactions of note. There 
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Table 2. Molecular dimensions in the cations distances, A and angles, degrees 

METAL CODRDINATION SPHERE IN 'I_J 

cu - N(1) 2.010( '6, 

cu - N(12) 2.024( 6) 

N(1) - CU - N(12) 91.48(23) 

N(1) - CU - N(l*) 118.73(24) 

N(1) - CU - N(12.j 136.41(24) 

LIGAND DIMENSIONS 

S(5) - C(4) 1.823( 10) 

S(5) - C(6) 1.747( 7) 

S(8) - C(7) 1.738( 6) 

S(8) - C(9) 1.810( 10) 

N(1) - C(6) 1.275( 9) 

N(1) - C(2) 1.477( 10) 

N(12) - C(7) 1.285( 8) 

N(12) - cc111 1.472( 9) 

C(4) - C(3) 1.497( 16) 

C(6) - C(7) 1.528( 10) 

C(9) - C(10) 1.512( 13) 

cc111 - C(10) 1.537( 11) 

C(2) - CO) 1.518( 14) 

C(4) - S(5) - C(6) 

C(7) - S(8) - C(9) 

cu - N(1) - C(6) 

cu - N(1) - C(2) 

C(6) - N(1) - C(2) 

cu - N(12) - C(7) 

cu - N(12) - C(11) 

C(7) - N(12) - C(11) 

S(5) - C(4) - C(3) 

S(5) - C(6) - N(1) 

S(5) - C(6) - C(7) 

N(1) - C(6) - C(7) 

S(8) - C(7) - NO21 

S(8) - C(7) - C(6) 

N(12) - C(7) - C(6) 

S(8) - C(9) - C(10) 

N(12) - C(11) - C(10) 

C(9) - C(10) - cc111 

DHENSIONS IN 'I& 

METAL CO-ORDINATION SPHERE 

cut11 - N(M) 2.277( 

CU(1) - N(7A) 1.999( 

CU(1) - N(lB) 1.961( 

CU(l) - S(lOB**) 2.428( 

101.3( 4) 

100.9( 3) 

113.9( 4) 

123.9( 4) 

121.4( 6) 

112.8( 4) 

124.5( 4) 

121.5( 5) 

110.9( 6) 

130.0( 5) 

114.7( 4) 

115.1( 5) 

129.6( 5) 

115.1( 4) 

115.2( 5) 

lll.O( 6) 

115.0( 6) 

110.5( 6) 

6) 

5) 

5) 

2) 

N(lA) - CU(1) - N(7A) 78.36(22) N(7A) - C(8A) - C(9A) 

N(lA) - CU(1) - N(lB) 110.39(21) 

N(7A), - CU(l) - N(lB) 144.64(22) 

N(lA) - CU(1) - S(lOB.*) 102.82(22) 

N(lB) - CU(l) - S(lOB.*) 102.60(21) 

N(7A) - CU(1) - S(lOB*') 108.77(22) 

OTHER DIMENSIONS IN THE CATION 

N(lA) - C(2A) 

N(lA) - C(Y) 

C(2A) - :(3A) 

C(3A) - S(4A) 

S(4A) - C(Y) 

C(5A) - C(6A) 

C(6A) - N(7A) 

C(6A) - S(lOA) 

N(7A) - C(8A) 

C(8A) - C(9A) 

C(9A) - S(lOA) 

N(lB) - C(2B) 

N(lB) - C(5B) 

C(2B) - C(3B) 

C(3B) - S(4B) 

S(UB) - C(5B) 

C(5B) - C(6B) 

C(6B) - N(7B) 

C(6B) - S(lOB) 

N(7B) - C(8B) 

C(8B) - C(9B) 

C(9B) - S(lOB) 

CU(l) - N(lA) - 

ClJ(1) - N(lA) - 

C(2A) - N(lA) - 

N(lA) - C(2A) - 

C(2A) - C(3A) - 

C(3A) - S(4A) - 

N(lA) - C(Y) - 

N(lA) - Ct5A) - 

S(4A) - C(5A) - 

C(5A) - C(6A) - 

C(5A) - C(6A) - 

N(7A) - C(6A) - 

CU(l) - N(7A) - 

CU(1) - N(7A) - 

C(6A) - N(7A) - 

1.476( 9) 

1.264( 9) 

1.540( 12) 

1.792( 11) 

1.746( 7) 

1.477( 10) 

1.289( 8) 

1.738( 7) 

1.469( 8) 

1.541( 9) 

1.813( 8) 

1.473( 9) 

1.292( 8) 

1.526( 11) 

1.809( 9) 

1.752( 6) 

1.475( 9) 

1.260( 9) 

1.771( 6) 

1.472( 10) 

1.499( 10) 

1.826( 

C(2A) 

C(5A) 

C(5A) 

C(3A) 

S(4A) 

C(5A) 

S(4A1) 

C(6A) 

C(6A) 

N(7A) 

S(lOA) 

S(lOA) 

C(6A) 

C(8A) 

C(8A) 

7) 

140.3( 5) 

107.4( 4) 

112.3( 6) 

109.0( 7) 

107.9( 6) 

89.1( 3) 

119.9( 5) 

119.6( 6) 

120.4( 5) 

118.1( 6) 

122.9( 5) 

119.0( 5) 

116.4( 4) 

132.6( 4) 

110.9( 5) 

109.5( 5) 
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Table 2 (Contd) 

C(8A) - C(9A) - .s(lOA) lOU.8( 4.1 

C(6A) - S(lOA) - C(9A) 89.6( 3) 

CU(1) - N(W) - C(2B) 115.1( 4) 

CU(l) - N(lB) - C(5B) 132.6( 4) 

Cc281 - N(lB) - C(5B) 112.1( 5) 

NC181 - C(2B) - C(3B) 111.7( 6) 

C(2B) - C(3B) - S(4B) 107.0( 5) 

C(3B) - SC481 - C(5B) 90.7( 3) 

N(lB) - C(5B) - S(4B) 118.5( U) 

NC181 - C(5B) - C(6B) 124.5( 5) 

l ,** REFER TO SYWKTRY ELEMENTS I-X.1-Y,Z AND 
-X. l-Y.-Z RESPECTIVELY 

S(U) - C(5B) - C(6B) 117.1( 4) 

C(5B) - C(6B) - NC781 12O.U( 5) 

C(5B) - C(6B) - S(lOB) 120.3( 4) 

N(7B) - C(6B) - S(lOB) 119.3( 5) 

C(6B) - NC781 - C(8B) 111.5( 5) 

N(7B) - C(8B) - C(9B) 110.9( 5) 

C(8B) - C(9B) - S(lDB) 106.5( 4) 

C(6B) - S(lOB) - C(9B) 88.2( 3) 

CU(l@@)- S(lOB) - C(9B) 101.8( 3) 

CU(l.‘b S(lOB) - C(9B) 108.8( 3) 

Fig. 2. The sm~cture of (I), [Cu(btzM+. 
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arenocu... 0 contacts less that 3.75 A althou there are 
some 0 . . . S and 0 . . . C distances of ca 3.2 T . 

The widely different structures of the two complexes 
is unexpected. Earlier studies” have established that in 
iron(H) complexes of the type [Fe(ligand)J’+, both btz 
and bt coordinate via the ru-di-imine group. Copper(I) is 
known, of course, to have an affinity for sulphur but it is 
far from obvious why the two ligands should behave 
differently towards this metal ion. A possible answer 
may be found from the different sizes of the heterocyclic 
rings. The btz ligand chelates efficiently with the MN& 
ring approximately planar. The N.. . N separation is 
2.63 A and both atoms are strongly bonded subtending an 
angle of 81.5” at the metal. 

On the other hand, there are several indications that 
the N . . . N chelation of the bt ligand A in (II) is less 
stable. First the two bond lengths are unequal, the Cu(l)- 
N(lA) bond at 2.277(6)A being particularly long. Con- 
comitant with this is an Cu-N(l)-C(2) angle of 140.3(5)“. 
Even the Cu-N(7)-C(8) angle is 132.6(4)0 compared to 
similar angles of cc. 124” in (I). This may be a con- 
sequence of strain in the five-membered rings. An in- 
dication of this is the C-S-C angles which range from 
88.2 to 90.7”. (They are ca. 100 in btz in (I)). The CuN2Ct 
ring in (II) is still planar despite these distortions. The 
N . . . N separation in liiand A is 2.718, and the angle 
subtended at the metal is 78.3”. It would appear then that 
the a-di-imine group of (I) is better suited for chelation 
though it is not clear to what extent the Cu-N(lA) bond 
in (II) might be lengthened because of steric effects 
concomitant with the square planar arrangement of 
N(lA), N(7A), N(lB) and S(lOB) around the copper 
atom. 

Whatever the disadvantage in the “bite” of bt com- 
pared to btz the effect must be small enough not to 
influence critically the coordinating properties of the a-di- 
imine group towards iron(H) both ligands generating 
ligand fields strong enough to cause spin pairing.” It may 
be that in the case of copper(I) with its known affinity for 
sulphur there is a delicate balance between cu-di-imine 
chelation and sulphur coordination so that both coor- 
dination modes occur in the same molecule. 

The chelating capacity of bt in the trans contiguration, 
i.e. using one nitrogen and one sulphur atom, might well 
be expected to be inferior since the sulphur lone pairs 
will not lie in the same plane as the nitrogen lone pair, in 
the planar ligand molecule. Thus the copper atom prefers 
to bond strongly with the sulphur atom of another ligand 
molecule in an adjacent “Cu(b&” unit. The angles sub- 
tended at the sulphur S(lOB*) by the Cu and C atoms are 
88.2(3), 101.8(3), 108.8(3)“. 

There are no intramolecular contacts of note in the 
two structures. It therefore seems unlikely that packing 
effects could account for the diflerent coordination 
spheres in the two structures. 
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AMraet-The enthaipies of reaction of CF3S03H with a series of bases have been meastied calorimetrically in 
nitrobenzene. Conductivity studies have been carried out aad these have indicated the complexity of the acid-base 
uroducts in solution. The failure of attemnts to fit the enthalpy data to the Drag0 E and C equation reinforce the 
r- 

need for caution in its use. 

INTRODUCTION 
The E and C equation has been reported by Drag0 et ai.’ 
for the correlation of a very large number of neutral 
acids and bases which form un-ionized adducts. 

-AH = E*Es + C,C,. 

Non-polar solvents have been used in an attempt to 
reduce the possibilities of complex or ionic products, for 
example: 

nB(,,) + nHX~.,,,=(BHX),,,,,,=(BHX)~_-,,,,, + rnI-&LP 

The above system involves many energetic contributions 
leading to the net enthalpy, which is quite different from 
the gas phase enthalpy useful in Drago’s equation. 

Acid-base reactions which result in ionic products 
have often been studied in polar solvents. Drag0 has 
warned against the attempted use of these data and also 
the potential complexity of pK, and pKc data? Various 
studies have been carried out using a strong acid such as 
FSO,H as both solvent and acid?” The studies of the 
enthalpy of ionization of various acid-base adducts yield 
large variable solvation enthalpies and cannot be used in 
the E and C approach, and would not seem to have any 
understandable meaning. It seems possible that reactions 
in non-polar solvents could provide more meaningful 
results which might correlate with Drago’s equation. 

In order to test these ideas and the Drag0 equation, 
calorimetric measurements of the heats of reaction of 
trifluoromethylsulphonic acid with various bases were 
carried out. Tritluoromethylsulphonic acid has been 
shown by conductivity studies to be a stronger acid than 
perchloric acidP It reacts with a large number of bases to 
give 1: 1 acid-base adducts and seems likely to give ionic 
products, making it an ideal acid to test whether the 
Drag0 equation might be simply number fitting. 

Tritluoromethylsulphonic acid, besides being 
extremely hygroscopic, is not soluble in non-polar 
solvents such as cyclohexane or carbon tetrachloride. 
Thus nitrobenzene, a weakly basic solvent, was chosen, 
as this solvent has been used in previous studies’ and a 
solvent correction has ‘enabled the data to fit the Drag0 
equation. Drago8 has also shown that the G value ap- 
proach gives poor correlations especially with this 
solvent. 

RXPJERIMRNTAL 
All operations were carried out under dry nitrogen. 
Baker Analysed nitrobenzene was initially dried with phos- 

phorus pentoxide and then distilled at - 1 mm Hg. The middle 
fraction of the distillation, SO-Sl”, was collected and used within 
a few hours. Methyleae chloride was dried with phosphorus 
pentoxide and distilled immediately before use. Tritluoromethyl- 
sulphonic acid was distilled before use and stored in a sealed 
flask under dry nitrogen. The bases were dried as previously 
described.9 

The calorimeter uied was an all-glass type used in a previous 
study.” The calorimeter was evacuated and flushed with dry 
nitrogen before use. The solvent (generally 100 ml) was added to 
the nitrogen-6lled calorimeter via a syringe. Weighed amounts of 
the base were added to the acid solution using a calibrated 
Hamilton gas tight syringe which had been allowed to reach 
thermal equilibrium within the calorimeter. This method was 
found to give inconsistent results; more consistent results were 
obtained by the reverse addition of known amounts of acid to a 
solution containing excess base. The first addition of acid 
generally gave high results possibly due to a trace of water in the 
system. Subsequent additious of acid were found to give con- 
sistent results. In most cases the base concentration was about 
0.5 molar and the acid additions were not greater than 0.12 molar. 

In all systems the values of H’ (heat evolved per increment of 
acid added, corrected for the heat of solution of the acid in 
nitrobenzene) suggested that the. acid was a limiting reagent and 
that complete reaction had occurred (K B lo’). 

Conductivity studies were carried out in an all-glass, ore- 
viously evacuated, conductivity cell. An Industrial instrument 
Conductivity Bridge Model R1682 was used and the cell cali- 
brated with~potas&n chloride solutions. The problem of traces 
of moisture reluctantly caused us to use higher solution concen- 
trations than those considered ideal.” Concentrations of solu- 
tions of approximately 5 x 10m3 and I x lo-* molar were used. 

RJBuL.Ts 
The enthalpies of reaction of various bases with 

tritluoromethylsulphonic acid are shown in Table 1. The 
values are given in kcal mol-’ to conform with other data 
in the literature. 

DISCUSSION 
The calorimetric data reported in Table 1 will have a 

contribution from the displacement of the acid from the 
base nitrobenzene. 

AB’ + B”+ AB”+ B’. 

This contribution should have a constant value and so we 
should employ the modified eqnc9’ in the E and C fit. 

-AH+o=E,,E,+C,C,. 

Fitting seven enthalpies (from Table 1) with the known 
EB and Cg values gives more flexibility than for the 

275 
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Table 1. Enthaloies of reaction of various bases with CFlS03H 

Nitrobanzana solvent 

Base 

Ether 

Acetonitri ie 

Tatrahydrofuran 

Dlmethylsuiphidc 

Dlnathylsulphoxidc 

Tetrahydrothlophena 

tkxamcthyl phosphorami de 

Ibasured 
-AH (kcal mol-‘) 

8.95to.15 

3!1oto.10 

9.99iD.25 

5.37to.13 

23.46iO.30 

5.54iDZl5 

25.2OiO.30 

Methyienc chldride solvent 

Nitrobcnrcnc 3.99tD.10 

Ether 14.4320.20 

Dlnathylsulphoxide 25.79*0.30 

Thcconductivitystud!esln nltrobenzene areshown in Table 2. 

normal E and C equation. Even with this extra flexibility 
no reasonable fit of the data could be obtained. As 
examples the best fit value for o was - 25.2 kcal mol-‘, 
but when the enthalpy for tetrahydrofuran was cal- 
culated using the best fit Ea and C, values, a heat of 
13.2 kcal mol-’ was obtained, which compares very 

poorly with the measured value of 9.99 kcal mol-‘. 
Similarly, the calculated value for dimethylsulphoxide 
was 19.5 compared with the measured vahre of 23.46. 
These kinds of deviations are not acceptable and indicate 
that the E and C equation is not so heavily parameterized 
as to fit almost any batch of data. 

The reason for this failure may be seen in the conduc- 
tivity data. Several of the conductivities obtained are 
large enough to indicate predominantly ionic species in 
solution. The rather erratic nature of the results in some 
cases and the higher values in high base concentrations 
suggests a large degree of complexity of the species in 
solution. The problem of traces of water cannot be ruled 
out, but as every possible precaution was taken in this 
work to exclude moisture we think that water would 
have only a minimal effect on the data. 

The conductivity studies indicate that only the inter- 
actions of the acid with diethyl ether, acetonitrile and 
tetrahydrofuran may be considered to give essentially 
non-ionic products. Using these heats would give a 
meaningless fit to the extended E and C equation (- 
AH + w = E,,E, t C,C,). The adducts of the acid with 
hexamethylphosphoramide and triphenylphosphine seem 
to be completely ionic but the other adducts probably 
contain ionic and covalent species. 

In several other enthalpy studies, particularly those of 
Amett?” a strong acid, FSOSH, has been used as both 
acid and solvent. These studies have not been accom- 
panied by conductivity data and one would expect 
significant ionic contributions to the measured data. 
Fluorosulphonic acid as a solvent should be a better 
solvating medium than nitrobenzene and it is therefore 

Table 2. Conductivity studies in nitrobenzene of CF$O,H adducts 

Concentration Concentration 

of acid of base 

xi03 II x10’ n hm 

Acid only 5.66 2.04 

5.66 2.07 

11.3 2.02 

il.3 I.92 

Dlethylcther 
adduct 

13.6 2.15 

Acctonl tri le 

adduct 

Tetrahydrofuran 

adduct 

Diethyisulphide 

adduct 

II.3 1.20 2.09 

11.3 38.3 2.11 

11.3 12.3 2.08 

11.3 36.9 2.83 

il.3 7.4 5.45 

11.3 9.8 5.90 

11.3 17.3 6.44 

Dimethyisulphoxide 13.6 17.1 15.6 

adduct 13.6 24.0 15:9 

Tatrahydrothlophene 
rdduct 

il.3 17.0 7.95 

11.3 22.8 7.95 

llexanathylphorphoraml’de 5.66 5.7 6.3 

adduct 5.66 14.3 32.8 

11.3 IS.3 10.0 

11.3 20.0 25.6 

Triphenylphosphinc 5.66 13.0 25.7 

adduct 11.3 13.0 29.8 

13.6 12.6 20.4 
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expected that complete ionization for many, but not all, 
of the systems will occur. 

We recommend that all acid-base enthalpy studies with 
solvents and acids which might produce ionic products 
should include conductivity data, especially if the data 
are to be fitted into, or used to disprove, the Drag0 
equation. 
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Ahstraet~ynthesis, electronic absorption spectra, ‘)C NMR and photochemistry are reported for the complexes 
M(CO)4bpym (M = Cr or W) and (W(CO)&bpym. The electronic absorption spectra indicate, for these complexes, 
that the lowest lying metal-to-l&and (L) charge transfer (MLCT) excited state is lower in energy than the @and 
field (LF) excited states. The 13C NMR spectra showed that the chemical shifts of C(5) and C(6) for the M-bpym 
complexes move downfield with respect to that of the free @and, bpym, white C(4) moves upfield upon 
complexation. Small, wavelength-dependent quantum yields for loss of CO were obtained upon irradiation. These 
quantum yields were an order of magnitude larger for the Cr-bpym complex than for the W complexes 
(@ = 2.4 x lo-’ quantalmin for Cr-buym. 2.5 x IO-’ quanta/min for W-bpym and 1.1 x lo-’ quantalmin for W-bpym- 
W, Aim = 366 nm). 

_. 

INTRODUCTION 

Numerous photochemical studies have been performed 
for the low spin d6 octahedral complexes Ru(NH~)~L*+ ‘J 
Fe(CN)5L3-? and W(COhL4 (L = aromatic nitrogen 
heterocycle). Each of these complexes exhibit an intense 
metal-to-ligand (L) charge-transfer (MLCT) absorption 
band in the visible region of the spectrum which shifts to 
a lower energy as the electron withdrawing ability of L 
increases. Previous studies indicate that the photosub- 
stitution behaviour of these complexes is dependent 
upon the nature of the lowest lying excited state.‘-’ For 
complexes in which the lowest, triplet, ligand-field (3LF) 
excited state is lower in energy than the MLCT manifold 
initially populated, the predominant photosubstitution 
reaction which occurs upon irradiation is efficient dis- 
sociative loss of L owing to an increase in u* electron 
density. However, when the MLCT excited state is tuned 
to an energy lower than the ‘LF excited state by changing 
the substituents on L, a dramatic decrease in the pho- 
tosubstitution of L results. The same behaviour was 
observed for a series of W(CO)4L2 complexes.5 

Studies of complexes of the type M(C0)4L (M = Cr, 
MO, or W, and L = bidentate unsaturated nitrogen donor) 
have been reported previously.6.’ For each of these 
complexes the MLCT excited state is presumed to be 
lower in energy than the ‘LF excited state and no pho- 
tosubstitution of L occurs. However, photosubstitution 
of cis-CO does occur with small wavelength dependent 
quantum yields?’ 

Complexes of the type M(C0)4L, in which L = 2,2’- 
bipyrimidine (bpym), are of special interest to our group. 
By analogy to the complexes of this type previously 
studied and described above, this system should exhibit a 
visibly absorbing MLCT band and be photosubstitution- 
aRy stable with respect to loss of L. Also, for L = bpym, 
the possibility exists for bimetallic complex formation 
where bpym allows efficient communication between 
the two metal centers as shown for the systems 
[Ru(bpy&L4+(L = 2,2’-bpym or 4,4’-dimethyl-2,2’-bpym 

*Author to whom correspondence should be addressed. 

and bpy = 2,2’-bipyridine)8*9 and [Ru(NH3)&L4’(L = 
2,2’-bpym).” 

The stability of the bridge with respect to photosub- 
stitution, along with the efficient communication 
experienced between the metal centers, are desirable 
characteristics which should enable us to study energy 
transfer reactions of various mixed-metal bimetallic sys- 
tems. Upon absorption of visible light, one end of the 
system serves as the visibly absorbing fragment while 
the other end serves as the reactive fragment. In this 
report, the synthesis, electronic spectra, 13C NMR and 
photochemistry of the monometallic complexes 
M(CO).,bpym (M = Cr or W) and the bimetallic complex 
[W(CO)&bpym are presented. 

EXPERIMENTAL 
Materials. Analytical reagent grade compounds and solvents 

were used for all preparations described in this work. W(CO),, 
Cr(CO), and 2,2’-bipyrimidine (bpym) were obtained from Alfa. 
Solvents used for 13C NMR were spectra grade. Elemental 
analyses were performed by Atlantic Microlab, Atlanta. Georgia. 

Sjntheses. be complexes M(CO)dbpy (M = Cr or .W) were 
prepared by the method of Stiddard.” (Care was taken to shield 
i reaction mixtures from light.) 

Cr(CO)4bpym. A mixture- of 0.55 g (2.50 mmol) Cr(CO), and 
0.42 g (2.66 mmol) buvm in 25 ml toluene was heated at retlux for 
3 hr under nitrogen.-The dark brown crystals which formed upon 
cooling to room temperature were collected by filtration. The 
product was washed thoroughly with light petroleum ether and 
dried under vacuum. Yield 0.72g (89%). Anal. Calcd for 
Cr2H6CrN404: C, 44.74; H, 1.88; N, 17.39. Found: C, 43.51; H, 
2.14; N, 16.84. 

W(CO)4bpym. A mixture of 0.87 g (2.47 mmol) W(CO), and 
0.41 g (2.59 mmol) bpym in 40 ml xylene was heated at reflux for 
2 hr under nitrogen. The dark brown crystals which formed upon 
cooling to room temperature were collected by filtration. The 
product was washed and dried as above. Yield 0.93g (83%). 
Anal. Calcd for C1&N404W: C, 31.75; H, 1.33; N, 12.34. Found: 
C, 31.65: H, 1.25; N, 12.30. 

[ W(CO)4]lbpym. A mixture of 1.73 g (4.92 mmol) W(CO), and 
0.42 g (2.66 mmol) bpym in 50 ml xylene was heated at regux for 
4 hr under nitrogen. The dark green-black crystals which formed 
upon cooling to room temperature were collected by filtration. 
The product was washed with acetonitrile and petroleum ether 
and dried as above. Yield 1.84g (100%). Anal. Cafcd for 

279 



280 K. J. MOORE and J. D. PETERSEN 

C,&N,0sW2: C, 25.63; H, 0.81; N, 7.47. Found: C-26.73; H, 
0.99; N, 7.38. 

Spectroscopy. AU absorption spectra and absorbance 
measurements used for the quantum yield determinations were 
recorded on a Bausch % Lomb Spectronic 2000 spectropho- 
tometer. Proton-decoupled ‘rC NMR spectra were obtained on a 
JEOL FX-9OQ operating at 22SMHz using chloroform-d as a 
solvent and as an internal reference. Chemical shifts are reported 
versus external TMS using the following equation: 

s clt TMS = fiint cm, - 77.0 ppm. 

Photochemistry. Photosubstitution quantum yields. were 
determined using a continuous beam photolysis apparatus des- 
cribed elsewhere.’ The incident intensity, v, of the irradiation 
beam was determined by ferrioxalate” (&~436nm) or 
Reineckate’3 (&>436nm) actinometry. The values of v 
obtained for each wavelength used were approximately 3.2 X 
10” quanta/mitt (Ai, = 366 nm), 2.4 x 10” quanta/min (Ai, = 
405 run), 2.2 X 10” quanta/mm 1.7 X 
lOI* quanta/min (Ai, =546 nm). 

(Ai, = 436 nm), and 

All ohotoivses were carried out at 25°C in 2- or S-cm cyhndri- 
cal qu&‘ceils in acetonitrile solutions (= lo-’ M). The sclutions 
were thoroughly deoxygenated and transferred into the cells 
under nitrogen as previously described.” Disappearance quan- 
tum yields were calculated from absorbance changes in the 
electronic spectra as a function of irradiation time. All spec- 
troscopic measurements were corrected for thermal reactions. 
The photolysis products formed were identilied spectroscopic- 
ally. 

RIISULTS AND DISCUSSION 

Electronic spectra 
The visible and near-UV electronic absorption spectral 

data for the complexes M(CO)L (M = Cr or W; L = bpy 
or bpym) and [W(CO)&bpym are presented in Table 1. 
The spectra are shown in Pi. 1. Each complex exhibits 
an intense, low-energy, absorption maximum which is 
sensitive to the nature of L and also to the polarity of the 
solvent. For the monometallic complexes, as the electron 
withdrawing abiity of L increases and the molecular 
orbitals of L are stabilized going from bpy to bpym, this 
low energy absorption maximum shifts to a longer 
wavelength by approx. 40nm when CH,C& is the 
solvent. For the W-bpym-W bimetallic complex, this ab- 
sorption maximum is shifted to an even longer 
wavelength (225 nm for W-bpy in CH$S). This dramatic 
shit to a longer wavelength for the bimetallic complex 
not only indicates that the remote metal center increases 
the electron withdrawing abiity of bpym by acting as a 
Lewis acid, but also, as explained previously for 
bimetallic complexes, ‘“~‘5*‘6 the HOMO of the bimetallic 
complex is destabilized with respect to the HOMO of the 
monometallic complex and thus a lower energy transition 
results. The shift to a longer wavelength as L increases 
in electron withdrawing ability indicates, as shown pre- 
viously for similar systems,G”7 that the low energy 
absorption band has charge transfer character and is 

Table 1. Electronic absorption spectra of the M(CO)dL Complexes (M = Cr or W and L = bpy or bpym) and 
[W(CO)&bpyma 

1 
Complex Solvent _ 

max,nm(c,M-l~m-') 

LF MLCT 

Cr-bpy CIH. 380(sh) 525 

CHIClz 400(sh) 503b 

CH,CN 410(sh) 473 

Cr-bpym CSH. 404 553 

CH,Cl, 402(6748) 547(2718) 

CH,CN 389(5630) 499(2401) 

W-bpy C‘H‘ 

CH,Cl. 

CHBCN 

385(sh) 

390(sh) 

362 511 

352 48.sb 

340(sh) 453 

W-bpym 'AH, 

CH,Cl. 

CH,CN 

410(sh) 

410(sh) 

382 535 

378(7470) 525(4151) 

371(6940) 478(3973) 

W-bpym-W CHaCl. 

CH,CN 

384 455 710 

385(12506) 421(13200) 610(6076) 

“298 K. 

b 
Ref. 6 reports 497(3715) for Cr(CO)4bpy and 487(5130) for 

W(CO)4bpy. 
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C(4) or C(5)) of the ring shift upfield. This upfield shit 
was related to the amount of damps* back-bqnding to 
the ring system.2’-” As the r-back-bonding to L in- 
creases, the shielding of these carbons (C(3), C(4) or 
C(5)) increases, and hence the chemical shit moves 
upfield. The downfield shift of the ortho carbons (C(6)) 
was more difficult to interpret. In a recent study of the 
complex Ru(NH&bpym*+;” the upfield shift was attri- 
buted to a through-bond polarization toward the coor- 
dinated nitrogen or changes in electron density from 
changes in the u-donating and r-accepting characteris- 
tics of L. 

Table 2 lists the 13C NMR data for the free ligands and 
the Cr and W complexes studied here. Due to compound 
solubility, the 13C NMR of the bimetallic complex was 
unattainable within reasonable instrument time.*’ For 
each of the bpy and bpym complexes, the chemical shift 
of C(6) is shifted downfield with respect to the free 
@and. Also, the chemical shit of C(6) for the Cr com- 
plexes occurs downfield with respect to that of the W 
complexes. This trend strenghtens the assumption of a 
through-bond polarization interaction between the coor- 
dinated nitrogen and the ortho carbon, C(6). Since Cr is 
more electronegative than W, Cr should inductively 
withdraw electrons in the D sense through the M-N-C(6) 
bond system to a greater extent than W. Therefore it 
would be expected that C(6) of the Cr systems is more 
deshielded than that of the W systems. The expected 
trend, increasing downfield shift of C(6) with increasing 
electronegativity of the remote atom bonded to nitrogen, 
free space < W < Cr, thus corresponds with the experi- 
mental results. 

The general downfield shit of C(3), C(4) and C(5) for 
the bpy complexes is in contrast to the upfield shit 
occurring for the pyridine systems previously studied.21-23 

The bonding interaction between L and the metal 
center is a complex combination of u bonding from L to 
M and IT bonding from M back into L. For carbonyl 
complexes, Ir-back-bonding into CO also occurs and is 
competitive with the backbonding into L. This competitive 
back-bonding into CO could decrease the c electron 
density delocalized over the ring system with respect to 
the other systems studied.2’-23 Thus, for C(3), C(4) and 
C(5) of the bpy complexes and C(5) of the bpym com- 
plexes the inductive u electron withdrawal upon coor- 
dination to the metal appears to be predominant although 
the P affects are still apparent. These shifts are slightly 
downfield for the W complexes in relation to the Cr 
complexes. This indicates that the g back-bondii into L 
is less for the W complexes than for the Cr complexes 
which is in accord with the electronic spectra. For the 
bpym complexes, C(4) shifts upfield relative to that of 
the free @and. This is in accord with the v back-bonding 
model of other systems2’-23 and indicates that bpym is a 
better v acceptor than bpy which is in agreement with 
the electronic spectra. 13C NMR studies of similar Mo- 
bpy and -bpym systems showed downfield shifts of C(3), 
C(4) and C(5) relative to the free ligand in all cases?’ It 
appears as though the shift of C(6) is governed by an 
inductive u-withdrawing interaction of M while the shift 
of C(3), C(4) and C(5) depends upon a combination of the 
u and IT interactions between M and L. 

The photochemistry corresponding to systems of the 
type M(COkL or M(C0)4L2 (M = Cr, MO or W and 
L = unsaturated nitrogen donor) has been studied by 
Wrighton et al?.6 and by others.’ Wrighton and co- 
workers found from their work that irradiation at 436 nm 

Table 2. “C NMR spectra of the complexes M(CO),L (M = Cr or W and L = bpy or bpym) and the free ligands 

M - by M - bpym 

6(“C),ppri? 
Compound 

C(6) C(5) C(4) C(3) C(2) 

bpy 148.94 120.83 136.59 123.43 155.93 

Cr-bpy 153.28 121.26 136.43 124.78 b 

W-bpy 152.89 122.24 136.92 125.87 b 

bpym 157.83 121.31 157.83 b 

Cr-bpym 160.32 121.80 157.45 b 

W-bpym 159.67 122.83 1s7.45 b 

'Chemical shift in CDC13 reported vs. external TMS. 

b. Slgnal too small to be extracted from noise. 
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of W(CO),L, (L = monodentate) resulted in loss of only 
L and not CO. The quantum yields for loss of L drama- 
tically decreased as the MLCT excited state was tuned 
below the LF excited state. However, for complexes of 
the type W(CO),L (L = bidentate) in which the MLCT 
excited state is the lowest lying excited state, no pbo- 
tosubstitution of L occurs upon irradiition from 313 to 
436nm. Dissociative loss of CO, however, does occur, 
with very small, wavelength-dependent quantum yields. 
The quantum yield for CO substitution was found to 
increase with the energy of irradiation. Therefore, it was 
concluded for the complexes having lowest lying MLCT 
excited states that the excited states responsible for the 
CO loss are the higher energy LF excited states, and the 
MLCT excited state is unreactive with respect to to loss 
of CO or L. 

The photochemistry corresponding to the Cr and W 
carbonyls studied here is presented in Table 3. Pi 2 
represents the electronic absorption changes as a func- 
tion of time for the monometallic complex, W(CO), 
bpym, using deoxygenated acetonitrile as a solvent. Air- 
saturated solutions of this complex were found to be 
very stable at room temperature if left in the dark; 
however, the photolysis solutions undergo degradation if 
not deoxygenated. As photolysis of the deoxygenated 
solution proceeds, the MLCT absorption bands are shif- 
ted to longer wavelengths with an isosbestic point at 
412nm. In analogy to the W(COkL systems previously 
studie&, the phoreaction which occurs is suggested to be 
loss of CO as shown in reaction (1). 

W(CO)dbpym CH~CN hv W(CO)p(CH,CN)bpym t CO. 

(1) 

The quantum yields for CO substitution were found to be 
very small and wavelength dependent (&,, 366 MI, @ = 
2.5 x 10m3 quantalmin; Ai, 405 nm, Cp = 6.0 x lO+ 
quantalmin). 

Photolysis of the bimetallic complex [W(C041zbpym is 
shown in Pi. 2. As for W-bpym the MLCT absorption 
bands are also shifted to longer wavelengths upon 
irradiation, with isosbestic points at 476,574 and 688 nm. 
By analogy with the monometallic W complex, the reac- 
tion which occurs upon irradiation is suggested to be that 
of equation 2. 

KO)4wbpWWCO)4 - h” (CO)&HpCN)Wbpym 
CWjCN 

w(co)4tco. (2) 

400 500 600 700 a 

Wavelength, nm 
IO 

Pi. 2. Absorption spectral changes upon 366nm irradiation of 
W(CO),bpym in deoxygenated CH3CN (~10~’ I$) at 298 K. 

The photosubstitution quantum yield for CO loss from 
W-bpym-W was also found to be small (A, 366 nm, 
Q, = 1.1 x low3 quantalmin). 

The photochemistry of the monometallic complex 
Cr(CO).bpym differed slightly from that of the W com- 
plexes. During the initial irradiation times a well defined 
isosbestic point was obtained at 444 nm. However, after 
approx. 1 hr of irradiation, degradation took place resul- 
ting merely in a decrease in absorbance of the MLCT 
bands. The absorbance of the dark control solutions 
decreased in the same manner. As a result of this 
degradation, the extinction coefficient at the monitored 
wavelength of the photoproduct could not be calculated. 
Therefore, the quantum yields for CO loss corresponding 
to the initial irradiation times are approximated by com- 
paring the absorption spectra of Cr-bpym to that of 
W-bpym and the W photo-product. Also, the quantum 
yields for substitution of CO upon irradiation at 366 nm 
are an order of magnitude larger for Cr-bpym than for 
the W complexes. The same reaction occured for Cr- 
bpym upon irradiation into the low energy MLCT band 
at 546 nm whereas irradiation at 436 nm of the W com- 
plex gave no reaction. Larger quantum yields for loss of 
CO from Cr complexes vs W complexes of the type 
M(CO)5L have been reported previously?637 

To explain the photochemical behavior for the bpym 
complexes, first of all consider that only CO is sub- 
stituted whereas for the complexes W(CO)k and 
W(CO),L1, loss of L predominates owing to a more 
labile ground state M-N bond. This diierence probably 
results from the chelate effect of bpym.6 Also, the quan- 
tum yields were found to increase as the wavelength of 
irradiation increased. Therefore, in analogy to the sys- 
tems investigated by Wrighton and co-workers’“, the 

Table 3. Photosubstitution of M(CO)4L(M = Cr or w) to yield M(CO)XCBCN)L” 

M L '546nm '436nm +405nm *366nm 

Cr bpym 1.1 X 10-a 2.0 x lo-' 2.4 x lo-' 

W bpym 0 6.0 x lo-' 2.5 x lo-' 

W W(CO~4bpym 1.1 x 10-a 

aQuantum yields were determined using deoxygcnatad solutions 
of CH3CN at 298 K. 
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states responsible for CO substitution are suggested to 
be the upper electronic LF excited states. 

Stufkens and co-workers’ have investigated the rela- 
tionship between the resonance Raman spectra and the 
photo-substitution quantum yields corresponding to cis- 
CO loss for a series of M(CO)L complexes. They found 
that irradiation into the MLCT band of these complexes 
resulted in an enhancement of Raman intensity of the 
symmetrical stretch corresponding to the carbonyls cis 
to L, vs(CO,is), whereas vJCO~~& was not observed in 
the spectra. In addition, they found the photosubstitution 
quantum yield for cis-CO loss as well as the intensity of 
vs(CO,is) to increase as the electron density about the 
nitrogen which is coordinated to the metal increased. 
They concluded from these observations that cis-CO 
loss upon MLCT irradiation results from a delocalixation 
of the MLCT excited state over the cis-carbonyls. This 
delocalization involves an overlap of orbitals which are 
localized at L and at the cis-carbonyls. The negative 
charge thus acquired by the cis-carbonyls reduces metal- 
to-CO ?r-back-bonding and hence weakens the M-C 
bond. 

As can be seen from Fig. 1, the MLCT and LF excited 
states overlap to a large extent, so the LF excited states 
have a deal of MLCT character. We therefore suggest 
that the CO dissociation, which is assumed to occur from 
the LF excited state, is enhanced by the delocalization of 
the MLCT excited states over the cis-carbonyls. Good 
evidence for this is the difference in magnitude between 
the quantum yields of CO loss for the W-bpym and 
Cr-bpym complexes. Since Cr is smaller in size than W, 
the overlap of orbitals localized at L and at the cis- 
carbonyls of the Cr complex should be greater than that 
of the W complexes which corresponds to larger quan- 
tum yields for loss of CO from the Cr complex. Also, as 
shown from the ‘%Z NMR and the electronic spectra, the 
?r-back-bonding into L is greater for the Cr complexes 
than for the W complexes which would result in a larger 
overlap of L and cis-carbonyl orbitals for the Cr com- 
plexes. 

E 
6 

D 

b 
B 
a 

400 500 600 700 800 

Wovelength, “m 

Fig. 3. Absorption spectral changes upon 366nm irradiation of 
(CO),WbpymW(CO), in deoxygenated CH$N ( = lo-‘M) at 

2% K. 

CONCLUSIONS 

The bpym complexes were found to be stable with 
respect to bpym loss upon irradiation and therefore 
should be useful for studying energy transfer reactions in 
mixed metal bimetallic systems. Irradiation of these 
complexes did result in cis-CO substitution with very 
small, wavelength-dependent quantum yields. It was 
suggested that CO loss occurs from the LF excited states 
and is enhanced by the large degree of MLCT character 
of these states. 
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Ah&act-Acetylacetone (CH,COCHZCOCH3 or Hacac) may give up a proton and chelate with a metal ion through 
the two oxygen atoms. The stability constant for the neutral complex (given as log a) in aqueous solution can be 
calculated using the electrostatic relation log f3x = NnVC2e2/(2.3RT$d) when cations in S states are involved. 
Larger values that reflect exchange related electron correlation as well as electrostatic contributions to cohesive 
energy are obtained using transition metal ions. Separate values for the two energies are determined (see the text 
for definitions of the symbols). 

INTRODUCTION 
Chemical bonding is a subject of continuing interest. 
Understanding the nature of the interactions between 
chelate complexing agents and metal ions is particularly 
germane as this relates to life processes. The problem 
may be approached using molecular orbital and other 
complex treatments, but not without some loss of 
understanding of the physics involved. Indeed, consider- 
ing the complexity of life related processes in general, it 
is well to use the simplest of analytical measures and 
foster an intuitive feel for the interactions of concern. 
Graphical analysis, though somewhat unpopular in the 
computer era, is one of the better ways to meet these 
goals. This approach, combined with easily understood 
principles of electrostatics, provide valuable insight if the 
data is resolved so as to reflect relations consistent with 
accepted concepts of bonding. 

In this paper, it is shown that a simple ion-ion elec- 
trostatic relation can be used to calculate the (elec- 
trostatic) solution chelation energy (E,) of complexes 
involving the anion (acac) of acetylacetone (Hacac, 
CHXOCHXOCH3 and metal ions, particularly those 
that hav_e empty valence shells in the uncomplexed state 
(i.e. in S states). Further, for transition metal ions, one 
can obtain a separate estimate of the electrodynamic 
contribution to cohesion (E2). As will be shown (E2) is 
dependent upon the polarization of the oxygen atoms of 
the anion and upon the presence of electrons in d states 
of the valence shell, and therefore is due to correlative 
interactions between the valence shell electrons of the 
abutting atoms. Of course, the total chelation energy in 
solution (Eo) equals E, plus Ez. Separate determination of 
these two energies is facilitated by the fact that E, is 
dependent on the dielectric constant (E) of the medium 
while (as shown herein) E, is not.’ 

DATA 
Although numerous determinations of stability con- 

stants of chelate complexes have been made over the 
past half century, most of the data are not suitable for 
the present purposes.Z4 For example, chelate formation 
using neutral complexing agents, such as ethylenedia- 
mine, involves complicated ion-dipole rather than simple 
ion-ion interactions.s Also the data for most chelate 
complexes involving oxyanions is relatively incomplete 
and much of the data in the more complete sets is 
questionable due to hydrolysis competing with chelation 
in the solutions used for measurement. Further, for many 

otherwise applicable data sets, large quantities of NaCl 
or KC! were added to the solution to be measured. 
ostensibly to maintain a fixed ionic strength. However, 
even in aqueous solutions Cl- can complex with multi- 
valent cations to an appreciable extent. This can lower 
measured values for stability constants by an order of 
magnitude (one log unit) or more. In addition, data 
measured in mixed solvents (water-dioxane, water-al- 
cohol, etc.) cannot be employed unless corrections to 
obtain thermodynamic values have been made.6” 

To minimize such uncertainties, the data employed 
herein have been restricted to thermodynamic values 
obtained potentiometrically using the glass electrode to 
measure dilute perchlorate soluions that are free of 
extraneous salt additions, as far as practicable. Four sets 
of stability constants are considered. These are given as log 
& values (log& being the logarithm of the constant 
for the neutral species). The first set is for acetylaceto- 
nates using water as the solvent (see Table 1).24*8*9 The se- 
cond set is for dibenzoylmethanates using 25-75 water- 
dioxane as the solvent (see Table 2)?,“*” The third set is 
composed of Ba, Ni and Cu diacetylacetonates and 
ditrifluoroacetylacetonates in the same mixed solvent 
(divalent metal chlorides were used in obtaining this 
data (see Table 3)).‘* And the fourth set is for ethyl- 
acetoacetate measured using water and using ethanol as 
the solvent (relevant data are given in the text).’ Ethanol 
is used as the second unmixed solvent (the first being 
water) simply because it fits the Born relation for expec- 
ted changes in the primary medium effect (or the relative 
activity of H’ for infinite dilution).‘3 Hence, the effect of 
changing the medium on the stability of the chelate can 
be investigated without introducing new complications. 

For acetylacetone (Hacac), the negative logarithm of 
the acid dissociation constant (pK.) equals 9.0 in water. 
This value is too low to permit accurate measurements to 
be made for a broad range of chelates. Dibenzoyl- 
methane (Hdbm, PhCOCH,COPh) would have a greater 
pK, (13.75 compared to 12.7 for Hacac in 25-75 v/o 
water-dioxane) but it is not soluble in water. Hence, 
ethylacetoacetate (Haa, CH3COCH,COOC2Hd for 
which pK. = 10.7 in water and 15.8 in ethanol is used for 
comparing results measured using these two solvents. 

COMMENTS 
A number of things should be made clear: 
(a) The M-O bondlength (between the metal ion and 

the oxygens of the ligand) in these betadiketones is 
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286 L. G. VAN UITERT 

Table 1. Stability constants for neutral acetylacetonate com- 
plexes in water 

a*+ rW1) I 106 Q $lW BE W 
B. 0.27(W) 1.62 14.6 P2.2 

r 0.72 2.07 6.2 12.9 15.03 

*n 0.83 2.10 7.3 1S.P is.64 

P. 0.78 2.13 8.7 10.5 16.18 

co 0.7s 2.10 9-s 20.0 17.0s 

WI 0.69 2.04 10.6 21.6 18.1S 

In 0.74 2.09 9.0 18.8 17.96 

Cd 0.9s 2.30 6.7 IS.3 16.90 

Pb 1.19 2.54 6.3 16.0 IS.03 

cu O.S~(IV) 1.92 14.7 20.2 20.29 

*)* 

Al o.s4 1.69 22.3 42.1 

Ti 0.67 2.02 24.9 SO.3 

I. 0.65 2.00 26.2 S2.4 

0. 0.62 1.97 23.7 46.7 

I 0.90 2.2s 13.9 31.3 

La 1.03 2.36 11.9 28.3 

lu 0.86 2.21 14.6 32.3 

i+ 

1.01 2.36 12.7 30.0 

r,! l.osNIxI) 2.40 26.7 64.1 

” l.OONIII) 2.3s 29.5 69.3 

HP O.P8(VIII) 2.33 30.2 70.4 

approximately equal to r + 1.35 angstroms, where r is the 
cation radius as given by Shannon.‘4 The ligand oxygen 
radius of 1.35 A is deduced in Refs. 15 and 16. 

(b) The ion-ion electrostatic energy of association of 
the complex (E,) in solution is not the energy required to 
separate the ions to an infinite distance from each other, 
but is the residual electrostatic energy of the complex. In 
water, the latter value is only 1.3% of the former. Fur- 
ther, the change with dielectric constant is in the 
opposite direction. 

(c) The solvation state of the free ions is not of 
concern for the present purposes as the constants 
employed were derived taking the concentration of the 
cations or anions to be the sum of the solvated and 
nonsolvated species present. Indeed, the actual concen- 
tration of the unsolvated ion is exceedingly small (i.e. less 
by many orders of magnitude). 

(d) The ionization of the M-O bond in these 
oxychelates is essentially 100% when s state cations are 
involved. This appears to favor negative charge localii- 
tion on the betadiketone oxygens in such complexes and 
thereby facilitate the use of simple ion-ion electrostatic 
interactions. 

(e) In addition, as Hz0 molecules may orient them- 

Table 2. Dibenxoyhnethanates in 25-75 v/o waterdioxane 

bt+ 

Li 

Na 

K 

Rb 

CS 

Ag 

Tl 

B2+ 

b&z 

Ca 

sr 

Ba 

Mn 

co 

N1 

Zn 

Cd 

Pb 

cu 

CS3+ 

Thk+ 

rW1) a log Rc d log bl: 

0.68 2.03 5.95 12.1 

0.98 2.33 4.18 9.7 

1.34 2.69 3.67 9.9 

1.49 2.84 3.52 10.0 

1.67 3.02 3.42 10.3 

1.15 2.50 6.17 15.4 

1.50 2.85 5.92 16.9 

0.72 2.07 

1.00 2.35 

1.18 2.53 

1.35 2.70 

0.83 2.18 

C.75 2.10 

0.69 2.04 

0.74 2.09 

0.95 2.30 

1.19 2.54 

O.S?fIV) 1.92 

1.01 2.36 

1.05fVIII) 2.40 

16.7 34.6 

14.2 33.4 

12.4 33.4 

11.9 32.1 

18.2 39.7 

20.5 43.0 

21.0 42.8 

20.0 41.8 

17.1 39.3 

20..2 51.3 

26.5 50.9 

30.4 71.7 

53.3 127.9 

selves about charged particles almost as readily in 
mixed solvents as in water, and the activity of Hz0 
increases (rather than decreases) upon mixing in con- 
siderable amounts of paradioxane, one need not be sur- 
prised that the “effective” dielectric constant for much 
of the mixed medium is greater than the normally 
measured values.L3.‘7 

EQUATIONS 

The electrostatic energy (E,) of one mole of a 100% 
ionized chelate complex is:‘,5S8 

E, = N,e*V,V.Zl(e& (1) 

where NA is Avogadro’s number (6.02 x 102’), e is the 
charge on the electron (4.8 x lo-” es@, V, is the valence 
of the cation, V. is the valence of the anion, Z is the 

Table 3. Stability constants for acetyiacetonates and tritluoroacetylacetonates in 25-75 v/o water-dioxane 

Salt Betadiketone #a g log p2 a 1% e 2 

BaC12 Hacac 12.7 2.70 9.0 24.3 

BaC12 P3-Hacac 8.7 2.70 8.8 23.8 

NiC12 Hacac 12.7 2.04 17.4 35.5 

N Xl2 F3-Hacac 8.7 2.04 14.2 29.0 

cuc12 Hacac 12.7 2.08 22.6 47.0 

cuc12 P3-Hacac 8.7 2.08 17.2 35.8 
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number of anions per cation and may be viewed as a 
Madelung constant derived from the location and charge 
of the anion oxygens surrounding the cation in. each 
complex and 4 is the M-G bond length in angstroms. The 
electrostatic energy is reduced by changing from Q = 1.00 
for air to a medium with t > 1.08, while the difference in 
energy for l = 1.00 and c > 1.00 (e.g. the heat of sol- 
vation) increases.’ Since ZV, = V, for the chelates of 
interest and NAe2 = 1387 kilojoules/mole, for one mole 
of a betadiketonate chelate complex dispersed in a 
solvent the electrostatic contribution to cohesive energy 
is: 

E, = 1387V,*/(cd) kJ/mole. 

In its equilibrium constant form, relation (2) becomes: 

El 1387 x 103V,* _ 243Vc2 
log&=,,,,= 5.7xlO’cd -7 (3) 

Here, R = 8.31 J/mole and temperature T = 298 K. Fur- 
ther, the difference in log& values for a complex in a 
medium 4 and in a medium 4 is: 

A log /Ix = 243V,*(l/e, - l/c& (4) 

In addition, other things being equal, the logarithm of 
the stepwise stability constants for a given cation and 
chelating agent should be in the ratio: 1:3:5:7:9, etc. 
proceeding as far as required from the last to the first. 
Deviations from this pattern can be related to solvation 
differences and/or salt anion-cation association. 

FIGulW 
Figures 1 and 2 depict dlog /& vs the index number of 

the period in the periodic table in which the cation 
occurs for (1) acetylacetonate data taken using an 
aqueous medium and (2) essentially thermodynamic data 
for dibenxoylmethanate complexes taken using 25-75 v/o 
water-dioxane as the medium.“*6g” The horizontal 
guidelines fit relation (4) with Q = 78.5 for the first ligure 
and with E = 30 for the second. The vertical lines indicate 
displacement from the relevant horizontal line. In Fig. 1, 
only the points for_Mg and La fit the calculated guideline. 
These ions are in S states and, obviously, the acac ions 
provide little steric hinderence. If similar data were 
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Figure 3(a) depicts d log g2 for the acetylacetonates 
(indicated by the end groups, CH,-CH,) and 
trifluoroacetylacetonates (CF,-CH,) of divalent Ba, Ni 
and Cu vs pK. values for the chelating agents (as 
measured in 25-75 v/o water-dioxane).” It is evident 
that _d log & is’ little affected by the change in pK. for 
the S state cation (Ba*‘). Further, it is evident that the 
trifluoroacetylacetonate ions as well as the acetyl- 
acetonate ions themselves offer little steric hinderence. 

Fig. 1. d log &‘vs period number for metal ion acetylacetonates Figure 3(b) depicts d log /3* and dEo for the indicated 
measured using water as the solvent. The horizontal lines M(aca& complexes vs ip2 (the second ionization poten- 
represent values calculated using relation (3), l = 78.5 and V: = tial of the metal) for data measured in water.* Points for 

1,4,9 and 16 in ascending order. V*+ or C? are not included as these ions oxidize during 

1501 
Vc2 RATIO 

16 Th 
0 

cool 

9 ce 

-01 I Ni Pb 

‘11 *, i b 
01234567 
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Fig. 2. ~logg~ vs period number for metal ion dibenzoyl- 
metkanates ~measures using 25-75v/o waterdioxane as the 
solvent. The horizontal lines represent values calculated using 
relation (3), l = 30 and V,* = 1,4,9 and I6 in ascending order. 

available for the Na-Cs and Ca-Ba acetylacetonates, it is 
expected that their data points would also fit these lines. 
However, due to the low value of log & constants that 
apply when water is used as the solvent, they have not 
been measured? Most of the remaining data points that 
fall below the dashed line that passes through the origin 
in Fig. 1 are for complexes that have cations with partially 
lilled valence shells. Most of the data for the points that 
fall above the dashed line in Fig. 1 are of questionable 
value as they represent attempts to estimate constants 
from pH data measured in the presence of relatively 
large quantities of acid added to suppress hydrolysis.2*3’9 
For example, the correct positions for trivalent Fe, Ti 
and Ga probably lie about half way to the guideline as 
indicated by the arrow. 

The stability constants measured using Hdbm and 
25-75 v/o water-dioxane as the solvent (as shown in Fig. 
2) are much larger than those measured using Hacac and 
water. This can be attributed to a smaller “effective” 
dielectric constant for the solvent; including some in- 
crease due to steric effects and (for transition metal ions) 
to enhanced polarization of the oxygens of the 
betadiketone. The increased stability of these complexes 
makes it possible to measure log & for all of the alkali 
metal and alkaline earth cations in this medium. As can 
be seen in Fig. 2, these data points and those for trivalent 
Ce and tetravalent Th as well fall on or very close to 
their respective guidelines. In comparison, data points for 
complexes in which the valence shell of the cation is 
partially lllled fall above the relevant guideline for S state 
ions. 
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Fig. 3(a) 4 log & vs pK, for Ba, Ni and Cu diacetylacetonates 
CH-cH3~ and ditrifluoroacetylacetonates (CIWX) 
measured using 25-75v/o waterdioxane as the solvent and 

divalent chlorides as the salts. 
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Fig. 3(b). d log p2 vs ip2 for the M(acacb complexes of the 
indicated cations measured using water as the solvent. The 

horizontal line fits relation (3). 
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Fig. 3(c). TN vs ip2 for the indicated chromates and sulfates. 

measurement and therefore tend to greater values than 
they would have if stable.” The horizontal line roughly 
separates cohesive contributions E, (below) and Ez 
(above). 

Fiie 3(c) represents N6el temperature (T,) for 
divalent metal chromates (MCr204) and sulfates (MSOJ 
vs ip2.2’ This figure is included to show the common 
dependence of Et and TN on $2 for the Mn, Fe, Co, and 
Ni series. Point displaced by spin-orbital coupling are not 
presented in this figure. 

DISCUSSION 

Most expressions of cohesive energy between charged 
particles are in terms of the electrostatic energy given up 

upon consolidation.’ Such relations predict a reduction 
in E, or log& values with a reduction in E for the 
medium. However, comparison of log& values 
measured in ethanol (E = 24.3) to those obtained using 
water (E = 78.5) show the opposite to be the case.‘.” For 
example. log & = 26 for Ni(acac)* in ethanol and = 10.4 
in water.’ This is in agreement with relations (3) and (4). 
By inserting d = 2.04 (for the nickel complex), e3 = 24.3 
(for ethanol and c2 = 78.5 (for water) into relation (4) one 
calculates A log Bz = 13.5. In comparison, the experi- 
mental difference is 13.2. Similar results can be deduced 
for Mg, Zn and Ca.‘,’ In general, the change in log& 
found employing these ions _apees with that expected 
using relation (4) and either S state or transition metal 
ions. This demonstrates that El is little affected by 
changes in c 

Even through relation (3) should apply, it is evident 
from Fig. 1 that it would be difficult to fit it to the 
existing data for acetylacetonates measured using water 
as the solvent. Much of the needed data for S state ions 
has not been obtained, or involves hydroxide formation, 
and most of the remaining cations have d states occupied 
in the valence shell. However, a suitable correlation is 
possible employing the extended data for monovalent 
and divalcnt cations in S states and the values for Ce and 
Tb shown in Fig. 2. It is evident from this figure that the 
points for the indicated cations essentially fit the (V’) 
position lines expected from relation (3). This strongly 
supports the view that bonding for these chelates is close 
to 100% electrostatic. 

Actual values for E, and E2 can be estimated for 
divalent transition metal cations using data measured 
employing water as the solvent and acetylacetone as the 
chelating agent as this minimizes any effects related to 
mixed solvents and steric factors. But fust it is well to 
establish the nature of the electrodynamic interactions 
involved. 

As represented in Fig. 3(a), the stability constant 
changes little upon going from the acetylacetonate to the 
trifluoroacetylacetonate of Ba*’ even though pK, 
changes by 4. This is as expected for electrostatic inter- 
actions provided steric effects are minimal for both 
betadiketones used. However, for Ni*’ and Cu*+, the 
slope of the connecting lines increase with ip2. The 
relation of the three lines indicates that electrodynamic 
correlation effects between electrons about the oxygen 
atoms of the chelating agent anion and the cation depend 
upon the presence of electrons (principally in d states) in 
the valence shell of the latter as well as the ability of the 
cation to polarize the anion. Further, the convergence of 
the slopes (meeting at pK, = 5.0) indicates that elec- 
trodynamic exchange also is a function of the polariza- 
tion of the anion. This increases with pK,. 

Values of E, and E2 for M(acac)* transition metal ion 
complexes in water can be deduced using Fig. 3(b). The 
horizontal (dashed) line passing close by the point for 
Mg(acac)* represents the dE, or d log /3x value for all 
divalent S state cation complexes. As can be seen, the 
4 log & values for Mn-Cu lie above this line and tend to 
increase linearly with ip2. The second half of the 3d 
subshell is being fllled in the course of this transit. Points 
for Zn and Cd, which have filled d” sets fall at lower 
values as it is somewhat more dilhcult for d” electrons 
to enter into spin correlation interactions with electrons 
in the valence shell of the anion. The line through the 
Mn-Cu points intercepts the electrostatic (horizontal) 
guideline at 13.8eV. As shown in Fig. 3(c) the onset of 
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magnetic exchange in the oxides (MCr,04 and MSO,) 
also occurs at 13.8 eV. This indicates a common depen- 
dence on the electron affinity of the cation to foster 
interatomic correlative interactions. Electrodynamic in- 
teractions may occur for a lower (first) io&ation poten- 
tial (e.g. Ag 7.57 and Tl 6.11 eV) for non S state cations 
provided they are in asymmetric sites where they can 
polarize extensively (e.g. in monochelates). Related 
binding effects are expected to increase exponentially as 
mutual polarization overlap increases linearly. Hence, it 
is not surprising that 4 log p, values for Ag’ and Tl’ 
dibenzoylmethanates are considerably larger than those 
for the comparable S state cations (see Fig. 2). 

One ordinarily tends to think of electrostatic and elec- 
trodynamic cohesive interactions as having comparable 
dependences on bondlength and therefore to be diicult 
to separate quantitatively. Since the latter tend to 
decrease ionization, E, may be expected to decrease as 
EZ increases. However, upon going from air to water E, 
decreases as the inverse ratio of the dielectric constant 
of the medium (to 1 x 100/78.5 = 1.27% of the former 
value) while E, is essentially unaffected. This is sup- 
ported by the measurements reported above for ethyl- 
acetoacetates in ethanol and in water. Consider a com- 
plex for which E, is 98% and Ez is 2% of E0 in air. Upon 
dissolving the complex into water, El decreases to 
98/78.5 = 1.25% of the air value of E. while E2 remains at 
2%. Clearly the value of E, in water is only decreased 2% 
by the electrodynamic interactions present, even though 
the ratio of E2/EI may be greater than unity in the 
solvent. In as much as this example applies reasonably 
well to the data in Fig. 3(b), the horizontal line in that 
figure can be taken to divide dEo into dE1 and dEI 
contributions for interactions in water. 

CONCLUSIONS 
Thermodynamic log & values for betadiketonates of 

cations that are in S states essentially fit the simple 
ion-ion electrostatic interaction model indicated by rela- 
tion (3). In particular, the correct values for the acetyl- 
acetonates of this group should provide an excellent fit 
as shown by the data points for Mg(aca& and La(acac), 
in Fig. 1. Using relation (3) and a known value of log & 
for Mg(aca& measured by other means (see Refs. 6 and 
7), one can deduce an “effective” dielectric constant for 

mixed solvents that may be employed. Using this con- 
stant and the appropriate bondlengths, one may then 
calculate lo& values for the acetylacetonates of the 
remaining S statt~ cations. When more complex 
betadiketones are employed, steric hinderence should be 
considered as well. The effects can be estimated as the 
difference in log fix values for the new complex +d the 
acetylacetonate of the same ion, particularly for S state 
cations. Further, some adjustment for anion and/or 
cation polarizability may also be needed when consider- 
ing complexes of transition and post transition metal 
ions. 
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BIS- AND TRIS-(TRIMETHYLSILYL)METHYL 
DERIVATIVES OF ANTIMONY 

HANS JOACHIM BREUNIO* WALTER KANIG and ALl SOLTANI-NESHAN 
University of Bremen, P.O. Box 330 440, D-~2800 Bremen, Federal Republic of Germany 

Abstract--Reaction of RMgCI [R = (Me3Si)2CH] with SbCI3 affords RSbCI2. Also R2SbCI reacts with RLi to yield 
R3Sb, while R'SbCl2 [R'= (Me3Si)3C] is synthesized from R'Li and SbCI3. Mass spectra of RSbCI2 and R'SbCI2 
show that fragmentations proceed with elimination of Me3SiC1. The chlorides RSbCI2, R2SbCI and R'SbCI2 are 
thermally very stable. 

INTRODUCTION 
Silylmethyl groups like (Me3Si)2CH- or (Me3Si)3C- com- 
bine bulkiness with the capability to form strong metal- 
or element-carbon bonds. Therefore they have been used 
for the syntheses of organometallic compounds with 
unusual coordination numbers and chemical properties.' 
In the course of our investigations on steric effects in 
organoantimony synthesis, 2 we were interested in the 
preparation and chemistry of alkylantimony chlorides 
with these substituents. We hoped that a part of their 
chemistry might be the thermal 1,2-elimination of 
Me3SiCI, yielding stiba-alkenes. Analogous reactions are 
known in phosphorus chemistry. 3 

SYNTHESES AND PROPERTIES OF (l~e3S~3CSbCl2 (1), 
[(MesSihClt]SbCh (2), [(Me~i)2CH]~b'bCI (3), and 
[(Me~hCn]~b (4) 

Reaction of (MesSi)3CLi with SbC13 in tetrahydrofuran 
(THF) results in the substitution of one chlorine atom 
(eqn 1) and formation of colourless crystals of compound 
1, which are stable towards water and air but become 
dark brown in the sunlight. 1 is soluble in common 
organic solvents. It can be sublimed at reduced pressure 
and recrystallized from methanol. 

(Me3Si)3CLi + SbCI3 ~ (Me3Si)3CSbC12 + LiCI. (1) 
1 

Its mass spectrum shows intense signals for the ions 
(M+-Me) and (M+-Me-Me3SiC1). The latter ion cor- 
responds to a (M+-Me) fragment ion of a stiba-alkene 
(Me3Si)2C=SbCI. Attempts to eliminate Me3SiCI from 1 
under preparative conditions have however not been 
successful, but proved the remarkable thermal stability 
of 1. Under the conditions of the synthesis of 1 used 
here, it was not possible to substitute a second chlorine 
atom in 1. 

The considerably reduced steric demand of a 
(Me3Si)2CH group is shown by the substitution of one to 
three chlorine atoms in SbCI3, which yields the complete 
series P~5-,~SbCI, 

[R = (Me3Si)2CH; 2: n = 2, 3: n = 1, 42 n = 0]. 

The dichloride 2 is prepared by the Grignard reaction (2) 

(Me3Si)2CHMgCI + SbCI3--* (Me3Si)2CHSbCI2 + MgCI2 
2 

(2) 
and obtained as a colourless liquid, which is thermally 

*Author to whom correspondence should be addressed. 

very stable but sensitive to oxygen. Fragmentations of 2 
in the mass spectra resemble those of compound 1. 
Again we observe the formation of an ion corresponding 
to the (M+-Me) fragment of a stiba-alkene. Heating 2 to 
280°C did not, however, result in elimination of Me3SiCI, 
but caused the decomposition of the whole molecule. 

The substitution of two or three chlorine atoms in 
SbCI3 was accomplished by reactions of (Me3Si)2CHLi 
with this substrate. The chloride 3 is synthesized by 
reaction (3)  tb u s i n g  appropriate molar amounts of the 
reagents. 

2(Me3Si)2CHLi + SbCI3 ~ [(Me3Si)eCH]2SbC] + 2LiCI. 
3 (3) 

3 reacts in tetrahydrofuran with one more molar 
equivalent of (Me3Si)2CHLi yielding the tertiary stibine 
4. 

[(Me3Si)2CH]2S'bCI + (Me3Si)2CHLi 
3 --* [(Me3Si)2CH]3Sb + LiCI. 

4 
(4) 

3 and 4 were isolated as liquids with considerable stabil- 
ity in air. They are soluble in common organic solvents. 3 
is thermally stable up to 290°C whereas 4 decomposes at 
180°C and cannot be distilled under reduced pressure. 
Attempts to eliminate Me3SiCl by thermal cracking of 3 
have not been successful. Mass spectra of 3 and 4 show 
intense molecular ions and the expected fragments. 
There is no elimination of a Me3SiCI unit in the frag- 
mentation of 3. 

The 'H-NMR spectra of 1, 2 and 4 show singlets for the 
Me3Si groups whereas in the spectrum of 3 the Me3Si signal 
is more complicated. This corresponds to a diastereotopic 
situation, which indicates cortfignrational stability in 3. It 
must be noticed however, that we observe more signals 
than the expected two singlets. The relative positions of the 
signals of the tertiary stibine 4 and the dichloride 2 show 
the expected trend: substitution of two alkyl groups in 4 by 
chlorine atoms causes a dowrdield shift for the Me3Si 
protons. 

Preliminary results show that all these alkyl- 
antimonychlorides (1, 2, 3) react with Mg in THF with 
abstraction of chlorine atoms. There is evidence for the 
formation of cyclo(polystibanes) of the composition 
(RSb), [R = (Me3Si)2CH] by dehalogenation of 2 [(18 eV, 
100°C): m/z = 840 (5%) R3Sb~ +', 68, (5%) R2Sb3+]. The 
reaction of 3 with Mg/THF yields a distibane R4Sb2 
[R=(Me3Si)2CH; (25eV, 100°C): m/z=719 (5%) 
R3Sb2+]. 

291 
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DISCUSSION 

Because of the high steric requirements of both the 
(Me&C and the (Me$i)&H substituents, we observe 
the expected decrease of reactivity on the antimony (III) 
centers. This prevents the introduction of more than one 
(Me&)& group under the conditions of the preparation 
fo 1 and allows selective syntheses of the al- 
kyl(chloro)stibines 2-4. Similar reactions with alkyl 
reagents which have no steric hindrance always afford 
peralkylated stibines. Partial alkylation has been 
achieved, however, with tertiary-butyl substituents. A 
decrease in reactivity is also observed towards oxygen: 
1, 3 and 4 are stable in air. Another unusual feature of 
l-3 is their termal stability. 

EXPERWENTAL 
All preparations of air sensitive compounds were carried out in 

an atmosphere of purified Ar and in diy solvents. The following 
spectrometers were used: NMR. EM 360 Varian: IR. PE 577 
Perkin Elmer; MS, CH7 A, Vari& MAT; mass spebtrai data are 
given for “‘Sb and 35Cl. The peak patterns correspond to 
theoretical values based on the natural abundance of isotopes. 
Elemental analyses were carried out by Fa. Beller, Giittingen. 

Tris(tn’mefhylsilyl)methylanfimonydichlo~de (1) 
22*8g (0.1 mol) SbCl3 were added at 0°C to a solution of 

(Me3Si)$Xi,4 which had been prepared by reaction of 14.4g 
(0+62mol) (Me$i),CHS with MeLi in THF. Distillation of the 
solvent afforded a brown oily residue, which contained unreacted 
(Me&CH (b.p.s.0, SO’C) and 8.7 g (33%) of white crystalline 1 
(m.p. l%‘C) which sublimed at 140°C O.Olmm Hg and could 
be recrystallized from methanol. 

Heating of 1 for 5 hr did not yield Me$iCl, but black solids 
were produced when the temperature reached 280°C. 1: ‘H-NMR 
(C&j 8 = 0.3Oppm S; IR (nijol) 1250 s, 840 s, 670 m, 600 m, 330 
s vSbC1: MS (35 eV. 90°C) m/z (rel. int. %I: 407 (100) (M’-Mel. 
299 (30) iM+-tie-Mk,SiClj, 223 (20), 221 (iaO), 20i (10); 73 (1OOj: 
Cld&ClzSbSi3 (424.2); found: C 28.2 (28.3); H 6.2 (6.3); Cl 16.9 
(16.7); Sb 28.4 (28.7)%. 

Bis (trlmethylsilyf)methylantimonydichloride (2) 
A THF solution of (Me& CHMRCI was preoared from 3.0 P 

765 w, 665 w, 330 (vSbC1); 

(0.125 mol) Mg and lb.5 i (0.1 mol<(Me,SijXHCl’ and ad&i 
slowly .to 22.8 g (0.1 mol) SbCl3 in 50 ml THF at 0°C then stirred 

MS (30eV, 20°C) m/z (rel. int. 

12 hr at 0°C and 2 hr at 25°C. After removal of the solvent at 

%): 335 

reduced pressure, the residue was hydrolysed and extracted with 

(100) (M+-Me), 227 (40) 

ether. 2 was obtained by distillation at 75”C/O.O1 mm Hg as a 

(M+-Me-Me$iCI), 129 (80), 

yellow liquid [yield 18.5 g (53%)]. 2: ‘H-NMR (CD&) S = 

73 (60). 

0.18 ppm S (18 H), 8 = 0.86 ppm S (1 H). IR (film) 1255 s, 845 s, 

C,H&lzSbSi2 (352.1); found: C 23.4 (23.9); H 5.2 (5.4); Cl 20.5 
(20.2)%. 

(Me&)zCHL? was prepared from 1.4 g (0.2 mol) Li sand and 
16 g (0.08 mol) (MejSi)zCHCl,’ analysed (80% conversion) and 
added to 6.8 g (0.03 mol) SbCl3. Work up as described lb yielded 
11.5,~ (81%), Lit.lb 65%, of 3 as a colourless oil. b.p.,,+, 103-105°C. 
Lit. b.p.2 147-149°C. 

3: ‘H-NMR (CDCl3) sharp signals at 6 = 0.15; 0.20; 0.25 ppm 
18H;S =0.95ppm (1 H) S. IR (film): 1255 s, 840s. 535m. 330m 
(vSbC1) cm-‘. MS (30 eV, 25°C) m/z (rel. int. %): 474 (30) (M+), 459 
(80) (M+-Me),443 (85), 389(30), 369 (70). 355 (lo), 315 (90),221(30), 
207 (lOO), 147 (80), 73 (100). C,.,H&lSbS& (476.0); found: C 35.7 
(35.3); H 8.1 (8-l)%. 

Tris[bis(trimethylsilyf)methyl]antimony (4) 
A solution of 6 g (0.012 mol) 3 in 20 ml THF was added to a 

solution of (MesSikCHLi in THF prepared from 3.3 g (0.017 mol) 
(Me&CHCl and 0.25 i (0.036 mol) Li. The solution was stirred 
under reflux for 12 hr, the solvent was then stripped off in uacuo 
and the residue extracted with pentane. After distillation of this 
solvent 4 remained as a yellow oil (3 g, 42%). Attempts to disti14 
caused decomposition. 4: ‘H-NMR (CDCl3) 8 = 0.15 ppm S (18 H); 
6 = 0.7 ppm S (1 H),IR (film: 1255 s, 840 s, 530 m. MS (20 eV,70”C) 
m/z (rel. int.%): 598 (30) (M’), 439 (100) (R2Sb+), 369 (lo), 269 (2). 
Cz,Hs7SbSis (600~0); found: C 42.1 (42.0); H 9.31 (9.58); Sb 19.3 
(20.3). 
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Abstract - Complexes of embelin with Mn(II), Ni(II), Cu(II) 
and Zn(II) have been prepared and characterised for the first 
time. Spectral, thermal and magnetic studiee suggest an I 

octahedral coordination for Mn(II), Ni(II) and Zn( II) ions 
while a tetrahedrally distorted planar configuration is 
proposed for the Cu(I1) complex. 

Embelin (2,s dihydroxy~~~~cyl-2,~cyelohexadiene-l~~ione~, 
an orange pigment isolated from the berries of Indian shrub Embelia 
ribes, is of great medicinal importance , becwsc of its anthelmintic 
propertiesl. However, only very scant information is available on 
metal chelates of embelin 2P3, which could function as possible besis 
for anthelmintic drugs. We have, therefore) undertaken a systematic 
study on the synthesis and structure of transition metal complexes of 

embelin and here in report the result8 of oux investigatSon. Complexes 
of Mn(lf), Ni(II), Cu(II) and Zn(IX) with embelin have been synthesi8ed 
and characterised by elemental analysis, UI. spectra, reflectance spectra, 

thermal and magnetic studies. 

EXPERIMENTAL 

Preparation of the ligand 

Pure natural embelin was prepared by the method of Fieser and 
Chamberlinl. The crushed embelia ribes were extracted with solvent 
ether in a soxhlet apparatus. The crude embelin thus isolated was 
purified by defatting twice with petroleum ether (sO-8C°C) and 
recrystallizing twice from absolute rlcohol. Pure embelin (mp 142%) 
was obtained in - 2% yield. 

Preparation of the complexes 

Aqueous ethanolfc solutions of the corresponding metal acetates 
and ethanolic solutions of the ligand in itl molar ratio (with the meta3 
salt in slight excess) were mixed together and refauxed on a water bath 

~~~-~--~----~--~-LI- --_--“““~----_-~~ 

*for correspondence 

-- 
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for 20-30 minutes. The metal complexes precipitated out and were washed 

repeatedly with aqueous ethanol to remove excess metal ions. The complexes 

were dried in vacuum over P205. 

Elemental analysis and physical measurements 

The complexes were decomposed with a mixture of HCl and HI403 

and manganese, copper and zinc were analysed complexometrically and 

nickel gravimetrically4. IH spectra (4000-600 cm-l) were recorded as 

KDr pellets on a Beckman Acculab 7 IR spectrophotometer. Simultaneous 

TGA-DTA of the samples were carried out on a Stanton Redcrof.t T&O1 

Thermobalance with a DTA attachment. Magnetic susceptibilities were 

measured by the Gouy method using mercury tetra-thiocyanato cobaltate (II) 

as the calibrant 5 . As the complexes were found to be insoluble in most of 

the common organic solvents , conductance mearuremepts and molecular weight 

determinations could not be carried out. The electronic spectra were 

recorded in the solid state using a Schimadru SP 200 spectrophotometer 

with a reflectance attachment using magnesium oxide as the reference. 

RESULTS AND DISCUSSXO.~ 

The insolubility of the complexes in most of the common organic 

solvents indicates a polymeric nature. All the complexes are mildly 

hygroscopic and hence experimentally determined values of the metal content 

(Taole I) are slightly lower than those theoretically expected for a 1:l 

polymer. Such variations in analytical data were observed by earlier 

workers too6 ‘7. 

IR spectra 

The important IR frequencies of the ligand and of the metal 

com?lexes are presented in Table I. The O-H stretching frequency is observed 

-’ as a strong band at 3300 cm for embelin. The disappearance of this band in 

the spectra of the complexes indicates that the phenolic hydrogens present on 

the ligand molecule are lost on chelation. The broad, medium intense 

peak occurring between 3300 and 3450 cm-’ in the spectra of rJln(II), .1i( II) 

and Zn(I1) complexes may be attributed to the O-H stretching frequency of 

the coordinated water molecules. The O-H bending frequency is observed 

as a weak band at 1650 cm -’ for Mn(II), Ni(I1) and Zn(I1) complexes. 
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Both these bands are absent in the spectra of the Cu(I1) complex 
indicating the absence of any water molecules. Vibrational bands, 

in the 880-650 cm-' 

molecules 8 
region, characteristic of coordinated water 

could not be located owing to strong ligand absorption8 
in this region. The carbonyl stretching frequency, observed as a 
strong peak at 1610 cm-l, is found shifted to 1520 cm-’ in the 

Spectra of Mn( II), l\li( II) and Zn(I1) complexes and to 1460 -1 in the cm 

case of the copper complex. The Cu(I1) complex of 2,5-dihydroxy- 

2,5-cyclohexadiene-1,4-dione is also known to exhibit a similar enhanced 

shift for the carbonyl stretching frequency 697 . Thus the asaignment8 of 
the spectral bands indicate that embelin acts as a tetra dentate ligand 

coordinating through its phenolic and carbonyl oxygens. 

Electronic spectra 

Reflectance spectra of the complexes in the region (900-200 MI) 

were studied (Table I). Ligand absorptions and charge transfer 

transitions complicate the assignment of bands observed in the UV region. 

Being spin and multiplicity forbidden, the d-d transitions of 

the Mn(I1) complex have very low intensities. The band at 19230 CID” 

could be assigned to the 6Al-4T2(G) transition and that at 23800 cm -1 

to the 6A1+4E(G), 6Al~4Al(G) doublet. The 6Al_34Tl(G) transition, 

expected around 17000 cm -1, is probably obscured by the fairly strong 

ligand 

IMn( II) 

and at 

absorption at - 17800 cm-l. The observed spectral bands of the 

complex thus suggest an octahedral symmetry 9,lO . 

The absorption bands observed for the Ni(I1) complex at 17240 cm-1 
-1 25000 cm may be assigned to the spin allowed transitions from 

the ground state 3A2g(F) to 3Tlg (F) and 3Tlg(P) levels respectively. 

This is in conformity with t;; expected d-d transitions for octahedrally 

coordinated Ni(II) complexes . 

In the case of Cu(Ii) complex , the d-d transition bands are seen 

to undergo a red shift and are located at 11460 cm” and 14700 cm-’ and 

an asyxsetric and weak LF band is observed at y22000mmm1. This suggests 

a te-trahedrally distorted planar configuration , especially in view of 

the steric hindrance caused by the bulky embelin molecules. Copper 
complexes with other bulky ligands too ;y been known to exhibit 

similar spectral and magnetic behaviour . The observed band at 

22720 cm -1 may be ascribed to a charge transfer transition 
14 . 

Since no ligand field transition is expected for a dl” 

configuration, the observed bands in the spectrum of the zinc complex 

are due to ligand absorption8 and/or charge transfer transitions. 

Magnetic properties 

ihe room temperature magnetic moment of 5.84 BM (Table I) for the 

h!n(II) complex indicates an octahedral environment for the metal ion 
15 . 
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The Ni(II) complex has a gaff value of 3.2 BM and is quite expected for 

an octahedrally coordinated Ni(II) ion with an orbital contribution 
11 arising from a second order process . Cu(I1) complexes, in general, 

have peff values between 1.7s2.2 BM and magnetic moments, strictly, 

cannot be used to distinguish between the atereochemiatriea of the 

complexes. Nevertheless, lowar magnetic momenta ((1.;; BM) are 

frequently attributed to square planar configurations . Since 

tetrahedral distortions are expected to lead to increased magnetic 

moments13 , a peff value of 2.12 BM further supports the stereochemistry 
_-- 

proposed on the basis of the electronic spectral behaviour. 

complex is dienagnetic as expected. 

The Zn(I1) 

Thermal behaviour 

Thermal studies on the metal complexes of embelin were carried out 

under static air conditions. Thermo-analytical data obtained from TG, DT3 

and DTA curves and independent pyrolysis are presented in Table 11. The 

thermograms for the Mn(I1) and the Zn(II) complexes indicate two clear cut 

stages t the first corresponding to the dehydration of the coordinated water 

molecules and the second to the decomposition process. In the case of the 

Ni(I1) complex, the dehydration step is seen to merge with the 

decomposition process resulting in a single extended stage. The 

temperature ranges for the dehydration step, in this case has, therefore, 

been deduced from the DTG curve and the percentage mass loss corresponding 

to this range has been attributed to the loss of water molecules. The 

Cu(I1) complex shows only a single stage, being devoid of any water 

molecules. Dehydration peaks in the DT j for Mn(II), Ni(I1) and Zn(I1) 

complexes are parallelled by corresponding endothermic DTA peaks. 

Exothermicity of the decomposition peaks may be attributed to the 

concomitant oxidation reactions of the ligand. Final residues of 

independent pyrolyq,is (upto 7OO’C) of the complexes were subjected to 

chemical analysis and ware found to have metal contents corresponding 
to the compositions of Mn203, NiO, CuO and ZnO. On the basis of the 

procedural decomposition temperatures, the complexes are seen to follow 

the stability sequence Zn > Ni > Mn > Cu which is in good agreement with 

the order of thermal stabilities observed for the coordination polymers6. 

However, the increased shift in the carbonyl frequency of the Cu(I1) 

complex suggests an extra stability which is portrayed in terms of the 

initial stability range of the complex in the Tj curve. 
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NOTES 

Synthesis, molecular structure and electrochemistry of pentagonal bipyramidal 
nickel0 complexes of quinquedentate macrocyclic ligand incorporating a 

2,2’ : 6’,2”-terpyridyl moiety 

(Receioed 9 August 1982) 

Abstract-The synthesis and single crystal X-ray structure of the pentagonal bipyramidal nickel(D) complex 
[Ni(L)(EtOHb](BF& involving the quinquedentate terpyridyl macrocyclic @and L is reported; the electrochemical 
reduction of such complexes yields, in solution, d9 nickel(I) species. 

INTRODUCTION 

We have recently reported structural’ and electrochemical* stu- 
dies on transition metal complexes of pentadentate macrocycles 
incorporating 2,2’-bipyridyl or I ,lO-phenanthroline units. The 
stabiisation of low valent metal species in these systems has 
been correlated with the Ir-acceptor properties and stereoche- 
mical requirements of the diimine macrocyclic ligand. It has been 
demonstrated that similar r-acceptor properties are shown by 
higher diiine chelates such as terpyridyP and quinquepyridy14 
derivatives. We have therefore undertaken to incorporate such 
higher diimine units into macrocyclic arrangements and to study 
their subsequent stereochemical and redox behaviour. 

In this communication we report the synthesis and single 
crystal X-ray structure of the pentagonal bipyramidal nickel(D) 
complex [Ni(L)(EtOH)sj(BF4)2, the first macrocyclic complex 
incorporating a 2,2’:6’,2”-terpyridyl moiety, and the electroche- 
mical reduction of such complexes to the corresponding ds 
nickel(I) species. 

EXPJUUMENTAL 
The template condensation of 6,6”-bis(methylhydraxino)-4’- 

phenyl-2,2’:6’,2”-terpyridme-’ with glyoxal in the presence of 
Ni(OAcb.4H20 in refluxlng methanol yielded, on addition 
of [n-Bu4N]+[BF4]-, yellow micro crystals of [Ni(L) 
(MeOHbl(BF,),. Recrvstallisation of this nroduct from ethanol 
gave cry%als‘.of iNi(L)(BtOH)s](BF4), a-single crystal X-ray 
structural determination of which was undertaken to co&m its 
stereochemistry. 

Electrochemical measurements were recorded on a Princeton 
Applied Research Electrochemistry System Model 170. Cyclic 
voltammetric studies were carried out using a three-electrode 
potentiostatic system with platinum wire as auxiliary and work- 
ing electrodes and an Ag-AgNO, reference electrode at a scan 
rate of 1 V set-‘. AU readings were taken in acetonitrile with 
0.1 mol I-’ [n-Bu,Nl+[BF4]- present as base electrolyte. Con- 
trolled potential electrolysis experiments were carried out using 
platinum gauxe as the working electrode, a salt bridge being 
incorporated to separate oxidised and reduced species. ESR 
spectra were measured as glasses in acetonitrile at 77 K. All 
solvents were distilled, dried and degassed before use. 

RESULTS AND DISCUS!3ION 

Crystal data: [C&faN,NiO$+ (BF&, M = 743.93 mono- 
clinic, a = 14.271(3), b = 17.365(5), c = 12.364(4)A, jl = 
98.03(3) A, LJ = 3033.95 A3, D, = 1.628g cme3, Z = 4, Cu-K, 
radiation, A = I.5418 A, ~(CU-K,,) = 8.09 cm-‘, F(tM0) = 764, 

tCopies of atomic co-ordinates, thermal parameters and F./F, 
values have been deposited as Supplementary material with-the 
Editor, from whom copies are available on request. Atomic 
coordinates have also been deposited with the Cambridge Crys- 
tallographic Data Centre. 

space group C2/c. 2773 intensities were recorded on a Syntex P2i 
diffractometer (28,,, = 125“) using graphite monochromated Cu- 
K, radiation and a o/28 scan technique.’ The data were not 
corrected for absorption, but were averaged to give 1944 unique 
observed reflections [F > 3u(F)]. The structure was solved by a 
combination of direct method and Fourier diierence techniques 
and relItted by blocked-cascade least squares to R = 0.068 and 
R, = 0.067 [w = {o*(F) +O.O008~F]~-‘}. Anisotropic temperature 
factors were introduced for all the non-hydrogen atoms except 
for the carbon atoms of the coordinated ethanol molecules. The 
hydrogen atoms, with the exception of the unique hydrogen atom 
lying on the two-fold axis, were constrained to refine in 
geometrically idealised positions I.08 A from the relevant carbon 
atoms. The methyl groups were treated as rigid bodies. Common 
isotropic temperature factors were introduced for each type of 
hydrogen atom: the hydrogen atoms of the ethanol liinds were 
not located. t 

The structure of the cation is shown in Pi. I, together with 
some important bond parameters, the hydrogen atoms and the 
tetraRuoroborate anions having been omitted for clarity. The 
cation lies on a crystallographic two-fold axis which passes 
through the atoms C(l4), C(lO), N(4) and Ni(l). 

The X-ray analysis conlinns the presence of the seven co- 
ordinate pentagonal bipyramidal nickel(H) centre. The five 
nitrogen donor atoms of the macrocyclic ligand occupy the 
equatorial plane (deviations from planarity N(3): tO.O064A, 
N(4): -0.0101 A) with two axial ethanol molecules. The non- 
coordinated nitrogen atoms N(2) and N(2’) are planar sp’ hybri- 
dised, the sum of the bond angles around these atoms beii 
359.6”. The phenyl group subtends an angle of 14.9” to the 
terpyridyl unit, the separation between the two hydrogen atoms 
H(9) and H( 12) of 1.958 A is signilicantly shorter than the sum of 
the Van der Waals radii. This indicates a sign&ant r-interaction 
between the phenyl ring and the terpyridyl unit, and is consistent 
with the unusually short bond length of 2.015 A for Ni(l)-N(4). 
The molecule shows no tendency to octahedral coordination as 
observed for nickel(B) complexes of more flexible pentadentate 
macrocyclic ligandsp and represents one of the few d* complexes 
with pentagonal bipyramidal stereochemistry.’ 

Cyclic voltammetry of the b&acetonitrile adduct [Ni(L) 
(CH$N)J(BF4), in acetonitrile at platinum electrodes shows two 
reversible one electron reduction waves at ‘E1j2 = -1.07 V and 
*Eu2 = - 1.49 V. Controlled potential electrolysis of [Ni(L) 
(CHfN)J(BF4)2 at a platinum gauxe in a&o&rile at -1.1 V led 
to the reduction of the nickel(II) complex to give a dark green 
solution, the e.s.r. spectrum of which as an acetonitrile glass at 
77 K, shows the features of a d9 nickel(I) product; 4 = 2.4390, 
g, = 2.1184. Addition of CO or P(OMe), to the nickel(I) product 
gives axially substituted univalent complexes; gt = 2.5008, g, = 
2.0491 (for CO). PII = 2.4177. P, = 2.0684 (for P(OMeM. We oro- 
pose tie format& of six coordinate pentagonal pyramidal or 
seven coordinate pentagonal bipyramidal nickel(I) complexes. 
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C( 

Pig. I. The molecular structure of the JNi(L)(EtGH)$+ cation. Bond lengths: N(l)-Ni(1) 2.234; N(3)-Ni(1) 2.104; N(4)-Ni(1) 
2.015; G(l&Ni(l) 2.084 h. 

Ph 

A .\ 

(L) 

Electrochemical reduction of [Ni(L)(CH$N)#F& at the 
secondary reduction potential -1.6 V yields a mauve reduction 
soiution,~the C.S.L spectrum of which at 77K, shows the for- 
mation of nickel0 stabiised lid radical species with two 
essentiaR~ discrete ~aramaaneti~ centres, the’second electron 
residing on the q a&cyciic~@and; gt = 2.3103, g1 = 2.1928 (for 
d9 nickel0 cent&. e;, = 2.0245 (for littand radicaf). The stab& 
isation of ihe nickel@j”oxidation state by L parallels the redox 
behaviour of related l,lO-phenanthroBne based macrocyclic sys- 
tems: although the presence of a secondary reduction process in 
the terpyridyl macrocycle nlkcts a tendency of this diimiie 
system to form radical specie~.‘~ At present the role of the 
Y-phenyl group in the bondin8 in both the nickel(f) and nickel(H) 
complexes is not clear, although we believe it plays an important 
part in determining the w-acceptor properties of the JiBand.) 

Acknowledgements-We thank the S.E.R.C. for tinancial sup- 
port. 
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A CONVENIENT ONE-POT SYNTHESIS OF Q-PHENYLENE BIS(DIPHENYLPHOSPHI.NE) 

by H.C.E. McFarlane and W. McFarlane 

Chemistry Department, City of London Polytechnic, 

Jewry Street, London, EC3N 2EY. 

(Received 4 January 1983) 

Suuutary . The reaction between o-difluorobenzene and sodium diphenylphosphide in liquid 

asssonia provides a convenient synthesis of the title compound. 

The ligand g-phenylene bis(diphenylphosphine) (I) has considerable potential in transition - 
l-3 metal chemistry , but has been used less frequently than might have been expected 

because its published syntheses are low yielding and/or multi-stage3. Thus the direct 

reaction4 between lithium- or sodium-diphenylphosphide and g-dichloro- or o- _ 

dibromobensene gives yields of less than I%, whilst for the reportedly "optimum" synthesis2 

using the sequence (1) the overall yield is only 18% and it is necessary to isolate and 

purify the intermediate o-chlorodiphenylphosphinobenzene. 

Cl 
(1) Mg/Et20 

2 

(2) Ph2PC1 ' 

NaPPh2 
(1) 

Br l K 
PPh2 

(I) 

Other reported routes involve more stages and are similarly low yielding 3,s . 

In this note we describe a simple one-step synthesis based on the reaction in liquid 

smmonia between sodium diphenylphosphide and o-difluorobenxene which produces (I) in - 

yields of 35% in a straightforward way. A typical procedure is as follows, all operations 

being conducted with exclusion of atmospheric dioxygen. A deaerated solution of triphenyl 

phosphine (131 g, 0.5 mole) in dry tetrahydrofuran (250 ml) is added over a period of I hr 

to a stirred solution of sodium (23 g, 1 mole) in liquid asrsonia (2 1). Solid dry ammonium 

chloride (26.7 g, 0.5 mole) is added in small portions over 1 hr to destroy phenyl sodium, 

followed by dropwise addition of a deaerated solution of o-difluorobensene (28.5 g, 0.25 

mole) in tetrahydrofuran (100 ml). The wnia is allowed to evaporate overnight. After 

addition of toluene (600 ml) and refluxing for 1 hr, methanol (5 ml) is added to destroy 

any residual sodium and the mixture is filtered hot and the solvents are stripped. Re- 

crystallization from EtOH/toluene then yields (I) (46.5 g, 3%) as white crystals m.p. 

1g3-185O. (Lit. 186O). 
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Although the yield obtained by this route is only moderate, it is superior to that hitherto 

achieved and is based upon readily available and cheap starting materials. In addition, 

the procedure is very convenient and is easily adapted to different scales of operation; 

we are currently investigating other applications of fluoroaromatic compounds to the 

preparation of polyphosphorus ligands. 
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COMMUNICATION 

COORDIHATIVELYUHSATURATEDALKYHE CCNPLEXES: SYHTHESIS OFMONOAHD 

BIS-ALICYHE COMPLEXEB OF TUHCSTEB (II) 

Jack L. Davidson* and Giuseppe Vasapollo+ 

Department of Chemistry, Heriot-Watt University, Riccarton, 

Currie, Edinburgh EHl4 kAB,UE. 

(Received 4 November 1982) 

SUlllUl8ly. l%r2(CO)41n reacts with slkynes to give complexes [WBr2CO(RCXR)212 (1) 

(R = R' = Me, Et, Ph; R = Me, R' = Ph), which react with nucleophiles LIL = CHBut, PPh3, 

or P(OMe)3) to give monoalkyne derivatives [WBr2(CO)(RCXR')L21( 2). An intermediate 

bis-alkyne edduct CWBr2CO(MeCXMe)2(CHBut)1 (3) was isolated in the reaction of 

[WBr2(CO)(MeCECMe)212with CHBut illustrating that cleavage of the di.mer(l) is the first 

stage in these resctions. 

In recent years it has become clear that alkyne ligands c8n involve both sets of 

filled n-orbital6 in bonding with 8 transition metal and thus stabilise coordinative 

uns8tur8tionl*2. This phenomenon is particularly pronounced in divalent molybdenum and 

tungsten, (d4), complexes containing one or two coordinated alkyne ligands. Following 

recent indiC8tiOnS that k-electron &nation may le8d t0 8ctiV8tiOn Of 8 coordinated 8lme 

towards nucleophilic rather than electrophilic attack, 28,ba3 we now report the synthesis of 

new dlryne complexes of W(I1) and their reactions with nucleophiles. 

Reacticme of [WBr2(CO)41n with alkynes RCICR' (R = R' *Me, Et, Ph: R = Me, R' = Ph) 

in hexane at 20°C give good yields of dkiw complexes [WBr2CO(RC8CR)21n which 

according to molecular weight studies in solution are dimeric i.e. n = 2. However the 

mass spectra in each case only gives identifiable peaks due to mononuclear fragments 

[P/2 = CO1fCP/2 - (CO + RCnCR')1fCP/2 - (CO + Br)1+ although very weak dinuclear ions were 

observed in some cases. 

2090 cm-l, em, 2060 GUI -1 
Spectroscopic deta : e.g. CWBr2(CO)(MeCXMe)212; i.r., (CC14), 

, vs; %I nmr., 62.96(s, 6~) 2.33(s. 6H). ThetwolHnmr 

reson8nces suggest two sets of inequivalent alkynes or that Sll four alkyneS are 

equivalent but the two substituents are magnetically non-equivalent and on this basis 

structures (la) or (lb) are proposed.. However,since 8lwes 8I'e able t0 function 85 4- 

electron donors 8x1 alternative structure to (1) vithout 8 metel-metal double bond is 

eqtiy plausible. Interestingly CF3C8CCF3 and CWBr2(CO)qln give a mononuclear complex 

[WBr2CO(CF~C~CCF3)21under similar reaction conditions2b while [ti(gbt)2(~t)41 reacts 

with alkynes to give [MO(SBU~)~(C!!IBU~)~ (RCX!R)1 (R - H, Ph)3. 

t 
Present address: Institute di Chimics Generale, 

Via Amendola 173, 
Bsri, Italy. 
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R\ !? ,R 

qT’,-\l /Bk d % 
fl w\Br/pf 

R’ C Br 
0 k Br 

Mononuclear complexes [WRr2CO(RCXR)L2l, (2) were readily obtained from reactions of 

(1) with nucleophilee L - PPh 
3; 

P(Ok)3 or CloBuf and in one case en intermediate bis alkyne 

complex IWRr2CO(MeC~CMe),(CKBu )I (3). was al60 isolated. Spectroscopic data: 

CWBr2CO(McC~CMc)2(CNBlt)l~ i.r. (CHC13), kElf 2218 Ca;l~. uCO 2092 a-'v*i %I lllp~ (CDC13), 

62.93 (q, J = 0.79 Hz, 6H), 2.89 (q, J = O.EJ Rz, 610, 1.80 (s 9H); mass spectnrm-highest 
peak WBr2(Mec2!4e)21+. The presence of CR3-CR3 coupling in the 1 H nmr spectrum indicates 

inequivalence of the CR 
3 
groups at either end of each acetylene rather than inequivalent 

acetylene ligande au8 etructure (3) ir therefore ropeed. 
E 

Structures with trms alkynes 

are aho possible but six-coordinate bie alkyne d metal complexes appear to prefer d8 

alkyne ligands2a. 

N 
But 

Spectroscopid &&a: CURr2CO(WXMe)(CRRut)21 i.r. (CRC13), UC= 2194 8, 2160 cmls; 

VCC 2002 cnilvs. f omr 63.16 (P, 6~). 1.74 (e, 9H), 1.36 (e, 9H) 111188s apectnua - 

deccnnposition observed in the probe. The 1H nmr spectrum of NRr2CO(MeCXMe)(CNBut)21 

indicater two inequivalent irocyanide ligands and a single acetylenic CH3 resonance in 

accord with oi8 CR&at groups. 'H aaa 3% nmr spectra of CWRr,CO(RCZR')~P(OMe) 1 1 

similarly euggeet C-i8 phorphite liganda with R r R' = Me. Spectroscopic data: ~R2nmr: 



Communication 307 

"31, %I 

= 3.94 (a, JP+ = 9.81 Hz, 9H) 3.4'7 (a, JP_H = 10.46 Hz, 9H) 3.03 (a, J 

[ 1 119.95 (AB quartet), but tran8 P(OMe) 
1P-Ii = 1.77, 6~); 

ligands with R = R' = Ph H nmr 67.75 (m, 4H), 

7.48 (III, 6~), 3.61 (t, JP+ = 5.42 HZ, 18~); %I,, 6117.96 (IS). However monitoring of 

the spectra of CWBr2CO(MeCECMe){P(OMc)3}21r~e~edthst isomerisation of the kinetic ci8 

isomer occurs to a more stable tZWPl8 form: l?I nmr 63.66 (t, Jp_H = 5.38 Hz, 18H), 3.14 

tt* JP_H = 1.59 Hz, 6~); uP ?-HI, 6120.03 (8). Variable temperature 'H nmr spectra also 

revealed that the CR3CX!CH3 doublet 63.03 of the cio isomer splits into two equal intensity 

multiplets at low temperatures (T. coalescence = 14'C) whereas no change is observed in the 

spectrum of the tians isomer down to -85'~. This suggests propeller rotation of the 

alkyne ligand but with significantly higher barriers to rotation in the ci8 isomer. Such a 

conclusion is based on the proposal that in both isomers the alme should be in an 

asymmetric environment as in the illustrated structures (2a,b,c). This follows from simple 

bonding arguments 193 which dictate that for the alkyne to function as a four electron donor 

ligend in (2) the CO and RCtCR ligands must be mutually &.s while the most stable alkyne 

orientation will be that in which the EC bond lies parallel to the M-CO bond. 

C 
\ 

0 
Me 

: 

\ 
Me 

: 
\ 

Me 

L - P(OMe& 
(24 

These structures are based on the premise that the phosphines are coordinated to the 

matal a fact confirmed by the presence of 3$_183w coupling in the 31p nmr spectra of the 

complexes. In contrast P(OMe13 reacts with CWBr2CO(CF3CX!CF3)21 to give a vinyl derivative 

as a result of addition to an acetylenic carbon 2b . Thus, although nucleophilic attack at 
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811 acetylenic carbon m8y be promoted by four-electron donation to 8 metal 2aab'3 these 

results indicate that the presence of electron withdrawing groups (CF3) also appears to be 

necessary in some circumstcmces. 

Finally we note the increasing range of stoichiometries exhibited by d4 MO(X) and 

W(II) 8lhyne complexes. l-5 Since coordinative unsaturation in d4 complexes can also be 

stabilised by inorganic donor ligands 18 it seems probable that the wide range of 

stoichiometries available to the 8lkyne complexes m8y be a consequence Of n-donation by both 

the 8lkynes and the inorganic ligends. Thus differences in the v-donor abilities of SRut 

8nd Br could account for the preference for five coordination in [Mo(SBut)2(CBBut)~PhCICPh)13 

relative to six coordination found with CWBr2CO(CNBut)2(PhCXPh)l. 

We thenk the SKRC (JLD), the British Council and C.N.R., Italy (G.V.) for generous funding. 
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THE METAL COMPLEXES OF HETEROCYCLIC P-DIKETONES 
AND THEIR DERIVATIVES-II 

LANTHANIDE CHELATES OF l-PHENYL-3-METHYL-4-ACETYLPYRAZOLONE-5, 
(HPMAP) 

EMMANUEL CHUKWUEMEKA OKAFOR 

Coordination Chemistry Research Unit, Department of Chemistry, University of Nigeria, Nsukka, Anambra State, 
Nigeria 

(Receiued 27 October 1981) 

Abstract-Some lanthanide chelates of 1-phenyl-3-methyl-4-acetyl-pyrazolone-5, HPMAP, have been synthesized 
and investigated. Characterisation involved elemental analysis, conductivity measurements, IR and proton mag- 
netic resonance spectra, melting points and Karl-Fischer titrations. The complexes are shown to be neutral 
chelates with the empirical formula Ln(PMAP)s*xHzO.yCzHJOH were for Ln = La, Ce and Nd, x = 2 and y = 1, 
and for Ln = Y, Eu, Gd, Dy, Er and Lu, x = 2 and y = 0. IR, PMR and electronic spectral data together with band 
assignments are presented. The Nd chelate was found to exhibit positive nephelauxetic effect and Sinha’s 
parameters were calculated and discussed for Nd and Er. 

In a previous communication’ the synthesis and spectral 
properties of some anhydrous lanthanide chelates of 
l-phenyl-3-methyl-4~benzoyl-pyrazolone-5, (HPMBP) 
were described. In continuation of this serial study, the 
investigation has been extended to the lanthanide 
complexes of 1-phenyl-3-methyl-4acetyl-pyrazolone-5, 
(HPMAP). 

Reagents 

EXPERIMENTAL. 

The following Merck reagents of analytical quality were used: 
YCls6H20, La(N0&6HzO, Nd(NO&SHzO, Eu(NO&5HzO, 
Gd(NO&SH,O, Dy(NOr)~5HzO, Er@lO,),5HzO, LuzO,. CeOz, 
HzOz, I-phenyl-3-methyl-pyrazolone-5, acetyl chloride, dioxane, 
95% and absolute ethanol. 

I-Phenyl-3-methyl-pyrazolone-5 (I7 g) was dissolved in diox- 
ane (100 cm’) by warmina and Ca(OHh (ISa) added. Acetvl .~ _, 
chloride (7 cm’) was next added, drop by drop, with stirring within 
3 min. After refluxing gently for 1 hr, the orange mixture was 
cooled and poured with stirring into chilled 3M HCI (300 cm’). A 
handful of ice-salt mixture was added and vigorous stirring 
continued for another 30min, after which, the reaction mixture 
was kept in a refrigerator until crystallisation occurred. Filtration 
of the product gave 76% yield of light brown crystals, m.p. 
64-65”C. Recrystallization of the product from n-hexane gave the 
yellowish enol tautomer, m.p. 66-67”C. IR (Nujol): v,,,,, (cm-‘), 
1635 (C=O); 220&3500, weak and broad, (O-H.. . 0). Anal. Calc. 
for C12H110sN2: C, 66.65; H, 5.60; N, 12.%. Found: C, 66.58; H, 
5.57; N, 12.91. 

Preparation of rare earth complexes 
The complexes of La, Nd, Eu, Gd, Dy, Er and Y were 

obtained by the following general urocedure: A 0.5 M aqueous 
solution of sodium hydroxide (IO cm’) was added to a solution of 
I-phenyl-3-methyl-4-acetyl-pyrazolone-5, (5 mM) in 95% ethanol 
(45 cm ). The reaction mixture was put aside for about 24 hr. The 
resulting solution of the monosodium salt of the ligand was 
added dropwise with constant stirring to a solution of 1.67 mM of 
lanthanon salt in 10cm3 of 95% ethanol. The reaction mixture 
containing precipitates was stirred magnetically for 2hr and 
thereafter filtered under suction. The product was washed with 
aqueous ethanol (l/l), air-dried for 2 days, and stand in a 
desiccator over PzOS. 

The above procedure was modiied slightly in the case of Ce” 
and Ld+ complexes. Hydrated chlorides of CeQII) and Lu(III) 
(I.67 MM of each) were dissolved in 400 cm3 and 300 cm3 of 95% 
ethanol respectively. Into each filtered lanthanon salt solution, 
the solution of the monosodium salt of the ligand was added 
dropwise. The resulting reaction mixture was stirred magnetically 
for 2 hr and concentrated down to about 50 cm’. The crystals 
which deposited on cooling were filtered and treated as described 
earlier. 

The hydrated Ce(III) chloride was obtained from CeOr by 
treating Ce02 lirst with H202, next with cont. HCI, and 
evaporating the resulting solution cautiously to dryness to obtain 
white crystals, while the hydrated Lu(III) chloride was obtained 
by treating Lu203 with cont. HCI and evaporating to dryness. 

Physical measurements 
IR spectra were recorded on a Perkin-Elmer 577 spectropho- 

tometer. Other measurements are as described previously.’ 

Elemental analyses 
Microanalyses for C, H and N were performed by the micro- 

analytical unit of the Department of Pure and Applied Chem- 
istry, University of Strathclyde, Glasgow, Scotland. 

RESULTS AND DISCUSSION 
Table I lists the complexes prepared together with 

some of their physical properties and microanalytical 
data. 

The analytical data show that the complexes have the 
general formula Ln(PMAP)s.xH20*yCzHsOH where for 
Ln=La,CeandNd,x=2andy=landforLn=Y,Eu, 
Gd, Dy, Er and Lu, x = 2 and y = 0. The amount of water 
associated with the complexes has been determined by 
Karl-Fischer titrations.2 This technique was applied 
successfully to /3-diketonate corn lexes of lanthanides 
by Wagner3 and Springer et al. P The agreement be- 
tween the Karl-Fischer determinations and the proton 
NMR spectral integration of the proton signals of the 
associated water in the case of diamagnetic complexes is 
excellent. The proton NMR spectra reveal the presence 
of ethanol molecules in the case of La, Ce and Nd (Table 
3). Conductivity measurements in DMF reveal that all 
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The metal complexes of heterocyclic /?deketones and their derivatives-11 

Table 2. Observed vibrational frequencies of HPMAP and its lanthamun complex 

Ligand 
(m.p. 66 - 67%) 

3080 w 

2338 v 

1635 "s 

1600 “I 

lsnw 

1505 vs 

l466n 

1448m 

1400 Y 

l-SOW 

1328 m 

1210 * 

1185 v 

1165 sh 

llis v 

lO85 "S 

1070 Y 

1025 m 

1005 w 

960 b 

905 ID 

La 

3600 sh 

340C (s,brl 

308osh 

2930 sh 

1620 vs 

1600s 

1540 sh 

1490 "S 

1460 v 

1450 w 

1018 m 

1398 RI 

138OW 

1360 s 

1310 w 

1242 III 

1172 vu 

1152 w 

1080 vs 

1056 * 

1015 s 

99s VW 

955 M 

908 m 

873 q 

Tentative Assignment 

I/O-H of H20 

Aryl vC-.H 

saturated UC-H 

LC=O en01 form of @-diketone 

'h* 
C c 0 

phanylring Yc-c 

pyrazolcrirq stretch 

pyraza1ariIqstcech 

AsCH3 

pyrazolcrl.lq&retch 

C-H in-plane def. nonosubst. 
Phenyl ring 

CH3 -ins 

c%F5 stretch 

cxli3stx&h 
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Table 2 (Cord.) 

Ligand 
(m.p. 66 - 67%) 

826 I 

760 M 

665 * 

646 v 

591 m 

525 s 

402 w 

356 v 

La 

636 0 

753 YS 

666 II 

642 s 

606s 

524 I 

504 a 

401 s 

339 Y 

Tentative Assignment 

-XC-H 

chelate rfng deformation 

. chelate ring vibrations 

Legend: w, weak; VW, very weak; m, medium; s, strong; “s, very strong; 

v, stretching; r, out of plane bending; 
B, 

bending or deformation 

the complexes are non-conducting and are therefore 
neutral non-ionic complexes. The complexes are very 
soluble in such polar solvents as acetone, DMF, and 
DMSO but slightly soluble in chloroform and insoluble in 
such non-polar solvents like benzene and n-hexane. 

IR spectra 
Previous work on If-diketonatds ‘*‘-” have been 

taken into consideration in the assignment of frequen- 
cies. The IR spectrum of the enol tautomer of the ligand 
is considered as reference. Since these complexes have 
identical IR spectra, only the spectral data of the ligand 
and a representative complex-the lanthanum complex- 
are listed in Table 2, the vibrational frequencies (4000- 
2OOcm-‘) with possible assignments being given. The 
following features of the IR spectra are of interest: 

(1) The presence of coordinated water is indicated by 
the presence of a broad peak centred at 3400 cm-’ with a 
shoulder at 36OOcm-’ attributable to the OH stretching 
frequencies of water. 

(2) The weak broad band in the 2200-3500 cm-’ region 
which has been attributed to v., (OH) of O-H.. .O in 
enols” is absent in the spectra of the complexes. This 
fact implicates deprotonated OH in bonding. 

(3) The shift of the C=O stretching frequency from 
1635 cm-’ in the ligand to -1620 cm-’ (u,,C u 0) in the 
lanthanum complex suggests that C=O is involved in 
chelation. 

(4) The presence of bands between 300 and 5OOcm-’ 
typical of metal 1,3-diketonates (vM-0) suggests bond- 
ing through oxygen atoms.13 

IR spectral evidence, therefore, suggest that the ligand 
bonds to the metal ion through the carbonyl and the 
deprotonated hydroxyl groups of an enol form of the 
ligand. 

Proton magnetic resonance (PMR) spectra 
Table 3 gives the PMR spectral data of the ligand and 

some of its lanthanide complexes together with assignment 
of the proton signals. 

The PMR spectra of the complexes confirm IR evi- 
dence that the complexes are hydrated by revealing 
peaks due to water. The chemical shifts of these peaks 
are listed in Table 3. In the case of lanthanum, cerium 
and neodymium complexes, the proton NMR spectra 
demonstrate clearly the presence of ethanol molecule in 
each chelate molecule. The PMR spectra in DMF-d, of 
these GH,OH adducts indicate that the CzH50H mole- 
cule is not coordinated to the Ln ion since the C2HSOH 
signals are not shifted at all in the case of methyl 
resonances and only very slightly in the case of metby- 
lene and hydroxyl signals (Table 3) relative to the signals 
of the uncomplexed &&OH in DMF-d,. These slight 
methylene and hydroxyl shifts could be attributed to 
solution (medium) effects. On the other hand, the proton 
signals of the associated water molecules exhibit 
sign&ant shifts relative to the signal of uncomplexed 
Hz0 in DMF-d, which occurs at 8 4.33 ppm indicating 
that the Hz0 molecules are coordinated. In the case 
of the diamagnetic complexes, the signals of the 
water protons experience appreciable upfield (dia- 
magnetic) shifts to S (ppm): 3.13 (Y), 3.57 (La) and 
3.00 (Lu) whereas in the case of the paramagnetic com- 
plexes the signals of the Hz0 protons apart from 
experiencing some broadening sufler extensive downfield 
(paramagnetic) shifts to 8 (ppm): 10.16 (Ce), 10.67 (Nd) 
and 10.73 (Eu). Our results are in agreement with the 
recent conclusions of Richardson and Wagner’” that 
when water and an organic donor are both present, only 
the water is coordinated to the lanthanide ion, the 
organic donor molecules being hydrogen-bonded or held 
in the crystal by lattice forces. Careful integration of the 
proton signals reveals the number of Hz0 and C2H50H 
molecules associated with each complex molecule. Two 
water molecules are coordinated to the lanthanide in La, 
Nd, Ce, ELI, Lu and Y complexes whereas one CzH50H 
molecule is associated with each molecule of La. Nd and 
Ce complexes. 

In all the complexes, the methyl signals experience 
upfield (diamagnetic) shifts-8 (ppm): 2.33 (Y), 2.30 (La), 
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maxima (Table 4) as was the case in the spe’ctra of 
l-phenyl-3-methyl-&benzoyl-pyrazolone-5, HPMBP and 
its lanthanide chelates.’ The absorption at 262nm 
(-38,000 cm-‘) is ascribed to intraligand IT+ r* tran- 
sition. 

314 E. CHUKWUEMEKA OKAFOR 

1.73 (Ce), 2.18 (Nd), 0.93 and 2.23 (Eu), and 2.13 and 2.33 
(Lu) relative to that of the ligand (2.45 ppm). It is inter- 
esting to note that in the case of the europium complex 
the two methyl groups in the l&and with different 
environments have widely separated signals. In both the 
@and and the diamagnetic complexes of La, Y, and Lu 
the methyl signals are sharp whereas these signals have 
been broadened in the case of the paramagnetic chelates 
of Ce and Nd. The phenyl multiplet experiences slight 
downfield (pammagnetic) shifts in the case of the 
diamagnetic complexes of Y, La and Lu (-7.00- 
8.30ppm) relative to the multiplet of the ligand (7.2& 
8.OOppm) whereas in the case of the paramagnetic com- 
plexes the shift is upfield-Ce (7.20-7.70 ppm), Nd (7.25- 
7.80ppm) and Eu (5.20-7.OOppm). The signal due to the 
hydroxyl proton in the ligand at 6 12.27ppm is absent in 
the PMR spectra of all the complexes providing con- 
clusive evidence that the hydroxyl proton is lost during 
complexation. 

(b) The charge transfer transition. HPMAP complexes 
are not sufficiently soluble in 95% ethanol. The visible 
spectra of the ligand and the complexes have therefore 
been recorded in DMF in which these complexes are 
very soluble. The complexes of yttrium, lanthanum, 
gadolinium, dysprosium, erbium and lutetium show L+ 
M charge transfer bands around 23 kK (Table 4). 

(c) f-f Transitions. Visible spectral data for the 
neodymium and erbium chelates are reported in Table 5 
together with band (J level) assignments. The complexes 
of yttrium, lanthanum, cerium, europium, gadolinium, 
dysprosium and lutetium did not show any bands 
assignable to f-f transitions. 

In the PMR spectra of the chelates of gadolinium, 
dysprosium and erbium, no proton signals were picked 
up at all even at very high spectral amplitudes. This 
might be due to huge shifts or extensive broadening of 
the signals or a combination of both. 

Electronic spectra 
The electronic spectra of the lanthanide chelates of 

HPMAP may be conveniently divided into three types of 
bands which are derived from intraligand, charge-trans- 
fer, and f-f transitions and are found at decreasing 
energy (and intensity). The absorption maxima together 
with their molar absorptivities are reported in Tables 4 
and 5. 

Generally, the f-f transitions are slightly affected by 
the immediate surrounding of the lanthanide cation and 
this is commonly attributed to the “buried” or shielded 
nature of the 4f orbitals by the overlying 5s’ and 5p6 
shells; however, shifts, sometimes splitting and intensity 
enhancement of certain bands can be observed on com- 
plex formation. The nephelauxetic effect has been cor- 
related with the covalency of the metal-ligand 
bonding’s*‘6 and Sinha’s parameter” is usually supposed 
to be a measure of covalency. 

(a) Intraligand transition. The UV spectra of the Ian- 
thanide complexes are similar to that of the l&and and 
show virtually no shifts in the positions of the absorption 

The absorption spectrum of the neodymium(II1) 
chelate shows the expected red shit, with respect to 
aquo-ion, of the “hypersensitive” transitions; the value 
of Sinha’s parameter was found to be positive but 
smaller than unity (S = 0.7). If these shifts are effectively 
an accurate measure of covalent bonding the Nd(II1) 
chelate shows weak covalent bonding. But in the case of 
the erbium(II1) chelate, the absorption spectrum does not 

Table 4. Electronic spectral data-intraligand and charge transfer transitions of rare earth complexes of HPMAP 

Ligand 
bm!AP) 

Y(plAP)3.2H20 

cetPMAP)3.2H20. 

C2H50H 

NdmAP)3.2H20. 

C2H50H 

Eu0'KhP)3.2H20 

GdWWiP)3.2H20 

Dy@MAP)3.2H20 

Er(PMAP)3.2H20 

Lu 
Lum4P)3.w20 

262 36.17 40,625 

262 36.17 67,500 

262 36.17 46,750 440 22.73 21.67 

262 38.17 43.750 

262 

262 

262 

262 

261 

262 38.17 72.500 435 22.99 24.50 

435 22.99 27.43 

435 22.99 33.20 

430 23.26 19.07 
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Table 5. f-f transitions of rare earth complexes of HPMAP 

Compound 

Nd(PfWP)3.?H20. 

C2H50H 

\ maAnn) 

426 

474 

508 

520 

566 sh 

574 

620 sh 

674 sh 

732 

184 

835 

378 

405 

446 sh 

480 sh 

515 

536 

641 

sh, shoulder. 

23.36 

21.10 

19.69 

19.23 

17.67 

11.42 

16.13 

14.64 

13.66 

12.76 

11.96 

26.46 

24.69 

22.42 

aO.83 

19.42 

le.66 

15.60 

show any shift whatsoever with respect to aquo-ion, of 
the “hypersensitive” transitions; the value of Sinha’s 
parameter was found to be zero. This would imply that 
the Er(II1) chelate is on the border line between ionic 
and covalent bonding since according to Sinha” negative 
values of S indicate ionic bonding. However, of all the 
synthesized lanthanon chelates of HPMAP, the Er(III) 
chelate has the lowest melting point, 156157°C (Table 1) 
and besides, the M-O stretching frequency of -504 cm-’ 
suggests much greater covalent bonding than in the 
sodium chelate with vhf-0 of 427 cm-‘. To what extent, 
Sinha’s parameter is a good index for measuring 
covalency is a matter for future investigation. 

Assignments of the f-f transitions of the Nd and Er 
chelates of HPMAP (Table 5) are based on the cal- 
culations and analysis of the electronic spectra of 
trivalent Nd and Er carried out by Wyboume’8 and on 
the term assignments recently made for the absorption 

E 

9.15 

6.98 

6.54 

8.72 

14.82 

25.28 

1.31 

0.87 

6.10 

6.98 

2.18 

53.75 

19.51 

19.51 

lo.83 

22.54 

5.64 

4.34 

Asslgment 

4 
=9/2 

2 
- Pi/Z 

--c4G9,2 

--+2G9,2 

--+4G7,2 

-+2G,,2 

-4G 
5/Z 

-2Hll,2 

-S9/2 

-+7/z 

-2"9/2 

-'3/Z 

4 4 
=15/2' Gll/2 

2 
- H9/2 

-+5/Z 

--%2 

2 
- Hll/Z 

-4S3/2 

315 

bands of Nd3’ and E?’ in aqueous solution by Katzin 
and Barnett” and Ryan and Jorgensen.20 

CONCLUSION 
HPMAP bonds to lanthanide ions through the car- 

bony1 and hydroxyl groups of an enol form, the hydroxyl 
proton being liberated during complexation. The result- 
ing metal complex is a neutral tris chelate, each chelate 
molecule having two water molecules coordinated to its 
lanthanide atom which thereby exhibits a coordination 
number of eight. 
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Table 1. Analytical and magnetic data of the complexes 
- _- P-v 

Complex Colour EL? . 5c FFnd(C;lcd) sNof M 
&off 
B.M. (JOOK) 

1 2 3 4 5 6 7 8 
--------- --v 

da[Ru(dipicjd2h20 

[RuLdipic)(pic)] 

[Eu(dipic)(nic)] 

Ch(dipic)( inic)J 

[Ru(dipic)(gly)].h20 

bu(dipic)(ap)J .H20 

CRu(dipic)(~ab)].H~O 

LRu(dipic)(Eab)].E20 

Ka[Rh(dipicj2].2H20 

LRh(dipic)(pic)] 

[R:Rh(dipic)(nic)] 

[Rh(dipic)(inic)] 

LRh(dipic)(gly)].~20 

[Rh(dipic)(ap)].H20 

[Rh(dipic)(sab)].H20 

[Rh(dipic)(pab)].H20 

Na[Ir(dipic)2].a20 

(+dipic)(pic)] 

[Ir(dipic)(nic)] 

[Ir(dipic)(inic)7 

[Ir(dipic)(gly)].920 

[Ir(dipic)(ap)].H20 

CIr(dipic)(pab)].H20 

[Ir(dipic)(Eabo.H20 

Brown 140 34.2 1.8 
(34.3)(2.0) (:::) 

20.2 
(20.6: 

brown 

brown 

brown 

220(d) 39.9 1.8 
(40.2)(1.8) (;:;j 

25.2 
(26.0) 

240(d) 

245(d) 

blackish 210(d) 30.0 2.2 
brown (30.1)(2.5) t;::) 

27.5 
(28.2) 

brown 170(d) 
&:)(~:~) &:?, 

25.1 
(25.8) 

black 250 

black 250 

Orange 152 

Orange 245(d) 

Orange 248(d) 

Orange 240(d) 

Br0WU 170 

Brown 190(d) 

brownish 230(d) 
orange 

brownieh 210(d) 
orange 

red 130 

red 180(d) 

red 210(d) 

red 190(d) 

orange 160(d) 

red 1.87(d) 

orange 220(d) 

orange 232(d) 

39.7 2.4 6.2 
(39.9)(2.6) (6.7). $:t) 

39.6 2.6 23.6 
(39.9)(2.6) (2:;) (24.0) 

34.0 
(34.1) ::“,, G) 

20.4 
(20.9) 

39.8 
(40.0) 

39.8 
(40.0) 

l.b 7.0 26.0 
1.8) (7.2) (26.4) 

1::) (Z) 
25.4 
(26.4) 

40.0 
(40.0) 

1.6 6.9 25.8 
( 1.8) (7.2) (26.4) 

28.0 
(28.6) 

25.7 
(26.1) 

39.6 
(39.8) 

39.5 
(39.8) 

29.7 
(29.8) 

32.5 1.3 5.2 
(32.5) (1.4) (5.8) 

32.4 1.2 5.4 
(32.5) (1.4) (5.8) 

24.0 1.8 6.2 
(24.0) (2.0) (6.2) 

32.0 2.1 
(32.2) (2.2) &?) 

32.8 2.0 
32.8) (2.1) (:::) 

32.0 2.0 5.1 
(52.8) (2.1) (5.4) 

24.2 
(25.4) 

Z) 

33.5 
(34.1) 

39.8 
(40.1) 

39.6 
(40.1) 

42.1 
(42.1) 

39 .o 
(39.7) 

36.8 
(37.5) 

37.1 
(37.5) 

1.72 

1.75 

t .75 

1.75 

1.80 

1.79 

1.76 

1.75 

Diameg . 

Diamcy. 

Diamag. 

DifiQaC;. 

Diamy . 

Di8M8g. 

Diarag . 

DiEUlll4g. 

Diamag . 

DiWElg. 

Diamag . 

Dieaag. 

Diamag. 

Diamag. 

Diamag. 

Dlamag. 

---- -- -w--- 

where dipicHp = dipicolinic acid or pyridine 2,Gdicarboxylic acid, 
picH = picolinic acid, nicH = nicolinic acid, 

inicH = isonicotinic acid, glyH = glycine. apH = aminophenol 
CabH = g-aminobenzoic acid and pabH =p-amino benzoic acid 
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of ruthenium(III), rhodium(II1) and iridium(II1) can be 
formulated as Na[M(dipic)&2Hz0 and [M(dipic)(N- 
O)]nHzO, respectively. These formulations have been 
further corroborated on the basis of magnetic and spec- 
tral properties of these complexes. 

Magnetic moments and electronic spectra 
Ruthenium(III) complexes. The room temperature 

magnetic moments of the ruthenium(II1) complex of 
dipicolinic acid and of the mixed ligand complexes lie in 
the range 1.75-1.80 B.M. (Table l), which are lower than 
the predicted value9 of 2.10B.M. The lowering in peR. 
values may arise due to low symmetry ligand fields, 
metal-metal interactions or extensive electron delocal- 
i7_ation.‘0 

The electronic spectra of the ruthenium(II1) complex of 
dipicolinic acid and its mixed ligand complexes show 
bands at ce. MOO-14tIO0, 17000-ll3OOO and 2200& 
23000 cm-’ which may be assigned”-‘4 to * Tzg +4T,,, 
* T2s + 4 Tzb and * T2g +.*Azg, *T,, transitions, in increas- 
ing order of energy. 

The electronic spectra of these complexes are further 
rationalised’* in terms of ligand field parameters (10 Dq) 
and interelectronic repulsion parameters (B and C). The 
vglues of these parameters along with that of /3 given in 
Table 2, are comparable to those reported for other 
ruthenium(II1) derivatives involving nitrogen, oxygen 
donor molecules. I’. “. Is The B values are about 74-86% 
of the free ion value in the ruthenium(II1) complexes. 
The considerable decrease in the value of the Racah 

Table 2. Electronic spectral data 
-_- 

cornpa- Bands 
observed 

Aeeignmenta a,/ $,yDq-<--< 
&+_-I cm-l cm-’ B 

1 2 CL.-l 3 4 5 6 7 8 
- --- -- ------ 

17200 

22800 

13700 
17600 
22600 

13650 
17600 
22700 

13600 

:z% 

cRu(dipie) (ap I] .H20 

1300 
17100 
22000 

14000 
18000 
22800 

1300 
17200 
23000 

13100 
17300 
22800 

1800 

20200 

24300 

[Rh(dipic)(pic)] 17000 
20000 
25000 

[Rh(dipic)(nic)] 

ph(dipic)( inic)] 

17200 
20100 
24000 

17000 
20000 
25000 

2Tg-+4T&. 1.27 26362.5 

2 
T2g 2A2g,2Tlg 

-do- 1.28 26053.9 407.5 2479.1 0.78 

-do- 1.29 26259.7 

-do- 1.30 26300 

-do- 1.32 23000 

-do- 1.28 26233.2 

-do- 1.32 26633.2 

-do- 1.32 26733.2 

lA1g j3T1g 
‘Alg + lT 

lg 

lA1g ---$l'2g 

-do- 1.17 21500 

-do- 1.16 21550 

-do- 1.17 21500 

1.12 21300 256.2 1100 

462.5 2637.5 0.74 

493.7 2522.8 

540 2500 

520 2500 

500 2433.3 

540 2737.3 

540 <<I.2 27~ 

312.5 1500 

293.7 1450 

312.5 1500 

0.78 

0.86 

0.83 

o.E’o 

0.E.6 

0.~6 

0.35 

0.43 

0.40 

o.c3 
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Table 2 (Contd.) 
1 2 3 4 5 6 7 8 

-- 
10000 
22000 
26000 

CRh( dipic) tap)] &I20 

[Rh(dipic)(pab)] .H20 

17000 
24000 

17800 
20100 
24800 

[R:Rh( dipic) (gab)] .H20 

1ia/-Jr(dipic)2-J.2H20 23500 

[Ir(diplc)(pic)] 

[Ir(dipic)(nlc)] 

[IrC dipic) (inic)] 

p:Ir(ddpic) (sly)] .H20 

[Irtdipic) (nab)] .H20 

LIr(dipic)(pab)] .H20 

[Ir( dlpic)(_map)l .H20 

30800 
34000 

30800 
34200 

24200 
30200 
33000 

3 2000 
33800 

31700 
33600 

3ooop 
33800 

-do- I.22 24000 250 2000 0.34 

-do- 

-do- 1.39 21250 

-do- 1.15 21550 

lAu+ ’ Tlg 

ao- 1.10 

-do- I.08 

-do- 1 .cB 

-do- 1.03 

-do- 1.06 3244% 

-do- 1.06 32176 

-do- 1.13 30948 

31600 

30848 

32372 

30900 

293.7 

287.5 

219 

200 

212 

218 

175 

112 

119 

237 

1150 0.40 

1350 “-39 

876 0.33 

800 0.33 

840 0.32 

872 0.33 

700 0.27 

440 

476 

948 

0.19 

0.18 

0.35 

interelectronic repulsion parameter B from that of the 
free ion suggests that strong covalent bonding occurs 
between the ligands and the metal atom.” The overall 
effect of some covalent bonding will be an increase in the 
observed value of Dq; high values of Dq are usually 
associated with considerable electron delocalixation.‘O 

Rhodium(ZZZ) complexes. Rhodium(III) complexes are 
diamagnetic as expected. This is consistent with an 
octahedral arrangement of the donor atoms around the 
metal ions, producing a strong field.’ 

The electronic spectra of rhodium(II1) complexes 
show bands at ca. 17000-17800,2000&21tMO and 24000- 
25OOOcm-‘. These spectra resemble those of other six- 
coordinate rhodium(III) complexes’2* “A and may be 
assigned’* to ‘AI,+37’l,, ‘A,,+‘T,, and ‘A,g-+‘T2g 
transitions, in increasing order of energy. The electronic 
spectra of these d6 complexes can be usedI to evaluate 
liiand field and nephelauxetic parameters: values of 
10 Dq, B and /3 thus calculated are given in Table 2. The 
values are comparable to those observed for other com- 
plexes of this metal ion with nitrogen and oxygen donor 
ligandsls. 16. 18. 

The B values are of the order of 3M3[% 
of the free ion values, suggesting considerable orbital 

overlap with strong covalency in the metal-ligand u- 
bond. The decreasing values of B are associated with a 
reduction in the effective positive charge of the metal ion 
and with an increasing tendency to be reduced to the 
next lower oxidation state. 

Zfidium(ZZZ) complfxs. The iridium(II1) complexes are 
diamagnetic, with donor atoms producing a strong octa- 
hedral field.” 

The mull spectra of these complexes show bands in 
the 3OOM~32000 and 33000-34000 cm-’ regions (Table 2) 
which can be assigned” to ‘A,,+‘Z’,,(v,) and ‘A,, + 
‘T2Jy2) transitions in increasing order of energy. In 
some of the complexes, an additional band is also 
observed at ca. 23500-242OOcm-’ which can be assig- 
nedI to a ‘A,, +3T,g transition. The ratios of v2 and vI 
in the iridium(II1) complexes lie in the range 1.06-1.13. 
These values for the present complexes having the 
Aromophore IrN20., are slightly lower than those 
observed”, 2o for IrN3X3 and IrOsXs(X= Cl, Br, I) 
chromophores (1.10-1.20). This is expected in view of 
the ditTerent positions of these donor atoms in the spec- 
trochemical series.‘* The two transitions v1 and vz have 
been used19 to evaluate the ligand field (10 Dq or A) and 
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nephelauxetic (B) parameters. The values of these 
parameters along with that of /3 (covalency parameters) 
are given in Table 2, and are comparable to those repor- 
ted for other iridium(II1) complexes involving similar 
donors.‘*’ 2o The B values are about M-35% of the free 
ion value (660 cm-‘). This can be taken as an indication 
of considerable overlap with sign&ant covalency in the 
metal-l&and u-bond. 

ZR spectra. The IR spectrum of dipicolinic acid shows 
two bands at ca. 1700 and 1300 cm-’ due to v,,~,(COO) 
and uSY,(COO) vibrations, respectively. In the mixed 
liiand complexes, these two bands appear at ca. MO- 
1580 and 1460-1430cm-‘, respectively, indicating the 
involvement of the carboxylic group in bond formation 
with metal.2’. ** This is also supported by the appearance 
of new bands at 340-3OOcm-‘, assignable to v(M-0) 
vibrations.23S u However, it is worth noting that the 
lowering (IX. lOOcm-‘) of v~~~,,,(COO) (which is mainly 
due to u(C = 0) of the COOH group) and also the 
difference A v = v.,,,(COO) - vSY,(COO) - 150 cm-’ are 

considerable, which clearly indicates that the >=O 

moiety of the -COOH group is also coordinated to the 
metal atom, resulting from loss of electrons on coor- 
dination? This situation (I) is similar to that observed by 
Nakamoto et al?’ in [Cu2(OAc)J2H20(II) and later 
explained by Lever et aL26 

R-CC 
O-JM 

O-M 

(II) 

However, in the parent dipicolinic acid complexes, the 
shit of the v..,JCOO) band is of the order of 4& 
30 cm-‘, excluding the possibility of coordination of the 
\ ,C=O group to an other metal atom.” In different 

pyridine or aminocarboxylic acids, these two bands ap- 
pear at ca. 1710-1690 and 134&1320cm-‘. On com- 
plexation these bands also show similar type of changes 
as in the parent dipicolinic acid complex, indicating that 
the carboxylic group coordinates to the metal atom. 

The infrared spectrum of m-aminophenol shows one 
band at 3350cm-’ which may be assigned to v(OH). 
However, in its mixed ligand complexes, this band dis- 
appears completely, indicating the bond formation of 
phenolic oxygen to metal through deprotonation.2’ In the 

mixed ligand complexes of amino acids and aminophenol 
the shift of the v(NH) band, which occurs at ca. 3300- 
3100 cm-’ in the ligands to lower frequency ( - 100 cm-‘) 
indicates the amino group coordination to the metal 
atom.% This has been contkmed by the appearance of a 
new band in the far infrared region at 460-420cm- 
which may be assigned to a v(M-N) vibration.24 

Ligands containing the pyridine ring show bands at ca. 
1610-1570, 63&590 and 430-3!JOcm-’ which may be 
assigned to 8a or 8b (ring deformation), 6a (in-plane 
deformation) and 16b (out-of-plane deformation) 
vibrations,29’ 3o respectively. In the complexes, these 
bands show an upward shift (- 20 cm-‘) and in some 
cases the splitting of the 6a band has also been observed. 
The upward shift and splitting of 6a and 16b bands are 
consistent with coordination of the pyridine nitrogen to a 
metal atomso* 3’. The bands due to u&l-Py) are located 
at 280-255 cm-‘. In addition to the above, the parent 
complex of dipicolinic acid and mixed ligand complexes 
of m-aminophenol, o- and p-aminobenzoic acids and 
amino acetic acid show one broad band at ca. 3450 cm-’ 
which may be assigned to v(OH) of the water present in 
the lattice?’ 

Thus, on the basis of above discussion it appears that 
the mixed liiand complexes are polymeric in nature, as is 
also supported by their limited solubility in organic 
solvents, and each unit of polymeric structure possesses 
a pseudo-octahedral stereochemistry. The electronic 
spectra of these complexes which are typical of octa- 
hedral ruthenium(III), rhodium(M) and iridium(II1) also 

corroborate a polymeric structure. The 
> 

C=O moiety of 

the COOH group appears to provide the sixth coor- 
dination-sites, three be&g provided by dipicolinic acid 
(N, O-, 0) and two (N, 0) being provided by the mono- 
basic, bidentate ligands, making these complexes poly- 
meric. Thus the tentative structure of these complexes 
can be depicted as follows: 

hH,O 

M- Ru till), Rhtlll) or Ir Ml); n- 0 or I 

However, the parent complexes appear to be mono- 
meric. If they are assigned a structure similar to that 
suggested for mixed ligand complexes, they would have 
seven-coordinate units; however this is ruled out by the 
electronic spectra, which support a six-coordinated 
structure. A polymeric structure for the parent com- 
plexes can also be ruled out on the basis of steric 
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arguments. Their structure can. therefore. be tentatively 
depicted as follows: 
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(1,l l-DIAMINO-3,6,9-TRITHIAUNDECANE)COBALT(III) 
CATION AND ITS INNER SPHERE REDUCTION 

BY IRON(I1) 

JAMES D. KORP and IVAN BERNAL* 
Chemistry Department, University of Houston? Houston, TX 77004, U.S.A. 

and 

JAY H. WORRELL* 
Chemistry Department, University of South Florida, Tampa, FL 33620, U.S.A. 

(Received 15 February 1982) 

Abstra&-The crystal structure of racemic [Co(NSSSN)Cl](C104)Cl was determined by X-ray d&action methods. 
It crystallizes in the monoclinic system, space group P&/c, with cell constants of a = 9.795(3), b = 10.412(3) and 
c = 16.323(8) 8, and p = 93.87(4)“; V = 1661 A’ d (meas.; flotation) = 1.85 gm-cmm3, d (talc.; Z = 4 molecules/unit 
cell) = 1.88 gm-cm-‘. The molecules, a racemic mixture, have the absolute configurations AA6A or 66h8 at each of 
the four five-membered rings and restmble, in general, the so called aa conformer already described by Snow’ in 
his study of the Co(tetraen)@’ cation. However, the torsional angles at C2, C3 and C8, C9 in the two terminal 
C-C-NH* fragments are quite different in the two systems. For Co(tetraen)Cl*+ they are 44.7” and -20.2” 
respectively, whereas for Co(NSSSN)Cl*+ the values -52.3” and -44.6” obtain. Also, the ring Co-Sl-C3-C2-Nl 
does not have the classical, low energy conformation found in Co(tetraen)Cl*+. The presence of the larger Co-S 
bonds causes the two terminal -NH* groups to be pushed toward each other, and to minimize steric hindrance 
between adjacent -NH2 hydrogens and ligand twists C2 down and staggers the terminal hydrogens. We visualize 
the propagation of these distortion effects in solution as being transferred from one side to the other across the 
entire ligand chain with concomittant effects on the activation of the precursor complex in electron transfer 
reactions, resulting in -10’ rate enhancement over the Co(tetraen)Cl*+ system. Kinetic data for the reduction of 
Co@JSSSN)xZ+ and Co(NSNSN)~’ (X = Cl-, Br-) by Fe(H) is also presented and discussed. 

From a crystallographic standpoint, it is challenging to 
study the geometrical details of substances which, 
though closely related in composition and even stereo- 
chemistry, are suiliciently different so that other physical 
properties, such as reactivity, rates of electron transfer 
and/or ligand exchange, etc. . . differ by significant orders 
of magnitude. The hope is, of course, that stereoche- 
mically sign&ant changes in these substances can be 
assigned as the origin of the alteration of properties 
under consideration. Such is the case of previous work 
we have conducted in collaboration with Prof. Dobson in 
elucidating the stereochemical reasons for changes in the 
rates of ligand exchange in metal carbony1s.2*3 The 
availability of data on the pair of related substances 
[Co(NSSSNjC1](C104)C1 and [Co(tetraenjCll(ClO.W’, 
where NSSSN = 1,ll - diamino - 3,6,9 - trithiaundecane 
and tetraen = 1,3,6,9,11 - pentaazaundecane, now permits 
their comparison as well. Based on all available chemical 
evidence’> we inferred that the so-called (IO conformer 
is present in the NSSSN, as in Snow’s’ compound. One 
perplexing question related to Co(NSSSN)Cl’+ and 
Co(tetraen)Cl*’ was, why is Co(NSSSN)Cl*’ reduced by 
Fe(H) at a rate -10’ times faster than the amine analog if 
they both possess the same geometry? Is this rate 
enhancement due to a structural truns effect as being 
researched by Deutsch et a/.6*7 for Co(enhXz” type 

*Authors to whom correspondence should be addressed. 
I’Atomic coordinates have also been deposited with Cambridge 

Crystallographic Data Centre. 

complexes, or is it due to an electronic ground state 
effect due to the nature and presence of the thioether 
donors as suggested ear1ier,ss9 or is there a structural 
driving force that promotes activation of the 
Co(NSSSN)Cl*’ complex? 

In this work we report and discuss the results of an 
X-ray structural determination for [Co(NSSSN)Cl] 
(ClOJCl in conjunction with several kinetic studies in- 
volving the Fe(H) reduction of octahedral cobalt(M) 
complexes derived from both N-S-S-S-N and N-S-N- 
S-N type pentadentate ligands. 

X-Ray study 

EXPERIMENTAL. 

Crystals of [Co(CsH~N2S3)Cl](C104)Cl were grown from an 
aqueous HC104 solution of recrystallized [Co(NSSSN)CI] 
[ZnCl,]. The crystal structure was determined from 3891 
reflections collected by X-ray diffraction methods using a com- 
puter-controlled diffractometer equipped with a MO-target tube 
whose radiation was monochromatized by a dense graphite crys- 
tal. Table 1 summarizes the experimental data collection and 
processing parameters. Tables of atomic positional and thermal 
parameters and FdFc values have be-en deposited as supplemen- 
tary data with the Editor, from whom copies are available on 
request.t 

Matetials 
All common laboratory chemicals were of reagent grade. Stock 

solutions of aqueous iron(H) perchlorate, per&lo& acid and 
lithium perchlorate were prepared using triply distilled water and 
standard&d using methodologies reported earlie.r.‘O The com- 
plexes [CoWNSN)c1I(ClO~),, [Co(NSNSN)Br](C104k, 
[CO(NSSSN)CI](CIO~)~, and [Co(NSSSN)Br](C104), were pre- 
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Table 1. Summary of data collection and processing parameters 

space croup _---------____--i-__-----_______________ P21/c, monoclinic 

Cell Constants -----------------___-----____________ a = 9.795(3) f 

b = 10.412(3) 

c = 16.323(8) 

@ = 93.87(4)O 

v = 1661 ;3 

Molecular Formula -----___--__--______---___________ CoC13S304N2C8H20 

Molecular Weight ---------------------------________ 469.74 

MoIec”les per Cell ------_---------____---__________ 2=4 

Density (talc.) -------------------_------__________ p, = 1.88 g-cm 
-3 

Density (meas.) ------------------__~~~~~~~~~_______ pm = 1.85 g-cm 
-3 

Absorption Coefficient ---------------_____---_-____ p = 18.0 cm-I 

Radiation (nof&y) ------___---------__-------________ A = 0.71073 ;; 

Collection Range -----____--_________--_-___________ 4°<2tl<600 - - 

Scan Width __----_________-_~__~~~~~~~~_~___________ AS = (1.00+0.35 tan 13)~ 

Maximm Scan Time __________~_________~~~~~~~_______ 240s 

Scan Speed Range ____________________-______________ 0.4 to 5.0° min 
-1 

Total Data Collected _____-______________--__---____ 5225 

independent Data with 1>30(1) ---------------------- 389 1 

Total Variables ____________________~~~~~~~~~~~~~___ 270 

R . . . I IIF0 1 -IFcll /IIF,I ---------------------- 0.030 

R . . [~[F~I - (F~()~/z~[F~(~I* -------------- 0.031 

Weights ____________________~~~~~~~~~~~~~~~~~~~~~~~~ o(F)-~ 

pared as reported in the literature~*1’~12 AU complexes (A, = HO- 
225 II-’ cm’) were recrystalliied from dilute IWO,-NaClO, and 
their C, II, N, and S analyses, as determined by Chemalytics Inc. 
of Tempe, Arizona, verify the above analytical formulations. 

Kinetic procedures 

Predetermined volumes of deoxygenated stock solutions were 
delivered into a 5.Ocm cell under argon and the cell allowed to 
equilibrate at the desired temperature. Thermostated iron(D) 
solution was then added to the cell by syringe. The cell was 
shaken and absorption measurements using a Gary-14 were 
begun. Temperature was maintained at +O.l”C and monitored 
using the apparatus described previously.‘o 

Pseudo&&order conditions were maintained by having 
iron consumption less than 10% of the total iron(H). Rate 
constants were obtained from computer calculated least-squares 
slopes of plots of In (4 -OX) vs time. Such plots were found to 
be linear over 95% reaction. Data were collected by having 
triplicate determinations for k, at any given set of conditions. 
The error limits reported are standard deviations. Reactions were 
followed at A,, for the low energy d-d envelope observed for 
each complex. Visible UV Spectral characteristics h,,(c) are as 
follows: Co(NSNSN)Cl*+, 565(207), 505(159), 278(15,260); 
Co(NSNSN)BP, 586(242), 
Co(NSSSN)Cl’+ 

505(148), 281(21,950); 
548(351), 

Co(NSSSN)B&, 566(364), 370(790), 2;z$i). 
288(15&O); 

RESULTS AND DISCUSSION 
Structure description of [Co(NSSSN)CI]ClO,)Cl 

As can be seen in Fii. 1, the Co(NSSSN)CP cation 
closely resembles the aa isomer of Co(tetraen)Cl*’ 
which was investigated by Snow,’ in that the central 

sulfur donor (S2) is the one truns to chlorine. The 
absolute configuration shown in Fig. 1 is designated AASh 
(starting from Nl) according to IUPAC convention,‘3 
although the SSAS racemate is also present in the lattice 
since the compound was unresolvable4 and crystallizes in 
a centrosymmetric space group. A tabulation of bond 
distances is presented in Table 2, and intramolecular 
bond angles are given in Table 3. The averages of the 
essentially chemically equivalent bond distances in Table 
2 are as follows: Co-S = 2.235(l), Co-N = 1.973(2), C- 
S = 1.820(3), C-N = 1.489(4), C-C = 1.499(4) A. Two of 
the C-S bonds, namely SW4 and S3-C7, are markedly 
shorter than the other four, and since they are in similar 
positions in the ligand one is tempted to suggest and 
assign some electronic phenomenon to this observation. 
In this case however, there is no such ready explanation 
available. Excluding the bonds to sulphur, the remaining 
bond averages are insigniticantly different from those 
reported by Snow,’ and also from those found in other 
related compounds both with sulphur ligands7”6 and 
without.‘4,‘5 The Co-S distances are in good agreement 
with previous results,‘.‘6 and there is no indication of any 
tram effect in either the Co-S2 bond or the Co-N bonds. 
In compounds exhibiting a structural tram effect, the 
Co-N bond length increases to about 2.OOA. Also, ac- 
cording to Deutsch et of., only in those ligands where the 
sulfur atom carries a formal negative charge will a 
signiticant tram effect be observed upon chelation,” and 
this is not the case in the present compound. The C+CI 
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Pi. 1. Stereoscopic view of the cation showing the atom labelling scheple. Hydrogens are numbered the same as 
the atom to which each is attached. Non-hydrogens are shown as SO% equi-probability envelopes, and hydrogens as 

spheres of arbitrary diameter. Note the AA8A configuration of the ligand (starting from NI). 

Table 2. Intramolecular bond distances (A) 

CO41 

co-s2 

cc+ 

co-CQI 

Co-N1 

Co-N10 

CQ2-01 

CQ2-02 

CQ2-03 

CQ2-04 

Nl-C2 

C2-C3 

c3-Sl 

Sl-c4 

c4-c5 

C5-S2 

s2-C6 

C6-Cl 

c7-s3 

S3-C8 

lx-c9 

2.241(l) 

2.236(l) 

2.229(l) 

2.268(l) 

1.968(2) 

1.978(2) 

1.414(2) 

1.427(2) 

1.422(2) 

1.415(3) 

1.483(3) 

1.494(4) 

1.823(3) 

1.813(3) 

1.497(4) 

1.825(3) 

1.826(3) 

1.502(4) 

1.808(3) 

1.823(3) 

1.503(4) 

C9-NlO 

Nl-HlA 

NI-HlB 

C2-H2A 

C2-H2B 

C3-H3A 

C3-H3B 

C4-H4A 

C4-H4B 

C5-H5A 

C5-H5B 

C6-H6A 

C6-H6B 

C7-H7A 

C7-H7B 

CE-HBA 

CB-H8B 

C9-H9A 

C9-H9B 

NlO-HIOA 

NlO-HlOB 

1.495(4) 

0.95(3) 

0.92(3) 

0.91(3) 

0.99(3) 

0.90(3) 

0.85(3) 

1.01(3) 

0.98(3) 

0.94(3) 

1.01(3) 

0.95(3) 

1.10(3) 

0.93(3) 

0.98(3) 

0.97(3) 

0.97(3) 

0.95(3) 

1.07(3) 

0.90(3) 

0.91(3) 

bond distances in Co(NSSSN)C12’ and Co(Tetraen)Cl*’ 
are 2.268(l) and 2.263(3) A respectively, eliminating the 
idea of a sulfur induced structural rrans effect intluenc- 
ing the reactivity of groups positioned across the octa- 
hedron from sulfur. 

The crystal lattice structure [Co(NSSSN)Cl](ClO,)CI is 
held together by an extehsive system of hydrogen bond- 
ing which can be seen in Figs. 2 and 3. The close 
intermolecular contacts are listed in Table 4. Both the 
chloride and the perchlorate anions, separately, bridge 
adjacent cations through the amino hydrogens. The 
perchlorate anion links pairs of cations, and these pairs 

are themselves linked by pairs of chlorides into infinite 
chains parallel to the a axis. The separate chains are 
segregated from one another by C-H/C-H repulsions, 
although there may be some weak electrostatic attrac- 
tions between the perchlorate oxygen lone pairs and the 
empty d orbit& on the sulfurs. These contact distances 
are listed in Table 4, and the orientation of the Sl and S3 
atoms to 04 can be seen in the two packing diagrams. 
The 01 type oxygens and the ligated chlorine atoms 
serve no role in the intricate hydrogen bonding scheme. 

Since chemical reactivity studies have shown appreci- 
able differences between Co(NSSSN)Cl*+ and 
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Table 3. Intramolecular bond angles (“) 

Cal-co-s1 89.7(l) 

Cal-co-s2 176.0(l) 

CIl-co-s3 85.1(l) 

CQl-Co-N1 90.3(l) 

Cal-Co-N10 88.7(l) 

Sl-co-s2 90.0(l) 

Sl-co-s3 94.3(l) 

Sl-Co-N1 87.3(l) 

Sl-Co-N10 176.3(l) 

S2-Co-S3 90.9(l) 

S2-Co-N1 93.6(l) 

S2-Co-N10 91.8(l) 

S3-Co-N1 175.2(l) 

S3-Co-N10 88.9(l) 

Nl-Co-N10 89.4(l) 

Co-Nl-C2 111.8(2) 

Nl-C2-C3 109.3(2) 

C2-C3-Sl 

c3-Sl-c4 

co-Sl-c3 

co-Sl-c4 

Sl-c4-c5 

C4-C5-S2 

C5-S2-C6 

Co-S2-C5 

Co-S2-C6 

S2-C6-C7 

C6-C7-S3 

c7-s3-ca 

co-s3-c7 

Co-S3-C8 

S3-C8-C9 

C8-C9-NIO 

C9-NlO-Co 

107.9(2) 

101.0(l) 

98.7(l) 

104.9(l) 

111.8(2) 

113.2(2) 

103.3(l) 

104.3(l) 

104.9(l) 

114.2(2) 

114.3(2) 

103.7(2) 

104.9(l) 

97.9(l) 

112.4(2) 

109.4(2) 

114.6(2) 

OAC 

Fig. 2. Stereoscopic view of the molecular packing in the unit cell, as viewed along the b-axis. Only the amino 
hydrogens are shown, with thin lines indicating the hydrogen bonding contacts. Note how two chlorine atoms 

bridge the pair of cations in the right-rear portion of the unit cell. 

Co(tetraen)Cl*+, it is of interest to compare the major the two molecules. In the tetraen complex, the C2, C3 
structural features of the two complexes for a possible 
explanation. To this end we employed a program written 

and C8, C9 torsion angles are 44.7” and -20.2”, respec- 

by Liu’* to produce Fig. 4, which overlays the two 
tively, while in the NSSSN compound the corresponding 
angles are -52.3“ and -44.6”. A comparison of selected 

cations by minimiz& the Co, Cl, Nl and NlO distances. torsion angles for both molecules is presented in Table 5. 
It is quickly seen that the basic framework involving the The differences in both sign and magnitude of rotation 
sulfurs of NSSSN and the -NH groups of tetraen are the are important, showing that Co(NSSSN)C12’ is some- 
same, given, the longer Co-S bond length. The two ter- 
minal C-C-N fragments, however, are quite different in 

what more buckled, and with the opposite sense with 
regard to C2, C3. The contiguration of Co(tetraen)CP’ is 
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Pi. 3. Stereoscopic view of the packing as viewed along the a-axis. Note how two perchlorates bridge the pair of 
cations in the right center portion of the cell. 

Table 4. Hydrogen bonding parameters and close S . . . 0 contacts 

Al: B, A2 B-Al B...A2 Al...A2 Al-B.. .A2 

Nl, HlA, CP3 0.95(3)i 2.31(3$ 3.285(3$ 168(2)’ 

Nl. HlB, CP3 0.92(3) 2.62(3) 3.452(3) 146(2) 

Nl, HlB, 02 0.92(3) 2.74(3) 3.245(4) 114(2) 

NlO, HlOA, 03 0.90(3) 2.67(3) 3.375 (4) 135(2) 

NlO, HlOB, 02 0.91(3) 2.34(3) 3.211(4) 157(3) 

NlO, HIOB, 03 0.91(3) 2.85(3) 3.375(4) 128(2) 

ck!2, 04, Sl 1.415(3) 3.518(3) 4.884(Z) 165(l) 

c!z2, 04, s3 1.415(3) 3.361(3) 4.495(2) 137(l) 

Pi. 4. Stereoscopic comparison of Co(NSSSN)Cl*+ [larger circ!es] with Co($Araen)Cl*+ [smaller circles]. The view 
and the labelling are the same as in Pi. 1. Note the M$e;ce m conformatmn between the two compounds at C2 
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Table 5. Comparison of selected torsion aagles (“) 

Angle This Work Ref. l* 

Co-Nl-C2-C3 53.3 -27.6 

Nl-C2-C3-Sl -52.3 44.1 

C2-C3-Sl-C4 135.2 00.3 

c3-Sl-c4-c5 -61.4 -91.8 

Sl-C4-C5-S2 -45.6 , -39.8 

C4-CS-S2-C6 -76.2 -86.8 

C5-S2-C6-C7 83.4 81.4 

S2-Cb-U-S3 37.9 43.1 

C6-C7-S3-C8 71.4 89.5 

C7-S3-C8-C9 -81.0 -93.0 

S3-C8-C9-NlO -44.6 -20.2 

C8-C9-NlO-Co 42.2 -0.1 

*The signs of the angles have all been reversed for purposes of comparison, 
since the two molecules are of opposite chirality. 

MSA instead of AASh as found in Co(NSSSN)W. The 
main consequence of this divergence in confisuration of 
the Co-S1434!2-Nl ring is to effectively stagger the 
terminal amino hydrogen atoms of NSSSN, while they 
remain eclipsed in tetraen. The reason behind the diver- 
gence is most probably the longer C&J bond distance, 
which forces the amino hydrogen atoms more toward 
each other. To relieve this interaction the iigand twists 
C2 down and staggers the terminal hydrogens. By 
manipulating an accurate scale model of aa- 
Co(NSSSN)Cl*’ into the MA contiguration,‘9 there ap- 
pears to be an even more strained contact between H2A 
and HSA than between HlB and HlOB, and this certainly 
accentuates the driving force toward the AA6A 
conhguration. 

This structure determination is in accord with our 
earlier au geometric assignment for complexes of 
Co(NSSSN)X*’ based then on indirect chemical evi- 

dences. Although we as yet have not been able to grow 
[CO(NSNSN)CI](CIO,)~ crystals of suitable. quality for a 
structure determination, we are congdent that they also 
possess the a[~ configuration due to the stereochemical 
constraints required by the donor atoms in the NSNSN 
ligand’ and the complexes’ very close chemical and phy- 
sical simiMty to the Co(NSSSN)X*+ series.4 

Kinetic studies 
The Fe(U) reduction of Co(NSSSN)X*’ and 

Co(NSNSN)X*’ (X = Cl-, Br-) was examined under a 
variety of complex concentrations, Fe0 concentrations, 
acidities and temperatures. In all cases, the total [C!lO1-] 
was adjusted to 1.0 M using appropriate volumes of 
standardized LiClO,-HCIO,. Table 6 summarizes the 
conditions and values of k, obtained. Pseudo first-order 
conditions were employed in which consumption of 
Fe(n) was negligible, thus k, = kobs/Fe(lI). From this 

Table 6. Derived second order rate constants and kinetic data for the Fe(U) reduction of Co(NSNSN)ti’ and 
Co(NSSSN)xz’ complexes” 

~~ ~- 
I of individual [c0(IIx)xlo4 lFe(II)I lH30+l Temp. Ave. ktb 

determinations of kt Complex n !! n OC 
n-l s-1 

27 Co(NSNSN)C12+ 5.92-l 1.8 0.02-0.05 0.20-0.80 25.0' 0.226t.004 
3 11.8 .03 0.20 15.0. 0.117 
4 11.8 .03 0.20 35.0 0.428 

46 Co(NSSSN)Cfi2+ 2.6-10.4 0.02-0.07 0.10-0.90 25.0 0.193+.006 
3 5.2 0.04 0.50 18.1 0.118 
3 5.2 0.04 0.50 32.6 0.309 

25 Co(NSNSN)Br2+ 3.25-6.50 0.01-0.05 0.20-0.80 25.0 0.0304f.0007 

3 6.5 0.05 0.20 18.7 0.0160 
3 6.5 0.05 0.20 33.4 0.0613 

36 Co(NSSSN)Br2+ 2.4-9.6 0.02-0.07 0.10-0.90 25.0 0.0154f.0006 

3 4.8 0.04 0.50 17.7 0.786 
3 4.8 0.04 0.50 33.0 2.67 

aTotal CE04- was adjusted to 1.00 n using standardized LiCL04-HCX14 

b 
Variations in kt are given in standard deviations from the average 
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data we conclude that reduction of all four complexes iS 
first order in Co(m) and Fe(H) and follows the common 
acid independent (0.20 A4 < HSO’ < 0.90 kf) rate law: 

-d[complex]/dt = k,[Co(III)][FeJII)]. 

It has been established generally that similar Fe(H)- 
Co(III) systems undergo reaction via an inner-sphere 
electron transfer mechanism,m and we assume that basic 
mechanism in this work. 

Activation parameters for the iron(H) reduction of the 
Co(NSSSN)X*’ and Co(NSNSN)X*’ complexes are 
presented in Table 7 along with the corresponding values 
for the analogous halopenta-aminecobalt species. 

Previous studies demonstrated that the placement of 
thioether donors trans to potential inner-sphere bridging 
groups enhanced the reduction rate by factors of -Id- 
ld as compared to nitrogen donors similarly placed in 
the coordination sphereTg The exact nitrogen analog to 
Co(NSSSN)C12+ and Co(NSNSN)Cl*+ is 
Co(tetraen)Cl*+. Second order Fe(H) reduction rate 
constants at 25°C are 0.193 M-’ s-‘, 0.226 M-’ s-’ and 
-1 X lo-* M-’ s-l respectively. The latter value is an 
estimate because the Co(tetraen)Cl*‘-Fe(H) reaction was 
found to be extremely slow?’ Reactivity trends in k, 
have been attributed to the circumstance that the oxidant 
acceptor orbital (probably dz*) is made more available by 
simultaneously removing the bridging ligand and the 
donor group trons to it. Experimentally one observes 
that k, is signiticantly reduced as chelation is increased in 
a series of cobalt@) complexes when NH3’s are 
replaced by ethylenediamine, triethylenetetramine and 
tetraethylenepentaamine respectively.8 Presumably in- 
creased chelation reduces the ability of a trans donor to 
stretch along the axis of inner-sphere interaction and 
thus we would expect any complex derived from a 
pentadentate liiand to exhibit the greatest reduction in 
kt. In this work, with the presence of thioether donors, 
the above decrease in k, is not observed; instead we 
have a -10’ fold rate enhancement. 

From the structure data on Co(NSSSN)Cl*’ and 
Co(tetraen)Cl*’ we clearly must exclude any structural 
tram effect, the Co-Cl bond distances in both being 
almost identical (2.268(l) and 2.263(3) A respectively). 
We believe a major factor contributing to the increased 
reduction rate begins with the fact that the Co-Sl-Cf 
C2-Nl ring does not have the classical low energy con- 
formation as found in the tetraen derivative. In 
Co(NSSSN)Cl*+ one of the two adjacent terminal - 
NH2’s must be twisted to assume a position in which the 

hydrogens on the two amino groups are staggered, 
minimiiing hydrogen-hydrogen steric effects. Smce the 
ligand is symmetrical, this phenomenon must alternate 
from one side to the other in solution, inasmuch as the 
mirror image molecule must have the distorted ring on 
the opposite side from that shown in Fig. 4, and the 
enantiomers are in equilibrium. Therefore, one can visu- 
alize this phenomenon as a propagation of the distortion 
from one side to the other across the entire chain with 
concomitant effects on the activation step associated 
with the precursor complex, and the observation of 
enhanced k,. 

Another feature to consider is the possibility of an 
Fe(WI-Co inner-sphere reduction path. Deutsch et al. 
have demonstrated that Cr(II)-Sulphur bridges to Co(II1) 
centers are fairly common.6*7 Several observations sug- 
gest that in our case Fe(D) does not favour such a bridge. 
In Table 6 we find that the reduction rate of 
Co(NSNSN)X*’ in several orders of magnitude greater 
than the corresponding Co(NSSSN)XL+ species, even 
though the latter has more sulphur atoms available for 
possible interaction with Fe(H). With Fe(U) as reductant 
the bridging efficiency of Cl- is greater than that of 
R-S-R and if both paths were operative to varying 
degrees one would observe nonlinear In (4 -D,) vs 
time plots. Such is not the case as the graphs are excep- 
tionally linear over 95% of reaction demonstrating reac- 
tion singularity. In previous work’ complexes of the type 
Co(NSSN)diimine were observed to be unreactive, 
even at high Fe(H) concentrations, demonstrating the 
Fe(II)-Thioether bridge is an unfavourable path for 
electron transfer. Preliminary experiments with 
Co(NSNSN)NCS*+ and Fe(JI) gives k, - 
6 x lo-’ M-’ s-l, again demonstrating the disdain Fe(H) 
has for inner-sphere sulphur bridges. It has been noted 
elsewhere that a large ratio of kNj/kNCS is suggestive of 
an inner-sphere Fe(I1) reduction path and reflects the 
affinity of Fe(I1) for nitrogen rather than sulphur bridges. 
The ratio of the axide rate constant” to the N-thiocy- 
anato rate constant is 1.35 M-’ set-‘/6 x lo-’ M-’ s-’ or 
-2x 105, consistent with our assignment of a bridged 
inner-sphere mechanism not involving the thioether 
donor atoms. 

Examination of Tables 6 and 7 shows that the 
Co(NSSSN)X*’ complexes are reduced slower than the 
Co(NSNSN)X2’ analogs in which the central thioether 
donor has been replaced by a CH,-N moiety. The slit 
increase in kl due to this structural modification may 
imply that the methyl group via solvation interactions is 

Table 7. Activation parameters for the Fe@) reduction of cobalt(lII) complexes 

Oxidant k M-1s“ 
t25°C 

AHt ass 
kcallmole e.u. 

AG$ 
kcaljmole 

Co(NSNSN)CP2+ 0.226 13.6 

Co(NSSSN)CP’+ 0.193 11.1 

Co(NSNSN)Br’+ 0.0304 15.5 

Co(NSSSN)Br’+ 0.0154 13.5 

cowH3)5cP 2+ 1.35x10 -3 12.5a 

Co(NH3)5Br 2+ 7.3x10 -4 15.5b 

aJ. H. Espenson, Ino~. C&., 4, 121 (1965); - 

b 
R. G. Linck, ibid., 9, 2529 (1970). 

-16.0 18.3 

-24.4 18.4 

-13.0 19.4 

-21.7 19.9 

-30 21.4 

-20.1 21.5 
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pulled into the bulk solvent, thus facilitating expansion 
of the cobalt radius along the critical axis as the ieduc- 
tion process proceeds with Co(n1) becoming Co(II). The 
presence of CH,N physically causes a marked increase 
in solubility between the two series of complexes. In 
Table 6, a noticeable feature is the consistently more 
negative entropy of activation for Co(NH,),X2’ and 
Co(NSSSN)X” species, again suggesting a less stringent 
structural ordering in the activated complex for reduc- 
tion of Co(NSNSN)X” complexes. In each case the 
bromo complex is reduced at a rate considerably slower 
than observed for the chloro derivative. This may be a 
manifestation of soft-hard (Br-Fe*‘) vs the favored 
hard-hard (Cl-Fe2’) interaction in forming the precursor 
complex. 

In this and previous studies we observed that place- 
ment of thioether donors truns to potential bridging 
groups greatly enhances the reduction rate compared to 
comparable complexes with amino donors. The exact 
reasons for such rate enhancement (-ld-10’) are not 
easily isolated because of the difticulty in systematically 
controlling or varying only one of the numerous con- 
tributory features present in a molecule. Several emer- 
ging investigative routes include the synthesis of new 
molecules having specific stereochemistries and struc- 
tural studies to examine the role of bond lengths, angle 
and ring conformations in conjunction with the reduction 
rate. The possible role of ground state electronic effects, 
especially in sulphur-containing ligands such as NSSN, 
NSNSN and NSSSN awaits theoretical and/or photo- 
chemical investigation. 
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THE DISTRIBUTION OF CERIUM (III) CATIONS BETWEEN 
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Abstract-Extraction of micro- and macroquantities of Ce” (C& = 10-6-10-’ mole/dm’) with a nitrobenzene 
solution of dicarbolide (C,Y,+s- = 0.04-0.5 moleldm’) from a nitric acid solution (C&o, = 0.1-0.3 mole/dm’) was 
investigated. Coextraction of water and simultaneous extraction of Cr?’ and Ba2’ (Q&+ + Cap = 0.3 mole/dm”) from 
0.3 and 0.5 M HNO, was also studied. It was found that the reaction Ce3+ + 3fii=Ce” t 3H (Kc& takes place in 
all cases. The dependence of the apparent exchange extraction constant K cc13n on the initial composition of both 
phases was determined and the effect of the composition of the aqueous phase on the values of KCe13u and Kaa12u 
was discussed. The stability constant of the CeNOs2+ complex and the hydration number of the Ce” cation in the 
organic phase &.I+ = 16.2 + 2) was determined and a linear correlation between individual extraction constants of 
mono-, bi- and trivalent cations and the hydration numbers in the nitrobenzene phase was found using data from 
the present paper and values given in literature. 

In the previous paper’ the reasons were given for the 
investigation into solvent extraction of barium in the title 
system. In this work an analogical study has been per- 
formed on cerium III cations. This particular choice of 
cation is based upon the presence of cerium among 
nuclear fission products and because the system has been 
proposed for the isolation of radioactive cesium and 
strontium from radioactive wastes generated in Purex 
reprocessing of irradiated nuclear fuel.’ Furthermore, 
cerium was selected as a suitable representative of 
trivalent cations which have almost been up to now 
ignored in investigations of similar solvent extraction 
systems based upon the presence of the bulky hydro- 
phobic dicarbolide anion acting as the extractant. 

The simultaneous extraction of barium and cerium in 
this system was studied also with the aim of investigating 
a possible mutual interaction of these two cations in the 
solvent extraction process. 

EXPERIMENTAL 
The experimental technique, e.g. the determination of water 

and proton concentrations in the organic phase, followed rather 
strictly the experimental pattern described previously.’ For the 
determination of the distribution ratios of tracer amounts of 
cerium (Dd tracing with ‘“Ce was used and the ratioactivity of 
aliquots of the two phases was measured after reaching (in 2 hr) 
radioactive equilibrium between l”Ce and the daughter element 
“Pr. In experiments where Ba and Ce were simultaneously 
present two parallel sets of experiments were performed in 
which the chemical composition of the extraction systems was 
exactly equal, but one set was labelled with “‘Ce in order to 
determine the Dc. values, the other one with “‘Ba. Weighable 
amounts of Ce in the stock solution were determined using a 
complexometric method (pH 4.4, indication with xylenol orange). 

RESULTS ANB DISCUSSION 
The dependence of Dc. values for tracer amounts of 

Ce upon the concentration of HNOp in the aqueous 
phase and upon the concentration of the reagent in the 
organic phase is given in Fig. 1. Similarly to analogical 

*Author to whom correspondence should be addressed. 

results’ obtained with Ba, the values of log Dee depend 
linearly upon the initial acidity of the aqueous phase 
c&.,o, (at constant initial reagent concentration in the 
organic phase (~~a)), the slope being this time - 3. For 
constant c&o, values in the aqueous phase log Dc. 
values increase linearly with c& the slope being ap- 
proximately + 3. Accordingly, the prevailing equilibrium 
underlying the solvent extraction process can be for- 
mulated as follows: Ce3’ t 3H’ .,*CeZ + 3H’ (KcEd 

In order to investigate if the same simple reaction 
takes place also when weighable amounts of cerium are 
extracted systematic experiments were performed in 
which the initial concentrations of the threee com- 
ponents varied in the ranges: 0.1-0.3 mole/dm3 HNO,; 
0.04-0.5 mole/dm3 HB; 1O-6-1O-’ mole/dm’ Ce and dis- 
tribution ratios of Ce and equilibrium concentrations of 
protons in both phases were determined. The total num- 
ber of these distribution experiments was 124. The 
method of calculating the KCe,3H values was analogical 
to that described previously.’ The values KCc13u showed 
no dependence upon the concentration of the reagent in 
the whole range investigated and upon the concentration 
of Ce in the range 10-6-10-2 M Ce. On the other hand, a 
slight decrease in KCel)H values was observed with in- 
creasing aqueous acidities. For low concentration of Ce 
(< 0.01 M) the empirical relationship is valid log K$& = 
1.49 - 0.26c&,. 

In the whole concentration range a rather complicated 
empirical relationship has been derived:’ 

log Kf;, = 1.31 -O.l9c;t,,,t 1.21 c;;+,- -3.63 c& 

t 0.34 c;+B-&o, - 0.11 C;+R-C& 

.t 1.35 cr&& - 2.32(c&)* - 0.059 

x (c&J2 t 8.02(c&)*. 

The fact that the KCc130 values vary only slightly when 
the initial concentrations of the three components of the 
solvent extraction system change in wide ranges can be 
considered as a corroboration of the validity of the 
chemical model of the extraction proposed (no asso- 
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Fig. 1. The logarithmic dependence of the distribution ratio of tracer amounts of Ce upon the initial concentration of 
nitric acid and dicarbolide. Curve l-c fiB = 0.037 mole/dm3; 2-0.092; 3-0.184; 4-0.276; 5-0.46; 6-c&o, = 3.0 

mole/dm’; 7-2.5; 8-2.0; 9-1.5; 10-1.0; 11-0.7; 12-0.5; 134.3. Broken lines indicate slopes - 3 and t 3. 

ciation of the extracted species and the extractant in the 
organic phase, no association of the ions Ce’+ and B- in 
the aqueous phase, no extraction of HNO& 

Another evidence in favour of the proposed main 
chemical reaction of the extraction process can be infer- 
red from the data on the proton transfer from the organic 
phase into the aqueous phase during the solvent extrac- 
tion of weighable amounts of cerium (Table 1). It can be 
seen that the coincidence of calculated and experiment- 
ally found values of the increase of H‘ concentration in 
the aqueous phase (AJ and its decrease in the organic 
phase (-A& is fairly good. The average value from 
all data available is A.,/[Ce”],, = 3.12 2 0.15 and 
-Aorg/[Ce3+lorg = 3.14+0.17 which is very close to the 
theoretically expected value of 3 protons per cerium 
cation. 

For the interpretation of the results obtained the 
behaviour of cerium (III) nitrate complexes might be of 
importance?’ Therefore the effect upon Ce3+ extraction 
was investigated of the type of the anion of the mineral 
acid present. In these experiments tracer amounts of 
Ce3+ were used, three concentrations (0.1, 0.2,0.3 M) of 
the extractant and the initial acidity in the aqueous phase 
was adjusted to 0.2-2M H’ using alternatively the fol- 
lowing acids: HNOp, HClO,, HCI, and HzSO+ With all 
four acids the linear dependence of log Dc. upon log CH+ 
with the slope of -3 was observed. The values of Dc. 
increased according to the sequence HClsHNO3 < 
H,S04<HC!10,. The values for HCI were about 95%, 
those for H,S04 140% and for HCIO, 175% of the value 
for HNO, taken as reference. 

These results show that in the solutions of perchloric 

acid, which is known to be in most cases a noncomplex- 
ing medium, the distribution ratios of Ce(III) exhibit the 
highest values observed which could be interpreted as a 
result of the absence of complex formation between 
Ce3’ and the anion as compared to some degree of 
masking in the other media tested. The differences be- 
tween the Do. values for different acids are small com- 
pared to the strong scattering of published stability con- 
stant8 of the complex 1: 1. Therefore, on the basis of 
literature data available the question whether the order 
of the acids according to the degree of Ce complexing is 
identical to that of decreasing Dc. values cannot be 
answered with reliability. 

For this reason we investigated in more detail the 
dependence of Dee upon c&o3 in a medium of constant 
ionic strength (replacing gradually HCIOl by equivalent 
concentrations of HNOX). The experimental curves are 
given in Fig. 2. 

The theoretical curves calculated on the assumption 
that Ce3’ and CeN03*’ are the only species of Ce(II1) in 
the aqueous phase and CeNO,*’ is nonextractible coin- 
cide satisfactorily with experimental data if the values of 
the stability constant of CeNO?’ are assumed to be 2.19 
(CL = 0.3) and 2.84 (p = 0.5). The comparison of these log 
K, values with available data from the literature given in 
Table 2 shows that the values found in our system do not 
contradict values found by other authors. Therefore we 
are prone to ascribe the lower values of DC= in nitric acid 
than in perchloric to the formation of inextractible 
CeN03*’ species. Consequently the values of Kce,3u 
given in this paper ignoring the formation of these spe- 
cies must be characterized as “conditional” concen- 
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Table 1. Verilication of the equivalence of the exchange of Ce3’ for H& in solvent extraction. Values A 
indicate changes in concentrations (mole/l) of H+ in the respective phase during the solvent extraction process, 
theor. relates to theoretical values calculated using the cation exchange relationship from the Dee values 
measured; A pertains to experimentally found values; co denotes initial concentrations of the respective 

components in the particular phase 

0.15M 

0.2 P 

0.2 Id 

0.2 M 

0.2 K 

0.3 Id 

0.3 I 

0.3 M 

0.3 16 

0.3 Y 

CO HNO, 

0.3r 

0.3rd 

0.5 M 

0.7M 

l.OM 

0.3 M 

0.5 Y 

0.7 M 

1.0 Y 

1.5 m 

CO Ce 

theor. 

& 
A 

uq 
org. 

theor. 

A uq 
A org. 
theor. 

2 aq 
org. 

theor. 

A 

,Ao::. 

theor. 

A 

-A ::g. 
theor. 

-2 zg. 

theor* 

A *q 
A erg* 

theor. 

'&riY 

theor. 

A 

‘Aor: 

theor. 

A l 
A ore 

).25?4 Ce3+ 

0.101 

0.090 
0.089 

0.102 
0.106 
0.086 

0.082 
0.068 
0.086 

0.059 
0.062 

0.050 

0.030 
0.044 

0.035 

0.143 
0.156 
0.153 

0.135 
0.126 

0.139 

0.118 
0.128 

0.136 

0.068 
0.15 
0.060 

0.030 
0.020 
0.029 

0.U Ce3+ 

0.074 
0.075 
0.058 

0.081 
0.081 
0.086 

0.057 
0.068 
0.056 

0.043 
0.050 
0.059 

0.019 
0.029 
0.023 

0.142 
0.129 
0.145 

0.105 
0.111 
0.112 

0.065 

0.076 

0.072 

0.046 

0.15 

0.036 

0.016 

0.025 

0.024 

0.05P Ce3' 

0.052 

0.039 

0.047 

0.066 

0.064 

0.070 

0.022 

0.022 

0.028 

0.020 

0.027 

0.017 
0.012 

0.015 

0.023 
0.024 
0.031 

0.014 
0.020 
0.014 

0.008 
0.007 
0.012 

0.108 0.027 
0.106 0.021 

0.115 0.031 

0.078 0.022 
0.066 0.019 

0.070 0.016 

0.055 0.016 
0.040 0.027 
0.056 0.025 

O.OlH Ce3+ 

Table 2. Stability constant of CeNOjZ+ (298K) 

Method of 

I 

Medium, Ionic 
determination utralgth 

1 log. Kl 1 Flefennce 
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lH+(ClOi) 0.21 (6) 
biatribution 2H+(ClOi) 1.04 (4) 
(extraction) 0.5X (ClOi) 0.454 mework 

Om3H (ClOi) 0.340 mliewo* 
cation exchange 

HNO)(VariOue) 0.4 (6) 
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f l-IN03 

Fig. 2. The influence of nitric acid concentration upon the extraction of cerium. f = molar fraction C~~NO,/(&NO, + 
cj&,,) in the initial aqueous phase. Curve I-& = 0.1 moleldm’; CI&O, t C&O, = 0.3 mol/dm’; 2-0.3; 0.5. 

tration constants’ which are valid only for the degree of 
the metal masking occurring in the presence of the ligand 
concentration, which was used in the determination of 
the KCe,3H constant. 

Thus the influence of HNO, concentration upon the 
K Cc,3H values found in this paper is due to two factors: 
changing degree of Ce3+ masking and changing activity 
coefficients of the species in the aqueous and to some 
extent-in the organic phase. 

Since the exchange constants KCc,3H and KBa12~ have 
been found’ to be reasonably constant in systems, where 
a pair of cations only was present, it seemed worthwhile 
to investigate the validity of this approach to systems 

with the simultaneous presence of three types of cations 
(H’, Ba*‘, Ce’+). 

In these types of experiments the c;tNoj and c& were 
held constant and the ration c&/c& was varied in a wide 
range maintaining the sum CL + I$. constant. In all cases 
the values DBa, Dee and c& were determined. The 
distribution of metals is shown in Fig, 3 for three con- 
centrations of HB. The values of constants KCc,3H and 
K aalZH were calculated 

(a) for each CH+B- and ciNo, separately 
(b) for all &+a- with constant cANOJ together and 
(c) for all c;t+B- and C,&~~ together. 

The special version of general least squares minimizing 

Co,, 
0 0.1 0.2 0.3 
I I I I 

2- ~~~-_~-~-:+~S’ 

2. /‘3 
/ / 

1.5- 

0.5 c\ 0 Q 
0 8 

I I I I I I 
0 0.2 0.4 0.6 0.8 1.0 

f aa 
Fig. 3. The concentration of water in extracts containing simultaneously Ba and Ce. Circles~u,o vs fa, in individual 
distribution experiments; squares-average values EHIO over the whole fa. range vs &a. Curve l-O.3 mol/dm’HB,0.3 

mole/dm’ HNO,; 2-0.3, 0.5; 3-variable, 0.3; 4-0.2, 0.3; 5-0.2, 0.5; 6-0.15, 0.3; 7-0.1,0.3; &0.04,0.3. 



program LETAGROP (Ref. 8) was used for this cal- 
culation involving the function 
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extraction systems with nitrobenzene and dicarbolide 
anion. This statement is based on the observed in- 
dependence of &c,3H constant on the acidity of aqueous 
phase (Fig. 1). U = B{[(log D*.(exp) - log D&alc)]’ 

+ [log D&exp) T log Dc.(caWl*] (2) 

where D&exp), D&X&) resp. D,,(exp), D&calc) are 
experimental and calculated values of distribution ratios 
of Ba resp. Ce. Results are summarized in Table 3. 

Values of both &c,3H and KBdZH show no depen- 
dence on acidities of both the aqueous and the organic 
phase. The scattering of these values is probably caused 
by experimental errors and neglecting the changes of 
activity with component concentration during constant 
calculation. Both KCe,3H and KBajZH are approximately 
three times lower than these found in the systems con- 
taining Ba2’ resp. Ce’+ in microamounts. This difference 
may be caused by changing of activity coefficients in one 
or even both phases. 

In the case of both multi-charge cations (Ba’+ a Ce”) 
present in weighable amounts in the aqueous phase 
rather low values of ycc and YBa should be anticipated 
( - 0.2-0.35) based on the analogy with the systems con- 
taining Ba(NO,), or La(NO& and Pr(NO& (see Refs. 
11.12) which is in accordance with observed decrease of 
KCc,3H and KBa,ZH for macroamounts of Ce and Ba. 

In an attempt to ascertain the hydration of Ce3’ ions in 
the nitrobenzene extract the overall concentration of 
water in the extract was determined in dependence on 
the equilibrium concentration Ce” ions ([Ce”],,& in the 
organic phase (Fig. 4). The calculation of the hydration 
number of Ce” in the organic phase (hcsj+) was per- 
formed using the simplified procedure discussed pre- 
viously,’ based upon the balance: 

For the discussion of this difference in KCc,3H values it 
is useful to start with the obvious relationship: cE& = c&, t hH+ x [H+lorg t hCe3+ x [Ce3+]_., 

K 7H3 x “Ike 
- K&H x _ Ce,3r-I - 

YCeXYH ’ 

The assumption can be made that the ratio j$,3/yCc 
does not depend significantly on the composition of the 
aqueous phase and on the ionic strength of the organic 
phase. This is indicated by the fact (see Table 3) that the 
dependence of KCclSH and KBalZH on the value of c;te are 
very feeble. 

As for the activity coefficient of the protons or acids, 
we assume that they are practically equal for both cases, 
i.e. 0.3-1.0 M HNOJ or 0.3 M HNO, t 0.3 M (Ce(NO+ 
Ba(N0,)2). This assumption is based upon an analogy 
with the systems BaC& t HCI (Ref. 9) and Nd(N03h t 
HNOS (Ref. 10). In the latter case values almost constant 
were found for the acidity range 0.1-1.0 mole/kg and 
practically independent of Nd concentration in the range 
O-O.2 mole/kg. In the former similarly constant values of 
YHCl are reported. 

Thus, the change of KCc,3H would mainly be ascribed 
to the change in ‘ycc. In the case of microamounts of Ce 
the value of yce can be assumed to be close to unity in 

where c&,, is the solubility of water in the pure solvent, 
hH+ was determined previously and [H’],, and [Ce3+lorg 
values were determined by the analytical methods men- 
tioned. 

From the fact that the curves in Fii. 4 run almost 
parallel to the lines of constant cZ& values it can be 
seen that the values of be)+ should correspond to 3hH+ 
since one Ce” replaces three H’ cations during extrac- 
tion. 

In our previous paper the hH+ values found amounted 
to 5.2-7.6 so that the expected range of hCc3+ values is 
about 15.623. Unlike for hH+ no correlation between the 
actual hc.3+ value and the composition of the extraction 
system could be found and therefore the hCc3+ values for 
the various points in Fig. 4 were included in the cal- 
culation of an average overall value hCc3+, which was 
found to be 16.2 -t 2 mole of H,O/mole Ce’+. The limita- 
tions to the precision and accuracy of h values calculated 
in this way has been discussed previously in connection 
with the determination of haa2+. 

Comparing the value 16.2 + 2 for Ce with 11.5 + 1 
found’ for Ba one can conclude that the exchange reac- 

Table 3. Logarithmic values of constants KC~I~H and KB~/ZH for systems with various ratios c&/c& 
(c&t c& = 0.3 mol I-‘) 

C&’ 

(m&l-y %@/3H %+I %h/)Ba rid 

0.30 l.os(l.33) 0.45(0.68) 7 

0.30 0.950.16) 0.31s.23 7 

0.30 1.190.43) 0.49s.24 7 

0.30 0.57(0.83) 0.09s.24 7 

0.30 1.31(1&l) 0.56(0.80) 7 

0.30 1.03fi.17 0.38$.13 35 

0.5 0.98(1.22) 0.32+25 5 

0.5 l.lg(1.46) 0.44t0.65) 5 

0.5 l.OQO.24 0.37$.18 10 

3.3-0.5 1.04+14 O.,a;o.ll 45 

“.b.cThe constants calculated according to methods a, b, c, respectively, given in the text; 
( ) maximum value; 
Errors of the constants and their maximum values are calculated according to SillCn and Wirnqvist’; 
dNumber of experimental points, n 

o.04a 
0.10* 

0.15* 
0.20* 

0.30* 
0.04-0.30~ 

0.15* 
0.2bz 

0.15-0.2b 
0.04-0.30’ 

0.82 
0.96 

0.89 

0.88 

0.94 

0.90 
0.98 

1.07 

1.02 

0.93 
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h n 

Fig. 4. The concentration of Hz0 in extracts in dependence on equilibrium cerium concentration in the organic phase. 
Curve I-& =0.3 mole/dm3, Cfi~o~=0.3; 2-0.3,0.5; 3-0.3,0.7; 4-0.3, 1.0; 5-0.3, 1.5; o-0.2,0.3; 7-0.2,0.5; 

8-0.2,0.7; 5’-0.15,0.3; 104X1,0.3; 11-0.1,0.5. 

0 

0 

0.3 

Fii. 5. Extraction of barium (triangles) and cerium (circles) by the nitrobenzene solution of dicarbolide from aqueous 
solution 0.3 h4 HNOr0.3 M[Ce(NO& t Ba(NOs)a]. (1) 0.04 M dicarbolide, (2) 0.10 hi dicarbolide, (3) 0.30 M 

dicarbolide. Full lines are calculated for log KaP/rH = 0.38 and log KCcljH = 1.03. 

tion 3 Ba2’+2 Cez”,* 3 Baf& t2 Ce’ should be ac- 
companied with a very little change in overall cation 
hydration in the extract ([(3 x 11.5-2 x 16.2)/2 x 16.21 x 
100=6.5%) which is well within the uncertainty of the 
hydration numbers found. Since in all experiments also 
the concentration of water in the extract was determined, 
the anticipated independence of c&, upon faa in the whole 
range of fa. values could be checked. The results (Fig. 5) 
corroborate the above reasoning. The fact that a practically 

linear dependence of cH@ upon I$, values was found is in 
coincidence with the observation that for hydration num- 
bers of both Ba2+ and Ce” no dependence on c;te values 
could be found. 

It is interesting to compare the hydration number value 
of Ce in the extract with the hydration numbers of the 
same cation in aqueous solution since some authors*3.‘4 
came to the conclusion that the hydration numbers of 
anions in nitrobenzene extracts “should be considered 
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Fig. 6. Correlation between individual extraction constants of cations from water to nitrobenzene and their hydration 
numbers in nitrobenzene. Data for Ce from this work, other data see Ref. 1. 

only lower limits to the first-shell coordination numbers 
as they represent average values for distributions that 
may well range from 0 (unhydrated anions) to 4 or even 6 
water molecules (the first-shell coordination number)“. 
As a matter of fact a remarkable similarity was found 
between the organic phase hydration numbers of Cl- and 
Br- to the values found in aqueous solutions by com- 
pressibility and ionic vibration methodsI 

For Ce3+ the following hydration numbers in aqueous 
phases have been found: 6.7 by diffusion measure- 
ments and 7.5 by volume fraction statistics,” 8 in sulphate 
media from thermodynamic parameters,16 9 spec- 
trophotometrically,” 9 from molar volumes and 13 by 
compressibility method.‘* Similarly to Ba*’ behavior’ 
these are much lower than the above bc3+ value found 
in nitrobenzene which shows again that the assumption 
of the first-shell coordination number being a higher limit 
to organic phase hydration number cannot be considered 
to be of genera1 validity. The reasons for the possibility 
of the organic phase hydration number exceeding mar- 
kedly that in the aqueous phase have been discussed in 
connection with Ba*’ hydration.’ 

The determination of the hydration number of Ce” in 
nitrobenzene offers an opportunity of testing the validity 
of the correlation between hydration number values in 
nitrobenzene and individual solvent extraction constants. 
Combining data given in Fig. 8 in Skarda and coworkers 
paper,19 (Fig. 5) from the previous work,’ and the value 
of ho.” found herein we obtain the presently most 
general correlation plot (Fig. 6) which shows that the 
correlation is valid both for investigated cations of 
charge t 1, t 2, and t 3 and investigated anions with 
charge - 1. 
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Abstraet-Rate constants of acetyl-proton exchange of alkali acetylphenolates and related acetyl aromatics were 
measured and compared in 90 and in C&OD. The results exhibited chelate-induced activation of acetyl C-H 
bonds. A palladium complex with N,N,N’,N’-tetramethylethylenediamine turned out to catalyze the acetyl proton 
exchange bf o-hydroxyacetophenone due to chelation. 

Reactions of coordinated molecules have been in- 
vestigated widely, while little has been studied about the 
reactivity of C-H bonds outside chelate rings. In a pre- 
vious work, kinetics of proton dissociation from acetyl 
groups of p-dicarbonyl compounds were measured and 
discussed in connection with chelate effects.’ In such a 
system, however, there was some uncertainty in measur- 
ing the kinetics because hydrolysis (C-C bond cleavage 
in the ligands) occurred during measurement. The chelate 
effect on the rate of acetyl-proton exchange was suc- 
cessfully observed by use of a series of hydroxy- 
acetophenones. This paper will expand the original 
communication’ and describe the chelate-induced ac- 
celeration of proton dissociation from acetyl groups as 
well as a catalytic character of a palladium complex. 

EXPERIMENTAL 
General comments 

UV absorption spectra were measured on a Hitachi 
EPS3T spectrophotometer using HZ0 and N,N- 
dimethylformamide (DMF) solutions. IR spectra were 
recorded on a Hitachi EPI-S2 spectrophotometer in 
nujol mulls or neat films. NMR spectra were determined 
at 60 MHz on a Hitachi R-24 spectrometer using CD&, 
CD,OD, or DzO solutions with TMS or sodium 2,2- 
dimethyl-2-silapentane-S-sulfonate as the internal stan- 
dard. Rate of proton dissociation was expressed by rate 
of disappearance of NMR peaks due to acetyl-methyl 
protons in D,O or in CD,OD. Kinetic measurement and 
calculation were performed by a general method des- 
cribed in the previous paper.’ 

Materials 
o-, m-, and p-Hydroxyacetophenone(Hooa, Hmoa, 

and Hpoa, respectively) and other acetyl compounds 
were commercially available; the purity was confirmed 
by IR and NMR spectra. Sodium o-acetylphenolate, 
Na(ooa), has been prepared in the previous work.’ Other 
alkali-metal salts were obtained similarly by mixing of 
solutions of hydroxyacetophenones in methanol and 
aqueous alkali hydroxides. The purity of the salts was 
confirmed by elemental analyses (Table 1); sets of small 
letters represent anions derived from corresponding 
hydroxyacetophenones. 

Palladium complex with N,N,N’,N’-tetramethylethylene- 
&amine (tmen) and Hooa, [Pd(tmen)(ooa)lClO, 

When an aqueous KJPdClJ was treated with 
N,N,N’,N’-tetramethylethylenediamine(tmen), a water- 
insoluble complex, [Pd(tmen)Clzl, was produced as 
orange-yellow crystals.3 To a suspension of 
[Pd(tmen)ClJ (0.3 g) in water (30 cm3) was added a solu- 
tion of AgC104 (0.4 g) in water (10 cm3) with vigorous 
stirring. The mixture was stirred at 80°C for 10 min and 
filtered. To the cold filtrate was added a solution of 
Na(ooa) (0.15 g) in water (10 cm3). After stirring the mix- 
ture for 10 min, the resulting yellow crystalline powder 
was collected and recrystallized from water to yield 
(almost theoretical %) yellow needles of the desired 
complex, [Pd(tmen)(ooa)lClO; NMR(CDCW 62.66(s, 
COCH3, 3H), 2.81 and 2.83 (2s, NCH3, 12H), 3.07(s, 
NCH2, 4H); IR(nujol) 1607(m, C = C), 1573(s, C = O), 
1525(m, C = C) cm-‘. Found: C, 36.80; H, 5.02; N, 
6.11. Calc for C14H23N206ClPd: 36.78; H. 5.07; N, 6.13%. 

RESULTS AND DISCUSSION 

Rate constants, kHmD, of acetyl-proton exchange of 
sodium salts of o-hydroxyacetophenone(Hooa), m- 
hydroxy-acetophenone(Hmoa), and p-hydroxy- 
acetophenone(Hpoa) in DzO are shown in Table 2. By 
use of a mixture of the three salts in D20, the rate 
constants for the salts could be measured simultaneously 
under the same conditions: the rate constants obtained 
from the mixture are shown in parentheses in Table 2. 
The fact that each of the values measured in the mixture 
is larger than the corresponding rate constant obtained 
from the single solution is attributable to higher concen- 
tration of an OD- ion in the mixture. The order of the 
rate constants, Na(ooa) > Na(moa) > Na(poa), in both 
series can be ascribed to the effect of conjugation in the 
p-isomer and neighbouring hydroxyl-group participation 
in the o-isomer similarly to the case of thallium(I) salts 
described before.’ Carbonyl stretching vibrations in IR 
spectra: 1647 and 1637 cm-’ for Hooa and Na(ooa), 1666 
and 1687 cm-’ for Hmoa and Na(moa), 1649 and 
1652cm-’ for Hpoa and Na(poa), exhibit the consider- 
able enhancement of the polarity of the carbonyl bonds 
resulting from the resonance in Hooa, Hpoa, and their 
salts. 
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Table 1. Analytical data of alkali acetylphenolates 

Found(Colcd) 

Compound Formulo Colour C H 

Li(ooa) C,H,O,LI Yellow 67.60 (67.63) 4.98 (4.97) 

Li(poa) C,H,O,LI 1/6H,O Whlte 66.12 (66.22) 5.13 (5.10) 

No(moo) C,H,O,No 1/5H,O Pale yellow 59.36 (59,111) 4.40 (4.61) 

NO(POO) C,H,O,No White 60.53 (60.76) 4.44 (4.46) 

K(ooo) CaH,O,K Yellow 55.39 (55.15) 4.16 (4.05) 

K(poa) C,H,O,K 1/8H,O White 54.68 (54.44) 4,114 (4.14) 

Table 2. Exchange-rate constants (kH.o, min-‘)t at 36”C, concentration (M)?, chemical shifts(d) of acetyl-proton 
resonances of alkali acetylphenolates in 90 

Compound Cont.(M) COCH,(e) k,_,(min-l) 

Ll(OO0) 0.14 2.60 4.0 x 1o-2 

Ll(PO0) 0.13 2,115 1.6 5 lo-* 

Na(ooa) 0.13 (0.11) 2.63 5.0 x 1o-2 (9.3 x 1o-2) 

Na(nua) 0.12 (0.11) 2.58 1.2 x 1o-2 (2.7 x 1O-2) 

Na(ooa) 0.13 (0.13) 2.45 I.6 x IO-* Cl,7 x 10-j) 

K(ooo) 0.13 2.63 5.4 x lo-* 

K(POO) 0.11 2.45 1.6 x lo-* 

tValues obtained from a mixture of the three sodium salts are designated in parentheses. 

The presence of intramolecular bonding in alkali-metal 
salts of Hooa in solution can be confirmed by cation and 
solvent effects on UV absorptions according to the 
method of Zaugg and Schaefer.4 Ultraviolet absorption 
spectra of the salts of Hooa and Hpoa were measured in 
dimethylformamide (DMF) and in water: T-P* tran- 
sition energies of acetylphenolate anions were charac- 
terized by strong absorptions (emax== 104). In Fig. 1, the 
wave numbers (i; in cm-‘) of the corresponding ab- 
sorption maxima are plotted on the abscissa vs the inverse 
cation radii(l/r in A-‘). The cation effects observed in 
the salts of Hooa markedly in DMF and slightly in water 
are attributable to the association or the incomplete 
dissociation of the ooa salts in the solutions. The absence 
of such a cation effect for the salts of Hpoa shows 
clearly that the salts are ionized almost completely in 
solution. The linear correlations of the inverse cation 
radii with the transition energies show the absence of 
appreciable covalent interactions between the anions and 
the alkali metal ions. From Fig. 1, the absorption maxima 

-K 0 

0 
26 28 30 

; tkK) 

Fig. 1. Correlation of absorption maxima(t) with cation radii(r). 
O(O), Alkali(ooa) in DMF(in H20); q m), Alkali(poa) in DMF(in __ -. 

H20J. 

Fig. 2. Plots of anion basicities(pKa) vs ground-state hydration. 
I, phenol; 2, p-chlorophenol; 3, p-nitrophenol, 4, dimedone; 5, 
acetylacetone; 6, dibenzoylmethane. For the values of 1 - 6, see 

Ref. 4. 

for the free solvated anions, AEO, were obtained by 
extrapolation of the i values to infinite cation 
radius(l/r = 0) followed by conversion of the resulting 5, 
to its energy equivalents (Kcal/mol). The hypsochromic 
shif;sMfobserved in going from DMF to water, AEyO- 
A& were 8.1 Kcal/mol for Hooa and 7.0Kcal/mol 
for Hpoa, respectively. These values were then plotted 
against their respective aqueous pKa values, 1O.825 for 
Hooa and 8.0S6 for Hpoa(Fig. 2). The plot for Hpoa fell 
close to the straight line which had been proposed by 
Zaugg et al., showing that the energy of the anionic 
ground-state-hydration was proportional to the anion 

Hooo 
0 

6 8 IO I2 nKa 
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basicity like many phenols and enols with no chelating 
ability. For Hooa, like p-diketones capable of forming 
chelate compounds, such a plot deviates from the line. 
Because of the association with cations in solution, the 
anionic ground state of Hooa is not stabilized by 
hydrogen bonded solvation to the extent that the basicity 
would indicate. 

Figure 3 shows cation effects on the exchange-rate 
constants, kH_D, of alkali-metal salts of Hooa and Hpoa. 
The presence of a marked cation effect in the salts of 
Hooa can be taken as a strong evidence of the partial 
association of Hooa anions with alkali-metal ions in 
water and, indirectly as an evidence of chelation of Hooa 
with the cations. The rate constants of the salts of Hooa 
were found to be inversely proportional to the cationic 
radii. It was thus suggested that the reactivity of the 
acetyl-methyl groups in the alkali-metal salts of Hooa 
was proportional to the magnitude of the ionic or elec- 
trostatic interaction between the o-acetylphenolate anion 
and the alkali-metal ions. 

The other type of the cation effects on the exchange 
rate constant for Na(ooa) was exhibited by a mass action 
effect from the addition of sodium ion to a solution. 
Figure 4 shows the change of the exchange-rate con- 
stants when various equivalences of sodium iodide were 
added to 0.13 ? 0.01 M solutions of Na(ooa) in D20. The 
rate constant of Na(ooa) decreases with increasing 
sodium ion concentration: a limiting constant, 3.7 X 
lo-* min-‘, is finally reached. 

The cation effects on the exchange-rate in this study 
should be discussed by considering the relative amount 
of associated and dissociated species in the equilibrium 
of the salts in D,O. The order of relative abilities of 
alkali-metal ions to form chelates, Li > Na > K, has been 
found for related systems.“* From these results and the 
data in Figs. 3 and 4, the acetyl-methyl group in the 
dissociated o-acetylphenolate anion seems to be more 
active than that in the associated ion pair. However, this 
phenomenon should be accounted for by change in the 
amount of an OD- ion due to the solvation of the anion 
in the reaction mixture. 

The limiting k~_,, value, 3.7 X lo-* min-‘, can be taken 
as the H-D exchange rate constant for the chelated form 
of Na(ooa). On the other hand, the rate constant for the 
dissociated form of ooa-anion must be same as or a little 
larger than the kH_,, value of K(ooa), 5.4~ 10-2min-‘. 
On the basis of these values and the observed rate 
constant, 5.0 X lo-’ min-’ for Na(ooa), the relative 

r I 

Fig. 3. Correlation of exchange-rate COnSbMS(ktc_o) with cation 
radii(r). l , AIkali(ooa); I, AIkali(poa). 

5.0 
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4.0 

0 5 IO 15 20 
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Fig. 4. Plots of exchange-rate constant (k& of Na(ooa) vs 
mole ratios [NaI]/[Na(ooa)]. 

amount of associated species in the equilibrium of the 
salt in D20 can be estimated to be more than 24% under 
these conditions. However, the dissociation constant of 
the salt is not available because of a lack of ideality due 
to the high concentration and changing ionic strength. 
When a few equivalents of lithium chloride were added 
to a 0.13 M solution of Li(ooa) in D20, a pale yellow 
precipitate of Li(ooa) separated out because of its poor 
solubility in water. Therefore, the NMR spectra of the 
lithium salt were taken at 0.045 M in DzO solution; the 
rate constant changed from about 4x 10m2 to 3.5 x 
lo-’ min-’ when 10 equivalents of lithium chloride were 
added. Thus the relative amount of associated species 
for Li(ooa) could be estimated to be about 75%. 

In order to determine the effects of coordinated metal 
ions other than alkali-metal ions, a mixed lig&nd 
complex of palladium(H) with iW,N’,N’-tetra- 
methylethylenediamine (tmen) and Hooa, [Pd(tmen) 
(ooa)]ClO.,, was prepared. This complex was slightly 
soluble in water and soluble in methanol. The proton 
exchange of the acetyl group in the Pd(II) complex was 
complete in CDsOD within 10 hr. The rate constants, 
k& of Na(ooa) and Na(moa) in C40D solutions 
(0.11 M) were measured to be 4.6X 10-l and 1.8~ ’ 
lo-*min-‘, respectively. The proton exchange is faster 
in CD30D than in 40. 

By use of mixtures of two or more acetyl compounds 
in basic CDpOD, the H-D exchange rate of their acetyl- 
methyl groups could be compared with each other. The 
decreasing order of the rate constants was observed as 
follows. The chemical shifts of the acetyl groups are 
designated in parentheses. 

[Pd(tmen)(ooa)]ClOds 2.70) > dacetylpyridine (S 
2.64) > 3_acetylpyridine(S 2.64), p-nitroacetophenone (S 
2.65), o-nitroacetophenone(S 2.55) z m- 
nitroacetophenone(S 2.66) > Hooa(S 2.60) > 2-acetyl- 
pyridine(8 2.68) > acetophenone(S 2.58) L m-methoxy- 
acetophenone(b 2.57) B Hmoa(S 2.55) > o-methoxy- 
acetophenone(S 2.57), p-methoxyacetophenone(S 
2.54) > Hpoa(S 2.42). 

Replacement of the hydroxyl group of Hooa by a 
methoxy group inhibits intramolecular bonding of the 
molecule, thus the chelate effect disappears. On the 
other hand, introduction of a nitro group on the benzene 
ring of acetophenone increases the rate constant of the 
methyl proton exchange due to decreasing electron den- 
sity of the aromatic ring. The most important point is the 
largest rate constant for [Pd(tmen)(ooa)]ClO+ This is 
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A B C D 

6 3.0 6 2.5 

Fig. 5. NMR peaks of acetyl groups of ~d(tmen)(ooa)]C104 (A), 
Hooa (B), acetophenone (C), and Hmoa (D) measured at ap- 

propriate time intervals@) after being mixed in C4OD. 

attributable clearly to the electron-withdrawing effect of 
the coordinated metal ion. 

Figure 5 shows the NMR peaks of a mixture of 
[Pd(tmen)(ooa)]C104, Hooa, acetophenone, and Hmoa in 
CD,OD. The singlet at 8 2.% and two singlets at 82.81 
and 82.79 were assigned to the ethylene protons and 
methyl protons of (tmen), respectively. The others are 
due to the acetyl methyl protons. Without the Pd(II) 
complex, the H-D exchange of the acetyl group of Hooa 
did not occur appreciably within a week. The activation 
of the acetyl protons of Hooa by the Pd(I1) complex is 
ascribed to a slow exchange of the coordinated (ooa) 
anion. The ligand exchange seemed to be fast when the 
concentrations of Hooa and OD- ion in the reaction 
mixture were high; the acetyl-proton exchange of 
Na(ooa) in CD,OD was accelerated by the addition of 
the Pd(I1) complex. In a highly basic solution of 
[Pd(tmen)(ooa)]C104 in CD,OD, however, the Pd(I1) 
complex decomposed and new NMR peaks due to the 

ethylene and methyl protons of “tmen” under a different 
situation appeared at 8 2.66 and S 2.58 with time. 

The rate constant of the methyl-proton exchange of 
the Schiff base of Hooa with methylamine, 2-(N- 
methylacetimidoyl)phenol (or N-methyl-2-hydroxy- 
acetophenimine), in CDsOD was measured to be 6x 
lo-‘min-‘, which is extremely large and cannot bear 
comparison with that of Hooa under the neutral con- 
ditions. This can be understood from analogy with keti- 
mine intermediates in amine-catalyzed enolization of 
acetone.9 However, it is worthwhile noting that the 
Schist base in this study possesses an appreciable 
amount of a nonaromatic keto amine form in solutions.” 

The simple application of NMR spectroscopy used in 
this study turned out to be very effective in revealing 
chelating ability of acetyl compounds and equilibrium 
problems of their salts. The chelation of o-hydroxy- 
acetophenone with alkali-metal ions in water was thus 
characterized. 
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Ah&act-l:1 complexes of 1,7,10,16-tetraoxa-4,13diazacyclooctadecane (2,2) with Ag+ and Tl+ have been 
determined by potentiometric pAg measurements in several polar nonaqueous solvents at 25°C. A comparison of 
the results with those for the cryptand (2,2,2) including alkali metal ions shows that interactions for a given ion with 
the two ligands are similar but difier considerably for dierent ions. The free energies of transfer of liind (2,2) and its 
comnlexes have been determined from distribution measurements and are around zero between acetonitrile and aprotic 
solvents. 

The complexes of the monocyclic diaza-polyether liiand, 
1,7,10,16-tetraoxa_4,13diazacyclooctadecane (2,2) with 
alkali metal ions in water and in methanolt4 are less 
stable than the corresponding complexes of 18-crown-6 
(18C6)c6 and the bicyclic cryptand (2,2,2)‘*‘*, whereas 
the stability constants of Ag’ complexes with (2,2) and 
(2,2,2) are quite similar and several orders of magnitude 
larger than the stability constants of the Ag’ complex 
with 18C62*5-7. 

for the different ions, including Ag’, Tl’ and alkali metal 
cations. 

A comparison of the results for these three macrocy- 
clic ligands is of some interest because of certain 
similarities between them. The monocyclic liiands (2,2) 
and 18C6 are very similar in structure and have ring 
cavities of almost equal size, which are formed by a 
nearly planar, centrosymmetrical arrangement of bond- 
ing groups around a cation of appropriate size. Thus a 
comparison of stability constants for these ligands 
should show the difference in bonding of ether oxygen 
and nitrogen. The cavities of (2,2) and (2.2,2) also have 
almost equal diam$ers, but (2,2,2) forms a threedimen- 
sional, spherical cavity which is much less flexible in 
dynamic complexation and decomplexation processes 
with cations of a given size than the ring cavity of (2,2). 

In this paper we also report the free energies of 
transfer of the ligand (2,2) between acetonitrile and 
various solvents. These values have been used, together 
with stability constants, to estimate free energies of 
transfer of M(2,2)‘. Among aprotic solvents both 
AG,,(2,2) and AG,,(M(2,2)‘) are around zero, but in 
water and methanol the ligand is more strongly solvated 
and the metal ion complexes less strongly solvated than 
in acetonitrile. 

EXF’ERIMENTAL AND RESULTS 
The macrocycle (2,2)-HN(CHsCH20CH,CH,0CHzCH2)2NH- 

was purchased from Merck. Potentiometric titrations showed 
that the purity of the samples was better than 99%. 

Acetone (Baker) was dried over molecular sieves and distilled 
at atmospheric pressure. 

Nitromethane (Baker, Gold Label), hexadecane (Merck) and 
glycerine (Fluka) were used without further ourifcation. The 
o&in and handling of all other solvents and electrolytes as well 
as the preparation-of solutions has been described previously.sg 

The stability constant K,, of Ag(2,2)+, i.e. the equilibrium 
constant for the complexation reaction (1) was determined by 

In previous investigations the stability constants, KS, 
of (2.2) complexes with alkali metal ions, the silver ion 
and the thallous ion have been measured in nonaqueous 
solvents using mainly NMR and conductance measure- 
ments.3” These methods are useful for the determination 
of stability constants for complexes with K, I lO%-‘, 
and to complement this work we have carried out poten- 
tiometric measurements with the silver electrode in order 
to obtain stability constants > lO%-’ for complexes of 
(2,2) with mainly Ag’ and Tl’. A comparison of the 
stability constants for metal ion complexes of (22) and 
(2,2,2) shows that interactions for a given ion with the 
two ligands are similar in nature, but diier considerably 

Ag+ t (2,2)zAg(2,2)+ (1) 

pAg-potentiometry in a direct titration of a silver perchlorate 
solution with (2,2) using a three compartment ceR9.io Total Ag+ 
and (2,2) concentrations were around 1 x low3 M and 2 x 10e3 M 
respectively. The solvent used in the preparation of the bridge 
solution (0.1 M Et.NC103 and the reference solution (1.0x 
lo-‘M AgCIOJ was always the same as that in the~reac~on 
vessel. The ionic strength was varied using Et,NCIO, in order to 
study the effect of ionic strength and ion-pair formation, especi- 
ally in solvents of low donor number,” such as acetone and 
nitromethane. It was found, however, that the stability constants 
differed by only 0.3 log K, units when measured in solutions of 
low ionic strength (I IO-’ M) containiug only AgCIO, and (2,2) 
and in solution of ionic strength I = 0.1 M. The stability constants 
of Ag(2,2)+ are given in Table I. The accuracy is + 0.05 in log K, 
for the solvents of better solvating ability. 

*Authors to whom correspondence should be addressed. The stability constants of Ag(2,2)+ have been used in con- 
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Table 1. Stability constants (log K,) of (2,2)-complexes in various solvents at 25°C 

Solvent Ag+ Tl’ Li’ Na+ K’ Rb’ Cs’ 

Nitromethane (NM) 13.63; 13.30” 7.54; 7.71” 6.98 3.31’ 2.79d 
Acetonitrile (AN) 1.94 6.82 4.396 4.45; 4.3d 4.32/ 3.37’ 2.26’; 2.48’ 
Propylenecarbonate (PC) 15.57 7.05 3.67d 1.95d 
Acetone (AC) 13.39; 13.14@ 6.81 2.13d l.%d 1.89d 
Dimethylformamide @MF) 9.91 3.41; 3.22d - O.Od 0.61d 
Dimethyl sulphoxide (DMSO) 7.39 2.38; 2.13d -O.Od l.19d o.od 
Methanol (MeOH) 9.99; 10.lBb 3.54 1.07’ 1.09 2.04h ‘1.28 
Water (W) 7.V; 8.08’ 1.1’ 

(a) Ionic strength, I = 0.1 M, adjusted with EbNC104. 
(b) B. Spiess, F. Amaud-Neu and M. J. Schwing-Weill, He/u. Chim. Acfu 1980,63,2287. 
(c) G. Anderegg, Helv. Chim. Acfa 1975,58, 1218. 
(d) M. Shamsipur and A. I. Popov, Inorg. Chim. Actu 1980,43,243. 
(e) 0. Anderegg, He/v. Chim. Acta 1981,64, 1790; log K, in methanol/water = 9515. 
m S. Kulstadt and A. Malmsten, J. Inorg. Nucl. Chem. 1980,42,573. 
(g) J. hf. Lehn, Strut. Bonding 1973, 16, 1. 
(h) H. K. FrensdorR, 1. Am. Chem. Sot. 1971,93,600. 

junction with equilibrium constants for the exchange reaction (2) 
to determine the stability constants of M(2,2)+ for the 

Ag(2,2)+ +M+=M(2,2)+ t Ag+ (2) 

complexation equilibrium (3), where M’ = TV, Ag’ and Na’. 

M’ t (2,2)=M(2,2)+. (3) 

The results are also given in Table 1, and the accuracy in 
solvents of hi donor number is f 0.1 in log K,. 

In order to study the contribution of ligand solvation to the 
thermodynamics of equilibria (I) and (3), the distribution of (2,2) 
between hexadecane and various polar solvents, S, has been 
measured. A solution of known concentration of (2,2) in S was 
brought into contact with hexadecane, the volume of which was 
five times larger than that of S, except in the case of S= 
propylenecarbonate when equal volumes were used. The initial 
concentration of (2,2) in S was in the range 1 x lo-’ M to 1.5 x 
IO-’ hi. Equilibrium was obtained by vigorous stirring for at least 
4hr at 25.0? O.l”C. The solutions were then allowed to stand for 
at least 2hr before three samples from each phase were taken 
and analyzed by pH-metric titrations with aqueous lo-’ M HN09 
in water using a Metrohm Dosimat E507. A centrifuge was used 
to separate the phases in distribution experiments with glycerine 
(see below) and with hexadecane when the densities of the polar 
solvent (methanol) and hexadecane were similar. In experiments 
with protic solvents, only the proportion of (2,2) in the hex- 
adecane phase was determined directly. The titration of. the 
hexadecane samples were carried out sufficiently slowly to allow 
the liind to reach equilibrium at all stages. 

The distribution of (2,2) between hexadecane and water has 
been analyzed by two different methods. The lirst method in- 
volved equilibration of the hexadecane phase with an aqueous 
solution of (2,2) containing sufficient tetraethylammonium 
hydroxide to prevent any signilicacant protonation of (2,2), fol- 
lowed by analysis of the hexadecane layer using pH-titrations as 
described above. Since the distribution $rongly favoured the 
aqueous layer, an alternative method of analysis was also used in 
which the concentration of (2,2) in the hexadecane layer was 
determined spectrophotometrically as the T1(2,2)CIO, complex 
(c = 4950 M-’ cm-’ at 237 MI). In this case the separated hex- 
adecane samples were brought into contact with dry TIClO,. This 
latter method was used for experiments in which the aqueous 
layer contained no tetraethylammonium hydroxide, and the 
concentration of unprotonated (2,2) in water was calculated using 
the known protonation constant (PK = 9.2).‘* 

In all cases the partition coefficient, P, of (2,2) between hex- 
adecane (hex) and polar solvent, S, (eqn 4) was determined 

p _ Laex 
L2ls (4) 

for at least three different total concentrations of (2,2) and P was 
found to be independent of concentration. The results are given 
in Table 2, together with the free energies of transfer of (2,2) 
from acetonitrile (AN) to the remaining solvents. 

AG,,W = - RT In (l2,2l~/Wl~~). (5) 

It was not possible to determine the free energy of transfer to 
acetone directly by this method because of the high solubiiity of 
acetone in hexadecane. To avoid this problem the partition 
coefficients of (2,2) between glycerine and (a) acetone (9.4 + 1.2) 
and (b) nitromethane (1.31 f 0.06) were determined and used with 
the AG,, value of nitromethane in Table 2 to calculate the free 
energy of transfer of (2,2) from acetonitrile to acetone. 

DISCUSSION 
Inspection of the stability constants in Table 1 shows 

that they depend upon the properties of the solvents as 
reflected in the solvation energies of the metal ions 
(Table 3). In most cases they decrease in the order 
Ag+ > Tl’ > Li’ > Na’ > Cs’ but there is an indication 
that in solvents which are good donors, complexes of Li’ 
are less stable than those of the other alkali metals (e.g. 
in DMSO). 

The stability constants of complexes between Ag’ and 
(2,2) are almost 6 orders of magnitude larger than those 
of the corresponding Tl’ complexes, because of the 
strong bonding between Ag+ and the two nitrogen atoms 
of the l&and. The only exception is in acetonitrile where 
a competition between the nitrogen atoms of the ligand 
and solvent for Ag+ results in the formation of a weaker 
complex with a stability constant which approaches that 
for Tl(2,2)‘. The stability constants of the Tl’ com- 
plexes, however, are still larger than those of the alkali 
metal ion-(2,2) complexes. This suggests the presence of 
an effective covalent interaction in addition to the purely 
electrostatic interaction assumed to dominate in the 
formation of alkali metal complexes. The thallous ion 
does not show any pronounced preference for bonding to 
nitrogen as opposed to oxygen atom of (2,2), because the 
thallous ion complexes with (2,2) and 18C6 have stability 
constants of almost the same magnitude. 

The stability constants of the (2,2) complexes in Table 
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Table 2. Partition coefficients P for the distribution of (2,2) between hexadecane 
and various polar solvents at’25”C and related free energies of transfer from 

acetonitrile to the other solvents 

Solvent IOZP A&(2,2) h.J mol-’ 

Nitromethane I .28 + 0.08 - 1.220.4 
Acetonitrile 2.05 2 0.20 0.0 
Propylenecarbonate 3.06 + 0.22 t 1.0*0.4 
Acetone + 3.7 + 0.7” 
Dimethylformamide 2.26 f 0.18 + 0.2 f 0.4 
Dimethyl sulphoxide 2.63 k 0.05 t 0.6 f 0.3 
Methanol 0.72 + 0.01 - 2.6 + 0.3 
Water 0.168~0.007b; 0.13 -6.2+0.4b; -6.8 

(a) Calculated from the distributions of (2.2) between glycerine and acetone, 
nitromethane. 

(b) Determined spectrophotometrically. 
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1 may also be compared with those of the corresponding 
complexes of the macrobicyclic cryptand (2,2,2).8 A 
sufficient number of data is available to allow quite 
reasonable comparison to be made for Ag’, Tl’, and Cs’ 
cations. The presentation in Fig. 1 shows that the silver 
ion complexes with (2,2) and (2,2,2) have very similar 
magnitude, due to the dominant influence of bonding of 
Ag’ with the nitrogen atoms of the ligands. The stability 
constants in all cases are greater than lob, and the 
correlation between them is good, tending to pass 
through the origin. Although there is some scatter, there 
is no indication that an increase in the number of oxygen 
atoms on going from (2,2) to (2,2,2) has a significant 
effect. A similar correlation exists for Tl’ complexes, but 
in this case shifted by 4 to 5 orders of magnitude in K, 
below the line for the Ag’ complexes. This represents 
the difference in stability between (2,2) and (2,2,2) com- 
plexes with Tl’. The correlations for Tl’ and Ag” in Fii. 
1 hold for both protic (filled symbols) and aprotic 
solvents (open symbols). 

Data for the alkali metal complexes are more sparse. 
However, it may be seen (Fig. 1) that for Cs+, although 
only weak complexes are formed, an excellent cor- 
relation exists between (2,2) and (2,2,2) complexes, shii- 
ted from the origin by 1.4 units. These results are more 
difficult to interpret because Cs’ is too large to fit into 

12 

log K4M(2,21+) 

A 

OO 
I I I . I 

L a 12 16 
log K4M(2.2.21+) 

Fig. 1. Comparison between stability constants (log K,) of (2,2) 
and (2,2,2) complexes with Ag+, Tl+ and Cs’ in several solvents. 
(protic solvent: filled symbols; aprotic solvents: open symbols). 

the ring and spherical cavities. In an exclusive complex” 
between Cs’ and (2,2,2), the Cs’ can presumably interact 
with only four oxygen atoms, as in the (2,2) complexes. 
However, the extra stability of Cs+-(2,2,2) complexes 
suggests that the third ether bridge does play a role. 
Where comparison is possible for the smaller alkali metal 
cations, the results show a significant increase in stability 
on going from (2,2) to (2,2,2) ligands. In acetonitrile, for 
example, (2,2,2) complexes of Li’, Na+, K’ and Rb’ are 
between 3 (Li’) and 7 (K’) orders of magnitude more 
stable than those of (2,2). A smaller effect for Li’ (also 
observed in comparisons between Li’ and Na’ com- 
plexes in other solvents) probably results from the fact 
that Li’ is too small to interact effectively with all of the 
oxygen atoms in the ligand bridges. 

Overall, the comparison between (2,2) and (2,2,2) 
complexes suggests that except where specific interactions 
such as between Ag’ and nitrogen exist, the addition of 
an extra ether bridge to (2.2) has a strong influence on 
the stabilities of the complexes, but not on the variation 
of stability with solvent. The effects may be as large as 
6-7 orders of magnitude for cations such as Na+, K’, 
and Tl’ which are of an appropriate size for the ligand 
cavities. 

The free energies of transfer of the uncomplexed 
ligand from acetonitrile to the various polar solvents 
(Table 2) are around zero for aprotic solvents and are 
negative for transfer to methanol (- 2.6 kJ mol-‘) and 
water ( - 6.2 kJ mol-‘). The stronger solvation of (2,2) in 
water and methanol relative to the aprotic solvents is 
probably because of hydrogen bonding between (2,2) and 
the protic solvents. The AG,, values of ligand and metal 
ions (Tables 2 and 3) have been combined with the 
stability constants in Table 1 to calculate the free ener- 
gies of transfer of the complexes, AG,, [M(2,2)‘] be- 
tween acetonitrile (AN) and solvent S as in equation (6). 

~Gtrb~fW+l = AGtrW + AG,,(M+) 
- RT In IKAS)/K,(AN)~. (6) 

The results in Table 3 demonstrate that AG,, [M(2,2)‘] 
values are around zero for transfer among acetonitrile, 
propylene carbonate, acetone and diiethylformamide. 
Dimethyl sulfoxide seems to be an exception to this 
behaviour with AG,, values grouped around -8.5 kJ 
mol-‘, although only three results are available. 
The complexes M(2,2)+ in methanol and particularly in 
water are in a higher free energy state than in acetonitriie 
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and in this respect are solvated like large organic ions. 
The only exception to this is Li(2,2)+ in methanol. 

The data do not indicate any noticeable contribution to 
the free energies of transfer of the complexes from a 
direct interaction between that part of the metal ion in 
the M(2,2)’ complexes which is not covered by the 
ligand. Taking the extremes of diiethyl sulphoxide as a 
very good cation solvator and nitromethane as a very 
poor solvent for cations, it is possible to see evidence of 
some dependence of AG,, [M(2,2)‘] on the metal ions, 
but in general there is little correlation between AG,, 
[M(2,2)+] and AG,,(M’) values. Ion association involving 
the uncomplexed cations may provide an obvious 
explanation for the more positive AG,[M(2,2)+] values 
observed for transfer to nitromethane, although the slight 
variation in log K, with changes in ionic strength argues 
against this. 
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ETHYLPHOSPHINEDIACETIC ACID: SYNTHESIS, 
CHARACTERIZATION AND COORDINATING BEHAVIOUR 

TOWARDS Ca(II), Ni(I1) AND Hg(II) IONS IN SOLUTION? 

D. NOSKOVA and J. PODLAHOVA* 
Charles University, Department of Inorganic Chemistry, 12840 Prague, Czechoslovakia 

(Received 6 .lu/y 1982) 

Ah&act-The new ligand, ethylphosphinediacetic acid, HzZ, was synthesized and characterized by spectral 
methods. The Z2- anion is protonated in three steps with the pK values of 6.10 (Phosphorus atom), 2.75 and 0.9 
(carboxyl groups). The ligand is highly selective for soft metal ions as demonstrated by the stability constants of 

HZ the water-soluble complexes CaHZ- (log ficsHZ . 0 73), NiZ:- (log & 9.06) and HgZ:- (log & 40.9). The differences 
in behaviour compared to related phosphineacetic acids are mainly consequences of the high basicity of the 
phosphorus atom. 

Tertiary phosphines bearing a second functional group of 
the hard donor type, which are frequently called 
“hybrid” ligands’,’ possess interesting potential capabil- 
ities, e.g. in homogeneous catalysis. With properly 
chosen hard donor groups, a further potential advantage 
of the designed ligands can be achieved, namely the 
solubility of the ligands and/or their complexes in polar 
solvents including water. Such a class of compounds is 
represented by two series of phosphineacetic acids syn- 
thesized and studied in this laboratory? (CaH5),-, 
P(CHXOOH), (n = 140, 24b, 3’,) and (C6H&, 
(~~OOCCH,),PCH,CH,P(cH,COOH),(C&)~-, (m = 
1 9 24e). The presence of the phenyl groups in 
these ligands, which is advantageous in synthetic res- 
pects, however, considerably lowers both the cr-basicity 
of phosphorus and the solubility of the ligands in water. 
It was the aim of this work to investigate the influence of 
the ethyl group as a less sterically and electronically 
demanding substituent on the coordinating properties of 
the -P(CH,COOH)2 portion. 

EXPERIMENTAL 

All synthetic work and manipulation wifh solutions were car- 
ried out under inert gas (nitrogen or argon) with solvents dried 
and degassed before use. 

The chemicals used were products of the lirms Lachema, 
Merck and Pierce Inorganics and were purified by appropriate 
methods where necessary. Metal perchlorate solutions containing 
a slight excess of perchloric acid were prepared from CaC03, 
basic nickel carbonate or HgO by dissolving them in 30% perch- 
loric acid and heating to expel CO,. They were analyzed for the 
metals bv EDTA titration and for excess acid bv the Gran 
method. Sodium perchlorate was purified following-the recom- 
mended procedure.’ Triply distilled mercury was used for 
polarographic measurements. 

Physical measurements and data treatment were described 
previously.4’.6 

L&and synthesis 
A solution of ethyl bromzincacetate was prepared’ from 66.0 g 

zinc (1 .Ol mol; 200 mesh, activated with iodine) and 167 g ethyl 
bromoacetate (1.00 mol; freshly distilled) in 250 cm3 ether. Ethyl- 

tPart XXI in the series “Compounds structurally related to 
complexones-XX”, Coil. Czech. Chem. Commun., in press. 

*Author to whom correspondence should be addressed. 

dichlorophosphine’ (58.9 g; 0.45 mol) in 100 cm3 ether was added 
dropwise at -35 to -40°C. After allowing the mixture to warm to 
room temperature, the excess organometallic was destroyed with 
150 cm3 water and the ether layer was washed with water and 
dried over sodium sulahate. Distillation at 126-127W90 Pa Pave 
ethylphosphinediace& acid bis(ethyl ester) as a colourless Ii&id 
in 67% yidld. The ester is slowly oxidized in air, ng = 1.4671. For 
C,,&,O.,P found C, 50.54; H, 8.21; P, 12.95; talc. C, 51.28; H, 
8.18; P, 13.22. IR (neat): 460w v(PC), 58Ow, 662w, 855w, 953~. 
1038m, 1120~s v,(COC), 1272~s v.,(COC), 1370-1470w S(CH*, 
CH3. 1743~s v(C=G). 2880-2990m v(CH,. CH,). ‘H-NMR 
(CDCI,): 1.00 ppm, 3H, triplet, ‘J(H, H) 7 Hz, PCH2CH3; 1.25, 
6H, triplet, ‘J(H, H) 7,OCH,CH,; 1.48,2H, overlapping doublet 
of quartets, *J(P, H) 11, ‘J(H, H) 7, PCH2CH3; 2.57,4H, doublet, 
*J(P,H) 6, PCH,COO; 4.17, 4H, quartet, ‘J(H,H) 7, OCH*. 
“P{‘H)-NMR (C&I,): -23.15 singlet. 

The ester (70.0 g: 0.30 mol) was dissolved in 500 cm3 petroleum 
ether (40&&) aid the solution of sodium hydroxide* prepared 
from 20.7 g sodium metal (0.90 mol) and 500 cm3 96% ethanol was 
added. After several hours at cu. O”C, the crude disodium salt 
was filtered, washed with ethanol and dried in uacuo yielding 
54.6g of a white powder. According to TLC, IR and NMR, the 
salt contained small amounts of phosphine oxide and un- 
hydrolyzed ester groups as impurities. The crude salt (54.0 g) was 
vacuum-evaporated at 40°C with 85 cm’ 48% HBr and the product 
was extracted into 600 cm3 hot acetonitrile. The filtrate was 
vacuum-evaporated to dryness and the resulting oil was crystal- 
lized from acetic acid to obtain 46.6g ethylphosphinediacetic 
acid hydrobromide as colourless hygroscopic crystals of m.p. 
74°C (sealed capillary). The compound is stable in dry air and 
fairly soluble in-water. For C&&G~P found C, 28.01; H, 4.83; 
P, 11.85; Br, 30.60, alcalim. equiv. 86.5; talc. C, 27.82; H, 4.67; P, 
11.96; alcalim, equiv. 86.35. IR (nujol, hexachlorobutadiene): 
455m v(PC), 656s, 792m, 820m. 91Os, 944s. 1028~. 1275s S(COH), 
1372~ 8(CH3), 1390vs S(COH), 147Ow 8(CHz), 1735~s u(C=G), 
241Om, v(PH), 29lOw v(CH,), 2950vs,b dOH), 2970w v(CH,), 
34OOs, b u(OH). ‘H-NMR (H,O): 1.29, 3H, doublet of triplets, 
‘J(P, H) 19, ‘J(H, H) 8, CH,; 2.50, 2H, overlapping doublet of 
quartets, *J(P, H) 13, ‘J(H, H) 8, PCH2CH3; 3.72, 4H, doublet, 
*J(P, H) 13, PCH&OO. “P{‘H)-NMR (D*O): 5.02 singlet. 

The hydrobromide (21.0 g; 0.081 mol) was dissolved in a slight 
excess df SM-NaOH and the pH was carefully adjusted to s.0 
with a HBr solution. The solution was added droowise with 
stirring to a mixture of 250 cm3 methanol and 250 cmi ether. The 
precipitated disodium salt was filtered off, washed thoroughly 
with methanol and dried in uacuo. Yield 17.6 g (98%) of a white 
powder, soluble in water, stable under inert gas, limitedly stable 
in air (oxidation to phosphine oxide with T,,~ CQ. 4 months). For 
C6H9Na,0,P found C, 32.51; H, 4.20; Na, 20.55; P, 13.77; talc. C, 
32.45; H, 4.08; Na, 20.67; P, 13.49. IR (nujol, hexachlorobu- 
tadiene): 449m v(PC), 623w, 665w, 817w, 936m, 11329, 1382s 

349 



350 D. NOSKOVA and J. PODLAHOVA 

v,(COO), 1390-1450~ S(CH2, CH&, 1590~s v,,(COO), 288& 
2970~ v(CH~, CHS). ‘H-NMR @*O): l.O6,3H, overlapping dou- 
blet of triplets, ‘J(P, H) 16, ‘J(H, H) 7, CH,; 1.51, 2H, overlap- 
ping doublet of quartets, *J(P, H) 7, ‘J(H, H) 7, CH,CH,; 2.47, 
4H, doublet, ‘J(P, H) 2, PCH$OO. “P{‘H}-NMR (D20): -24.68 
singlet. 

RESULTS AND DISCUSSION 

The synthetic procedure followed a general method 
used before.4b.cV” The ligand was isolated with a total 
yield of 40% as the well-crystallizing hydrobromide and 
the disodium salt. Numerous attempts to obtain the free 
acid met with no success. 

The protonation of the Z2- anion is described by the 
constants given in Table 1. The constant K, = 
[H3Z]/([H][H2Z]) was determined by spectrophotometry 
with p-nitroaniline as indicator’ at I= l.O(H,K)Cl 
because of the high acidity required for the protonation. 
The mechanism of the proton uptake follows clearly 
from the IR and NMR spectra of the l&and in DzO 
solutions of various acidity. 

The v.,(COO) region of the IR spectra is presented in 
Fig. 1. The four possible forms of the carboxyl group 
absorb in three separate regions”: RzPCHzCOOc at cu. 
1575 cm-‘, R2P’(H)CH2COO- at 1615 cm-’ and 
R,PCH&OOH together with R2P+(H)CH2COOH at ca. 
1720cm-‘. It is obvious from the spectra that the first 
proton added is bonded completely to the phosphorus 
atom and the second to the carboxyl. The ratios of the 
computer-separated areas under the peaks agree within 
experimental error with those calculated from the proton 
association constants (after an appropriate correction of 
the pH-readings in DzO). The protonation of the second 
carboxyl group could not be followed by IR spectra 
because of poor transmittance of strong DC1 solutions in 
the cells used. 

The proposed mechanism is strongly supported by the 

v 9.73 

v 3.50 
AL-- 

16 17 lb 17; ,l&nrllb 17 

Fig. 1. The IR spectra of 0.2M solutions of NazZ in D20 at various 

PD. 

NMR spectra. Control ‘H spectra were always taken in 
Hz0 because of the fast exchange” of the PCH,COO 
protons with deuterium in acid solution. The exchange at 
pH 2 is essentially complete within 20 min at room temp. 
Fig. 2 summarizes the shifts of various hydrogen atoms 
and of the phosphorus atom with acidity. The results are 
in complete accordance with the conclusions following 
from the IR spectra and, in addition, confirm the bonding 
of the third proton to the second carboxyl group. Besides 
the chemical shifts, the P, H coupling constants are also 
acidity-dependent but, as u~ual,‘~‘” with no readily in- 
terpretable trends. The extensive broadening of the 
phosphorus resonance during the uptake of the first 
proton indicate a relatively slow (in the NMR time scale) 

Table 1. Cumulative stability constants of ethylphosphinediacetaate complexes at 25°C and I = O.l(NaC103. Charges 
are omitted for clarity. “gl-potentiometry with a glass electrode; sp-spectrophotometry. pol-polarography. 

blog [H3Z]/([H][H2Z]), I = l.O(H, K)Cl. ‘log [CaHZ]/([Ca][HZ]) 

Complex log (j ( 
Concn.range 

Method a 

HZ 

Ha2 

H3Z 

CaHZ 

NiZ2 9.06(Z) 

NiHZ2 12.69(5 1 
NIH2Z2 16.21(6) 

HgZ4 
HgHZ4 
HgH2Z4 
HgH3Z4 
HgH4 Z4 
HgH5 Z4 
HgH6Z4 

40.9(l) 
44.8(l) 
47.9(l) 
50.7(l) 
53.2(2) 
55.3(2) 
57.2(2) 

6.10(4) 
8.86(7) 

0.9(l)b 

0.73(9jC 

2, 2.7-3.2 gl 
H, 2-12 

Z, 1.8-2.2 aP 
H, 0.3-2.5 

Ca, 2.0-3.0 

2, 1.8-3.5 

H, 3.0-7.5 

Ni, 2.0-4.0 

Z, 2.2-3.0 

H, 2-12 

Hg, 2.7-4.5 

Z, 2.5-3.5 

gl 

gl,ap 

PO1 
gl 
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3 2 +rr 1 

Fig. 2. The dependence of the chemical shifts of hydrogen atoms 
(lower scale) and phosphorus (upper scale) on acidity. 

exchange of protons between the phosphine and the 
phosphonium structure of the ligand. 

The mechanism of the proton uptake can be sum- 
marized as follows: 

H 

C,HSP(CH,COO-), + CzHji+(CH,COO-),+ 

H 
I +, CHKOO- 

+ C2H5P 
‘CH2COOH 

H 
I 

+ CzHsP+(CH,COOH)2. 

Hence, no tautomerization equilibria typical for the 
closely related ethylenediphosphinetetraacetate anion” 
take place for Z2-. 

For the investigation of the coordinating behaviour of 
the ligand, the Ca(II), Ni(I1) and Hg(I1) ions were selec- 
ted as typical representatives of the hard, intermediate 
and soft type, respectively. Table 2 summarizes the 
stability constants of the complexes which describe best 
the experimental data accumulated in the regions given. 

The stability of the complexes in solution clearly 
demonstrates the hiiy selective behaviour of the ligand 
towards metal ions, depending on their softness. In 
general, this behaviour is similar to that of the phos- 
phineacetates studied previously but markedly diierent 
from the nitrogen analogue of the ligand. 14.15 

The hard Ca(I1) ion is probably bonded only to the 
carboxyl group(s) with the phosphorus atom remaining 
uncoordinated and protonated. From this point of view, 
the lowering of pH on complex formation between Ca(I1) 
and HZ- must be only inductive in origin and does not 
reflect a direct competition of Ca*’ and H’ ions for the 
phosphorus atom. This concept is supported by the 
similarity of the constant pg&, to those of Ca com- 
plexes of a, odicarboxylic acids.16 For example, Ca(II) 
glutarate, which is structurally analogous but contains 
the CH, group instead of phosphorus, has the log B, 
value of 0.55 to 1.06 depending on the experimental 
conditions. “J 

Nickel(I1) as a typical representative of borderline ions 
forms complexes with Z*- in which the coordination of 
phosphorus must be assumed as the factor mainly res- 

ponsible for their stability. As can be seen from the 
disappearance of the yellow colour, the nickel-phos- 
phorus bond remains intact in the region of the pro- 
tonation of phosphorus in the free ligand (PH ca. 6) and 
of the tirst carboxyl group (pH cu. 4.5) but breaks down 
at pH < 3.5, where both carboxyl groups became pro- 
tonated. Clearly, the ligand cannot coordinate to nickel in 
aqueous solution through phosphorus alone but can only 
chelate together with, most probably, one carboxyl 
group. This situation is markedly different from that of 
P,P-chelating bis(phosphine)acetates6s’9 but similar to 
monophosphineacetates.4”.20*2’ The most closely related 
ligand of this kind, phenylphosphinediacetic acid, yields 
also a 1:2 nickel complex*’ which is, however, con- 
siderably less stable (log p2 6.49) despite the fact that it is 
octahedral with terdentate ligands. The stability, 
diamagnetism and the UV-visible spectrum of the NiZ,*- 
complex strongly support a square-planar structure with 
P,O-bidentate ligands. The uncoordinated carboxyl groups 
are readily protonated without noticeably changing the 
coordination environment of nickel. The obvious explana- 
tion for this specific behaviour of the Z2- ligand is the 
higher basicity of phosphorus producing a stronger ligand 
field which forces spin-pairing in the complex. 

The typically soft mercury(I1) ion forms a highly stable 
1: 4 complex with the ligand studied. Its 1: 4 analogues 
with other phosphineacetates are either of considerably 
lower stability or cannot be detected at all. Again, the 
evident reason is the hiier basicity and lower steric 
requirements of the ethyl-substituted phosphorus atom. 
Most probably, the ligand is coordinated to mercury in a 
monodentate fashion through the phosphorus atom, and 
the carboxyl groups are protonated quite independently 
without any noticeable influence on the HgP, core. 
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SYSTEM Mn(ClO&-Na4PzOrpH (295 K, I = 0.5 

AND I = 0 mol dme3)* 
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Akatraet-The precipitation of manganese from aqueous solution of manganese perchlorate and sodium pyro- 
phosphate was investigated in a broad concentration range bf both precipitation components and at various pH 
values, at 295 K and I = 0.5 mol dm-‘. Tyndallometric technique was used. A soluble range has been observed in 
ten-fold excess of pyrophosphate and at 7 < pH < 10, where manganese forms complex with pyrophosphate. In the 
precipitation range the following precipitates were identified: Na2MnP20,, Mn2P207 and MnO,. Quantitative solu- 
biity experiments have been performed at I = 0 mol dm-‘. 

From experimental data the following values for equilibrium constants have been obtained: 

log [Mn*+]* . [H2P20~-]. [H’]-* = -1.39 

log [MnP20,*-]* . [p,O$-1-l = -4.22 

log [MnP20?-][Mn*‘]-’ . [P20?-1-I = 6.51. 

A brief and the most complete survey of the work on com- 
plex formation between different metal ions and pyro- 
phosphate ion is given in Tables of Stability constants 
by Sill& and Martell’ and by Martell and Smith.2 The 
chemistry of pyrophosphate was extensively investigated 
after 1964. Miller and Parris’ havt synthetized pyro- 
phosphate at low temperature, using compounds with 
high free energies of hydrolysis that might have occurred 
on the primitive earth. They suggested that pyrophos- 
phate may have played an important part in poly- 
merisation and dehydration reactions of organic com- 
pounds leading to the origin of lie. Baltscheffsky and 
Stendigk4 have investigated inorganic pyrophosphate in 
connection with biological energy transformations. They 
suggested that inorganic pyrophosphate may serve as 
energy donor in phosphorylating electron transport sys- 
tem. Zell el al? have found that degradation of DNA by 
H202 producing methylhydrazines was stopped by 
pyrophosphate. This effect was attributed to complex 
formation of manganese ions with pyrophosphate, which 
prevented the formation of the catalytically active ter- 
nary complex. Equilibrium constant of soluble complex 
has according to our knowledge not yet been determined. 

Solid Mn2P207 is applied in number of industries as on 
synthesis of high polymersP in ceramic materials,’ in 
textiles” and in plastic technology,’ but its solubility 
constants has not been determined. The pyrophosphates 
of calcium” and zinc”*‘* whose atomic numbers are 
close to that of manganese have been more investigated. 

The aim of this work was to find concentration and pH 
conditions where manganese forms precipitate or soluble 
complex with pyrophosphate ligand and to determine the 
stability constant of the complex formed. 

*The work has been performed in part at Department of 
Environmental Health and Engineering, California Institute of 
Technology, Pasadena, CA, U.S.A. 

-AL 
Chemic&. Solutions were prepared by dissolving the follow- 

ing reagent grade chemicals in twice distilled water: 
M$CIO,j * 6H20, NaClO, anhydrous, HCIO, (G. Frederick 
Smith Chemical Co.. Columbus. Ohio): Na&O,. lOH,O IJ. T. 
Baker Chemical Co.,.Phillipsb& New’Jerseyj_rjaOH~i~~ 
A. C. S. Code 22S5 Gen. Chem. Div. Morristown, New Jersey). 
Stock solutions were standard&d. 

Qualitative precipitation experiments were performed using 
the method described earlier by Tezak et al.” in the following 
way: Samples were made up in glass tubes by mixing 5 cm3 of 
diluted manganese perchlorate of constant concentration in each 
series and 5 cm3 of sodium pyrophosphate of various concen- 
trations. Both precipitation components varied in concentra- 
tions. In another series of qualitative experiments the influence of 
pH was studied at constant concentration of manganese per- 
chlorate in all samples. Sodium hydroxide or perchloric acid were 
added to various concentrations of sodium pyrophosphate. Con- 
stant ionic strength I = 0.5 mol dm-’ was adjusted by adding 
sodium perchlorate. For determination of solubiity of 
Mn2P207(s) and for determination of stability constants of the 
formed complex. samples were prepared in 250 cm3 volumetric 
flasks, aged 10-12 days, centrifuged and analyzed for manganese 
and pH. Soluble pyrophosphate was calculated as [P,@, = 
iP207lrn - (balm - [Mnld/2 

&uments. ‘?recipit&n bodies” have been determined by 
observing the Tyndall effect in the beam of strong light or by 
Zeiss tyndallometer attached to a Pulfrich photometer. Crystals 
were detected by naked eye. X-ray diffraction patterns of some 
characteristic precipitates were used to distinguish various man- 
ganese salts. Precipitates were separated from supernatants using 
Beckman Model L-2 ultracentifuge. with 28000RPM for 30min. 
Soluble manganese was determined by Beckman Model D U 
Quartz Spectrophotometer with quartz cells of 1,2,5 and 10 cm, 
using formaldoxime method.” The concentrati& of [H+] wai 
determined by a Radiometer 25 pa-meter with a glass and 
caiomel electrode. 

RRSULTS 
Pie 1 presents one type of “precipitation body” of 

manganese pyrophosphate system, when both pre- 
cipitation components varied in concentration. Ionic 
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I = 0,s mol dme3 1 NaCIO4 1 

22OC , 24 h 

PRECIPITATION REGION I 

SOLUTION 

-1 -L -3 -4 -3 

log lNa4P207 IToT / mol dmo3 

Fig. 1. The ground plan of a three-dimension concentration tyndallogram. The solubility limit after 24 hr of ageing is 
plotted vs the log. concn. of manganese perchlorate and sodium pyrophosphate. The q etastable range of phase A 

became broader after IO days. (I= 0.5 mol dm-‘, 295 K). 

strength is 0.5 mol dm-’ (NaC104 was added). After 24 hr 
of ageing two types of precipitate have been observed 
and identified: 

(a) Na2MnP20, and (b) Mn2P207. 

Upon standing 10-12 days, range A became much 
broader. It is evident from Fii. 1 that both salts of 
manganese pyrophosphate readily dissolve with increas- 
ing concentration of pyrophosphate. The effect can be 
attributed to the ability of pyrophosphates to form 
soluble complexes with a number of cations. 

In Fig. 2 is presented the precipitation diagram observed 
after Uhr, for constant manganese concentration 
1 * lo-” mol dmm3, for various pyrophosphate concen- 
trations in the range from 2 * 10m5 to 6 - 10m2 mol dmm3 
and for pH values from 1.5 to 11.5. The solid phase 
corresponds to Mn2P207. Narrow range of soluble com- 
plexes exists at pH from 7 to 10 at pyrophosphate 
concentrations that are at least, ten times higher than 
that of manganese. It indicates that the most stable 
complex of manganese is with completely dissociated 
pyrophosphate ligand. Upon ageing the range of soluble 
complexes became narrower, due to the slow formation 
of Na2MnP207 + 4H20 crystals, for pyrophosphate con- 
centrations up to 2 * lo-’ mol dm-‘. Curve 0 in Fig. 2 
separates systems in which HClO, was added toward 
lower pH values, and NaOH toward higher pH values 
than in the pure systems. Curve 1 separates white pre- 
cipitate of Mn2P207 from the brown one, where oxidation 
of manganese took place in a visible amount. 

or 

2. 

L- 

6- 

\ 

a- 

IO- 

. 

12 - 

lnnlCl0,1,1~.. = 1.10m3mol dm” 

I = 0.5 mol dm-' INoClO,l 

A t 22-c, 24 h 

1 B 
d 

! : nnox brow” 

. 

-2 -3 -I 

log INo,P,O,l,o, / moI dm-' 

Pii. 2. The ground plan of a precipitation diagram formed ia 
mixtures with Mn(ClO& = 1 x lo-’ mol dmv3, Na.,P207 = various, 

pH = various, after 24 hr. 
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Fig. 3(a). Graphical determination of log KS, = log [MnPlO$-]* . [P20$-I-’ from experimental data in Table 1. (I = 0 
mol dmM3, 295 K). (b). Graphical determination of log Kso = log [Mn*+]* [H2P207*-] . [H’]-* from experimental data 

in Table 1. (I J 0 mol dmm3, 295 K). 

Quantitative experiments of solubiity and complex 
formation constants in manganese pyrophosphate system 
were performed in distilled water to avoid the formation 
of sodium containing solid phase. 

Table 1. shows results of quantitative determination of 
soluble manganese in equilibrium with Mn2P207(s) and 
corresponding pH values. Three series of samples have 
been prepared with constant concentration of total man- 
ganese. At the minimum of solubility curve very stable 
negatively charged colloids exist, which could be 
removed from solution only by ultracentrifuge. 

At total concentrations of pyrophosphate higher than 
3 - 10e2 mol dm-“, crystals, of the composition 
Na2MnP207 * 4Hz0 are formed. 

The dissolution of Mn2P207(s) in excess of manganese 
can be presented as 

Mn2P207(s) + 2H’ = 2Mn*’ + H2P2072- 

with solubility product 

Kso = [Mn2’]2 [H2P20,7 [H’le2. 

Dissolution in excess of pyrophosphate can be expressed 
as 

Mn2P207(s) + P207’- = 2M1rP~0,~- 

with solubility product 

Ks, = [MnP2072-12 . [P20,4-]-‘. 

In Fig. 3 is presented graphical determination of the 

Poly Vol. 2, No. 5-D 

two solubility constants, using experimental data from 
Table 1. Concentration of H2P207*- and P207’- ions are 
calculated from total soluble pyrophosphate, pH value 
and acidity constants for pyrophosphoric acid, deter- 
mined by Davis” (log ~3, =9.25, log/32 = 15.85; and 
log Z& = 18.21). The obtained values from the intercepts 
of the two straights lines are: 

-log Ks,, = 1.39 
- log Ks, = 4.22. 

From these two solubility constants and from log /32 
value it is possible to calculate equilibrium constant for 
complex formation: 

KI = [MnP,O,‘-] . [Mn’+]-’ . [P,O~-I-’ 

log K, = 6.51 (I = 0 mol dmW3). 

This value cannot be compared directly with the cor- 
responding literature values as they are not to our know- 
ledge available. However, it can be compared with the 
values for other elements. 

In Fig. 4 are the values for log K, for various mono- 
valent and bivalent ions12 plotted vs. atomic number of 
these elements. Data fit two straight lines. The value for 
log K, determined for manganese is very close to the 
values for calcium and zinc and fits perfectly to the 
straight line obtained for bivalent ions. Therefore it 
might be concluded that the value obtained in this work 
for stability constant of manganese pyrophosphate is a 
realistic one. 
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Table 1. Dmo~ution of Mn2P207(s). Diluted solutioos, I = 0 mol dm-', 10-12 days, 295 K 

4 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

3.0 

4.0 

6.0 

10.0 

20.0 

22.0 

28.0 

0.4 

0.6 

1.0 

1.2 

1.2 

1.4 

1.6 

1.8 

2.0 

2.0 

2.4 

3.0 

3.0 

3.4 

4.0 

4.0 

6.0 

8.0 

12.0 

PH 

4.37 

4.70 

5.50 

6.60 

7-53 

7.91 

8.74 

9.20 

9.33 

9.70 

9.85 

9.92 

10.02 

10.c4 

10.05 

10.05 

3.92 

3.99 

4.25 

4.26 

4.33 

4.37 

4.48 

1.26 

0.80 

0.452 

0.070 

0.076 

0.209. 

0.254 

0.338 

0.379 

0.455 

0.452 

0.488 

0.644 

1.315 

1.675 

2.0 

3.250 

2.906 

2.123 

1.675 

1.680 

1.260 

0.860 

4.68 1 0.470 

5.31 0.09s 

5.44 0.126 

7.14 I 0.077 

8.87 0.248 

8.46 0.196 

9.26 0.318 

9.51 0.372 

9.37 0.325 

9.78 0.455 

9.79 0.440 

9.93 0.670 
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Table 1. (Contd.) 

lo3’ [h(d104)2sT~ 1 Id- (isa4~20,~ToT / PE 1 103- [‘hl],,l 

4 16.0 9.96 I 0.920 

24.0 9.98 1.523 

32.0 10.15 2.313 

5 1.0 3.95 3.125 

1.6 4.18 1.950 

2.0 4.35 1.095 

2.4 4.75 0.347 

3.0 6.90'. 0.176 

4.0 9.05 0.260 

5.0 9.49 0.358 

8.0 9.78 0.490 

10.0 9.88 0.600 

15.0 9.97 0.800 
- 

o literature data 

. this work 

K 1 [MebO,I 
[Mel[P20,1 

3- 

2 , I 
0 10 20 30 40 50 60 70 130 90 

ATOMIC NUMBER 

Fig. 4. The values of log Kr,~+o, from the literature’” (circles) are plotted vs atomic number of corresponding 
elements. Two straight lines, for monovalent and for bivalent ions are presented. The experimental value for 

manganese (.) is inserted for comparison. 
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MIXED HALIDE DIALKYLDITHIOPHOSPHATE 
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Abstract-Mixed chloride dialkyldithiophosphates of arsenic(III) and antimony(III), [(RO)ZPSS]~MCII-. (M = As, 
Sb; n = 1,2; R = CzHs, n-CsH7, i-&H7 and i-&I&) have been synthesized for the first time by the reactions of 
metal chlorides with sodium dialkylditbiophosphates or alternatively by co-disproportionation reactions of metal 
chlorides with metal tris(diaIkyldithiophosphates) in different stoichiometric ratios. Mixed halide dialkyl- 
dithiophosphates of antimony(m) have also been prepared by the cleavage reactions of antimony tris(diisopropyl- 
dithiophosphate) with bromine or iodine. Hydrolysis reactions of a few of these compounds have also been studied. 

The new compounds have been characterized by elemental analyses, molecular weight determinations (cry- 
oscopic) as well as IR and NMR (‘H, 3’P) data; chelated structures with bidentate dialkyldithiophosphate groups are 
proposed. 

Dialkyldithiophosphate ligands exhibit bidentate”’ as 
well as monodentates.4 behaviour and form stable com- 
plexes with transition as well as main group elements. In 
spite of an extensive literature on derivatives of 
arsenic(II1) and antimony(III) with sulphur-containing 
ligands,s’3 studies on the corresponding dialkyldithio- 
phosphate derivatives have been limited. A variety of 
fris-derivatives*C’s, M[&P(OR)& (M= As, Sb) have 
been synthesized in a number of laboratories, and Raman 
spectra,18 p.h$ometric propertiesI and analytical 
applications ’ of some of these have also been repor- 
ted. The utility of these compounds as lubricant 
additives’7’20’21 
catalysts’*’ 23 

and for regeneration of cracking 
has also been pointed out. The X-ray elec- 

tron spectrum= of [(BuO),PSS13Sb has been studied 
and the crystal structure” of [(EtO),PSS13Sb has 
been reported. We have recently reported the synthesis 
of 2-dialkyldithiophosphato-1,3,2-dioxarsolanes and 
arsenanes.26 The corresponding halide dialkyl- 
dithiophosphate derivatives of arsenic(III) and anti- 
mony(III) are still unknown. In view of the exciting 
chemistry of mixed halide dithiocarbamates”’ of 
arsenic(II1) and antimony(III) it was thought of interest 
to synthesize a number of mixed halide dialkyl- 
dithiophosphate derivatives of arsenic(III) and anti- 
mony(II1) and characterize them by various physico- 
chemical techniques. 

EXPERIMENTAL 

Materials 
Moisture was carefully excluded throughout experimental 

manipulations. Solvents (benzene, petroleum ether, chloroform) 
and alcohols (ethanol, n-propanol, i-propanol and i-butanol) 
were dried by standard methods. Arsenic bichloride (b.p., 130”) 
and antimony trichloride (b.p., 223”) were distilled before use. 
Arsenic and antimony isopropoxide$ dialkgdithiophosphoric 
acids2a” and their sodiumZ6 and ammonium salts were pre- 
pared by previously reported methods. 

Product analyses 
Sulphur was estimated gravimetricaIly as barium sulphate.’ 

Arsenic and antimony isopropoxides,*’ dialkyldithiophosphoric 
pound by sulphuric acid followed by oxidation of As(III) and 

Sb(III) to As(V) and Sb(V) respectively by heating with KMn04; 
excess KMn04 was decolourized bv H& and excess H202 was 
removed by evaporation. The remailing solid mass was diss&ed 
in HCI, KI was added and liberated iodine was titrated against 
standard sodium thiosulphate solution using starch as an internal 
indicator. 

Measurements 
Molecular weights were determined cryoscopically in benzene. 

IR spectra using CsI cells were recorded as neat liquids or in the 
form of Nujol mulls (in case of solid products) on a Perkin- 
Elmer 577 spectrometer in the range 4000-200 cm-‘. ‘H NMR 
spectra in CCL or CLX% were recorded on a Perkin-Elmer R 
12 B spectrophotometer using tetramethylsilane as an external 
standard; “P NMR spectra in CDCI3 solutions were recorded on 
a Varian XL-1OOA spectrophotometer using H3P04 as an internal 
standard. 

General methods of preparation of various dialkyl- 
dithioohosohates of arsenic(III) and antimonv(lII) 

(a) Reaciion of metal oxid; wiih dialkyldithi&ho~phoric acid in 
1: 6 molar ratio. A mixture of metal oxide (As203 or SbzO3) and 
dialkyldithiophosphoric acid in 1: 6 molar ratio in benzene or 
alcohol was heated under reflux ( - 4h) until a clear solution was 
obtained. Solvent was removed under reduced pressure and the 
product so obtained was crystallized from aqueous alcohol. 

(b) Reaction of metal isopropoxide with dialkyl- 
dithiophosphoric acid in 1: 3 molar ratio. The reaction of metal 
(arsenic, antimony) isopropoxide with dialkyldithiophosphoric 
acid in 1: 3 molar ratio in refluxing benzene for about 4 br 
(completion of the reaction was checked by estimating the iso- 
propanol collected azeotropically with benzene) yielded a yellow 
crystalline solid on removing volatile solvent. The product was 
purified by crystallization from aqueous isopropano< 

(c) Reaction of metal chloride with dialkvldithionhosohoric 
acid in 1: 3 mola; ratio. Metal (arsenic, antimony) @i&lo&e and 
dialkyldithiophosphoric acid in 1: 3 molar ratio were mixed in 
benzene and heated under retlux for about 4 hr till the liberation 
of HCI ceased. On removing the solvent under reduced pressure, 
a yellow crystalline solid was obtained, which was crystallized 
from aqueous alcohol. 

(d) Reaction of metal chloride with sodium(ammonium) 
dialkyldithiophosphate in different (1: 1, 1:2 and 1: 3) molar 
ratios. Metal (arsenic, antimony) trichloride and sodium(am- 
monium) dialkylditbiophosphate in different stoichiometric ratios 
(1: 1, 1: 2 or 1: 3) were mixed and stirred with slight heating for 
about 2hr. Precipitated sodium(ammonium) chloride was 
removed by filtration, followed by removal of the solvent, giving 
the desired product. 
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(e) Co-disproportionation reaction of metal chloride or metal 
isopropoxide with metal tris(diisopropyldithiophosphate) in 1: 2 
or 2: 1 molar ratio. Metal (As, Sb) trichloride or antimony iso- 
propoxide and metal fris(diisopropyldithiophosphate) in 1: 2 or 
2: 1 molar ratio in benzene were stirred with heating for about 
2 hr. Solvent was removed under reduced pressure to give the 
desired product. 

(f) Reaction of antimony tris(diisopropyldithiophosphate) with 
halogens in 2: 1 molar ratio. To the antimony tris(diisopropyl- 
dithiophosphate) in carbon tetrachloride or benzene was added 
halogen (bromine or iodine) in 2: 1 molar ratio and stirred for 
about half an hour. Solvent was removed under reduced pressure 
and the products, monohalo antimony bis(diisopropyl- 
dithiophosphate) and bis(diisopropylphosphorothiony1) disul- 
phide, were separated by fractional crystallization in light 
petroleum (b.p., 6&80”). 

RESULTS AND DISCUSSION 

Tri’s(diisopropyIdithiophosphates) of arsenic(II1) and 
antimony(II1) have been prepared by the reactions of 
diisopropyldithiophosphoric acids with corresponding 
metal oxide, isopropoxide or chloride in refluxing ben- 
zene: 

M203 t 6(K,H,O)aPSSH + 
2[(i- C3H,0)2PS&M f 3HzO t (1) 

MXj + 3(iGH,O)PSSH + [(iGH70)2PSS]jM t 3HX t 
(2) 

(M = As, Sb; X = Cl, i-&H,O). 

All these reactions are exothermic and quite facile in 
the initial stages. As the reactions tend to slow down 
towards the end, the reactants were refluxed to ensure 
the completion of the reactions which were further facili- 
tated by simultaneous removal of water, isopropanol or 
hydrogen chloride. 

In view of the difficulties of purifying dialkyl- 
dithiophosphoric acids (even freshly distilled samples are 
generally contaminated with disulphide to an extent of 
- 5%) further syntheses were carried out by the reactions 
of sodium or ammonium dialkyldithiophosphates with 
metal chlorides: 

MC13 t 3(RO),PSSM’-+ [(R0)2PSS]sM t 3M’Cli 
(3) 

(M = As, Sb; M’ = Na, NH,; R = C2HS, n-C,H,, i-&H,, 
i-C4H9 and C6H5). 

Mixed chloride dialkyldithiophosphate derivatives 
were prepared by the reactions of metal chlorides with 
sodium dialkyldithiophosphates in stoichiometric ratios 
and also by co-disproportionation reactions of metal 
tris(dialkyldithiophosphates) with metal chlorides 

MCI, + n(W2PSSNa + [(RO)SSS],MCl,-. t nNaC1 J 

(4) 

MCI, t Z[(RO),PSS]sM --$3[(RO),PSS]2MCl (5) 

2MC1, t [(RO)-LPSS]JM+ 3[(R0)2PSS]MCl, (6) 

Table 1. Syntheses of dialkyldithiophosphate derivatives of arsenic(II1) 

&&rod of Yield Physical 8tat.e Melting Mo1.W. Analyses kbUlld 
$:““’ % point (calcd) 

OC Wund 
tcalcd) 1Gs S 

1 2 3 4 5 6 7 a 9 

1. 

2. 

3. 

4. 

5. 

6. 

d 91 

d 88 

Ye&w cIystallins 

colourless 
viscous liquid 

d 88 ,, 

d 96 Pale yellow 
viscous liquid 

d,a 

&e 

a,b,crd 

&a 

d,e 

El,C,d 

d,e 

d.2 

d 

93 

92 

93 

92 

Yellow C sta- 
llim sol d r 

la2 yellow 
sticlcy .solid 

72 

86 

Pale yellow 
viscous liquid 

2:;:~ Cry2t2ih2 

75 

75 

91 

Yellow stic!cy solid 

Pale yellow 
viscous liquid 

Yellow sticky solid 

526 620 11.86 30.05 
(631) (11.88) (30.51) 

16.04 26.20 
(15.58) (26.67) 

23.02 13.97 
(22.63) (19.37) 

697 10.72 26.70 
(715) (10.48) (26.91) 

524 14.44 24.62 
(537) (13.95) (23.39) 

21.35 13.56 
(20.86) (17.86) 

702 10.50 27.06 
(715) (10.48) (26.91) 

552 14.32 24.17 
(537) (13.95) (23.89) 

372 21.13 16.76 
(359) (20.86) (17.86) 

808 9.58 24.43 
(799) ( 9.38) (24.08) 

602 13.10 21.02 
(593) (12.64) (21.64) 

20.50 17.17 
(19.34) (16.55) 

18.32 20.89 
(13.18) (21.00) 
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All the above reactions (S-6) are even more facile and 
appear to be completed at room temperat~e simply by 
stirring the reaction mixture in benzene for 2-3 hr. 

Mixed aikoxide (isopropoxide) d~sopropyI- 
dithiophosphates of antimon~~ were prepared by the 
co-disproportionation reaction of antimony isopropoxide 
with antimony t~s(d~sopropyldithiophosphate) in 1: 2 
and 2 : 1 molar ratios in benzene: 

Sb(OGH& t 2[(~-C~H,~)~PSS]~Sb + 
3&- C~H~O)~PSSl~Sb(OC~~~i) 

(7) 
2Sb(~~H,-~)~ + [(~-C~H,O)~PSS]~Sb 3 

3[(i-C,H,O~PSSlSb(OC3Hri)~. (8) 

Antimony t~s(d~sopropyldithiophosp~te)~ [(i- 
C~H~O)~PSSl~Sb~ reacts with haiogens ~bromine and 
iodine) in 2: 1 molar ratio to give monohalo antimony 
bis(diisopropyldithiophosphate~ and b~s(diisopropyl- 

phosphorothionyl) disulphide, which are separated by 
fractional c~s~iization in light petroleum (b.p., ~~). 

2[(~-C~H~)*PSS~~Sb + X,-, 
2[(i-CJFf~O)zPSSl~SbX + fWXW~2~!W2 (91 

Arsenic t~s(d~sopropyldi~ophosphate~, [(i- 
CaH70)2PSSl&, also appears to react with halogens in 

similar manner but only bis(diisopropyl- 
ihosphorothionyl)disulphide is crystallized from light 
petroleum (b.p., 60-W), and monohalo arsenic 
6is(diisopropyldithiophosphate) could not be obtained in 
a pure form. 

Mixed chloride d~sopropyldit~ophosphate derivatives 
of arsenic and antimony in isopropanol on treatment with 
an excess of water give the corresponding metal 
(arsenic and antimony) t~s(diisopropyldit~ophosphates) 
and oxides: 

6[(i-C,H70)2PSS]ZMCI + 3H20-, 
4[(i-C~H,O)~PSS]~M i M20, + 6HCl (10) 

Table 2. Syntheses of dialkyldithiophosphate derivatives of antimony(fID 

1 2 3 4 5 6 7 8 9 

d 93 

d 97 

d 77 e* 

5. 

6. 

7. 

8. 

9. 

d 

d,e 

d,e 

a,b,c,d 

d,e 

d,e 

10. [~-c3H70)ZPsS)2Sb(OC3R7-I) e 

11. [~-C3H70~2PSSjSb&X3H7-~)2 e 

i2. ~~-c~H~~~~Pss]~s~Iw f 

13. ~&c3"~~2PS-2SbI f 

56* 

100” 

UBc 

95 Pel% yellow 
aecousliquid 

98 *, _ 

98 1. _ 

90 Yellow cyata- 
lliae solid 

86 

82 

87 

Pale yellow 
viscous liquid 

Yellow c 
lline sol P 

ste- 
d 

_ 

79 

92 

71 

70 

Pale yellow 
viscous liquid 

Yellow clystr 
llina solid 

Brown crysta- 
lline solid 

Yellow cxyste- 
lline solid 

_ 

105O 

8i0 

124O 

80” 

_ 

_ 

78” 

92c 

692 17.63 
(677) 

27.28 
(17.97) (27.40) 

23.84 
(23.08) 

32.10 16.84 
(32.22) (16.97) 

746 
1762) 

$2) 

_ 

16.04 23.13 
tl5.991 (225.26) 

<EE, 
22.24 
C21.97) 

30.77 
(29.99) 

15.74 
&!Li.so) 

758 
(762) 

r% 

416 
G406) 

W 

15.75 25.42 
(l5.99) (25.26) 

20.46 22.24 
(20.86) (21.97) 

30.60 L5.87 
(29.99) (15.80) 

19.04 
c20.05) 

21.97 
(21.11) 

26.60 
(26.86) 

13.08 
(14.15) 

598 
(628) 

679 
(675) 

c% 

J% 

_ 

19.72 
(19.39) &kit, 

18.83 
(18.96) 

14.72 
Cl4AOJ 

22.66 
(22.75) 

199.58 
(19.03) 

19.65 
i20.04~ 

27.65 15.70 
(28.06) (14.78) 

13.04 
ti2.65) tW> 
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3[(i-C3H70)2PSS]MCI2 t 3Hz0+ 
[(iGH70)9SS]3M t M203 t 6HCI. (11) 

On treatment of diisopropyldithiophosphate deriva- 
tives of arsenic and antimony with an excess of ammonia 
in aqueous media, only insoluble metal oxides are 
obtained; 

2[(i-C,H,O)ZPSS],M + 6NHdOH+ 
MZO, + 6(i- C,H70)2PSSNH‘, t 3HzO. (12) 

Compounds of the type Cl,Sb[SSP(OR)J on heating 
disproportionate into SbCl, and [(R0)2PSS]2SbCl; the 
latter appear to decompose further into products which 
could not be identified. This was confirmed by heating a 
sample of [(R0)2PSS]2SbCl, synthesized as mentioned 
earlier. The reaction can be represented by the following 
equation on the basis of the amount of SbCI, liberated: 

2[(R0)2PSS]SbC12 + SbCl, t [(R0)2PS$SbCI. 
(13) 

It is interesting to note that the compounds of the type 
R,SbS2CNR2 have been reported” to disproportionate 
spontaneously into 1: 1 mixtures of RGSb and 
RSb(S&NRJ,. . 

Dialkyldithiophosphate derivatives of arsenic and 
antimony are generally yellow crystalline solids or pale 
yellow oily viscous liquids soluble in common organic 
solvents like benzene, chloroform, carbon tetrachloride, 
acetone, hexane, ether, light petroleum, alcohols etc. The 
tris derivatives are insoluble in water and can be crystal- 
lized from aqueous alcohols. Mixed chloride derivatives 
are sensitive to moisture and solid compounds 

amongst these can be crystallized from light 
petroleum (b.p., 60-80”). Molecular weight determina- 
tions in freezing benzene indicate the monomeric nature 
of these derivatives. All these compounds are non-vola- 
tile even under reduced pressure, and tend to decompose 
at - 120°C. 

IR spectra of these new derivatives have been 
measured in the range 400&2OOcm- and ass$nments 
have been made on the basis of earlier reports. ~6 The 
bands in the regions, 1025-975 and 890-745 cm-’ are 
assigned to (P)-O-C and P-O-(C) stretching modes res- 
pectively. A strong band due to v(P = S) observed in the 
region 680-620 cm-’ in the spectra of dialkyl- 
dithiophosphoric acids and their sodium and ammonium 
salts is shifted to lower frequencies by - 30 cm-’ in the 
corresponding antimony derivatives. This probably in- 
dicates a strong bidentate chelation of the ligand with 
antimony. In the case of arsenic derivatives the shift in 
the v(P = S) peak appears to be small or negligible. 
Bands of medium intensity present in the region 58& 
5OOcm-’ are due to P-S asymmetric and symmetric 
stretching vibrations. Bands of medium intensity present 
in the region 400-250 cm-’ are due to M-S” and M-C13* 
stretching vibrations. 

The PMR spectra (Tables 3 and 4) show the charac- 
teristic proton resonances of the corresponding alkoxy 
groups. The 3’PNMR spectral data (Table 5) for only a 
few representative compounds could be obtained. In 
proton-decoupled spectra, only one peak for each com- 
pound in the range of 89.0 to 91.8 ppm is obtained, which 
indicates33 the bidentate behaviour of dialkyl- 
dithiophosphate ligands in all these derivatives. 

For the sake of comparison, it may be recorded here 
that the X-ray crystallographic data show that 

Table 3. ‘H NMR spectral data for a few arsenic(II1) diaIkyIdithiophosphates* 
- 
S.I?O. 

.--_______ ---_w 

Compound Chemical Shifts d ppm 
- 

1. 
c 1 (C2H50)2PSS 3~3 1.64-1.87,t, 

4.40-4.67,q, 

2. [(&c3B70)2PSS]3As 1.54-1.64,d, 

4.74-5.37,m, 

3. ~&-C3H73)2PSS]2AsC1 1.7%1.88,d, 

4.97-5.6O,m, 

CH3(24'i) 

(7 peal&J CHu(4;!) 

4. 
[ 
(&C3?i70>2PSJ &Cl2 1.75-1.85,d, 1 Cx3(12U) 

4.90-5.60,m, CHu(2:i) 

5. k-"-C3!!7"~2PsS]3As 1.20-1.42,t, 

1.82-2.3G,m, 

CH3UaK) 

(6 peaks) (1211) 

(6 peaks) c~20(12;1) 

cH3u21:) 

(6 peaks) C!i2(81!) 

(6 peeks) CI!~L(WJ 

,3H3 i36!1) 

(broad) Ciibi!) 

CL!2LLU!) 

4.19-4.55,m, 

2f..a 0.91-1.15,t, 

1.50-1.95,m, 

3.80-4.25,m, 

1.80-2.10,m, 

c 

J. 7.47,s, S6:i5v(30::j 

-_~--_-_-_-_-____-_______~_~___.-___-_-___-____-___ 

d-doublet, m=multiplet, qvruartst, t=triplet, and s=sirtlet. 

K In <'Cl 4 soliltion 

CH3(1811) 

CH20(121:) 

CH3(3611) 

(7 pecks) CHO(6H) 
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Table 4. ‘H NMR spectral data for a few antimony(III) dialkyldithiophosphateatesl 

S.BO. CollboUIld Chemical Shifts 6 mm 

363 

l., [~C2H50j2PS+bC12 

2. [. 
(A-C3H70j2MS 3Sb 

1 

3. r(~-C3H7~)2PSS]2SbC1 

4. r (&-C3!!7~)2PSS >bC12 I- 
5. [&C,X70) 2PSS] 2 (&-C3H70) 

6. [~~-C~H,W~~""S~S~~~-C~H,O)~ 

7. [(g-C3!r70j2PsS]3sb 

3. 

5 . 

13. 

11. 

1 12 (pz37,0j 2~ss sLc1 

1.34-1.57, t,CH3(6H) 

4.01-4.52,0,CH20(4Hj 

1.65-1.75,d,CH3(36H) 

4.80-5.45.m(7 peaks)CI-W(6IIj 

1.67-1.77,d$H3(248) 

4.85-5.47,m(7 peaks)CHv(C:l) 

1.74-1.84,d,CHj(12X) 

4.94-5.57,m(7 penks)CHu(2Hj 

1.45-1.71 ,a,CH3(30Xj 

4.86-5.52,m,CH315Hj 

1.47-1.74,q.Ci13(24H) 

4.47-5.43.m,CI-U(4Hj 

1.28-1.50,t,Cr13(18H) 

1.80-2.34,.m,CE12L12Hj 

4.24-5.12,m(6 peoksXH2u(121!j 

U.Sl-1.06,t,CH3(12!i) 

1.43-2.00,m,(6 peaks)C'12U3:1) 

3.35-3.33,m(G peaksjCY20(8H) 

0.8%1.13,t,CH3(6Hj 

1.53-2.lO,m(6 peaks)CV2i4'1) 

3.98-4.35,miG pe&sjCU2C,i4i:j 

0.90-l 02 3. ('II (36IO . 2 , 
1.7%2.35:m;!I(t!Ij 

3.7d-4.o1,q,CI:2~12iI) 

3 94-1 04,d,Ci!,i24!!j . . 

1.70-2.37,m,C::T4;:j 

:.73-3.Y8,fl,C? CI 2 i8.0 

Table 5. “P NMR spectral data for dialkyldithiophosphate derivatives of arseoic(III) and antimony(IID 

S.No. camp- Chemical s2lifta CharmicalAifta 
proton decoupled proton coupled 

C=PlM 
constant 

Ppm 

1. ~~-c4lI9o)*Pss]3iba 

2. ~&C,H,O) 2PSS13Sb 

3. [@C4H90) 2PSS]2sbC1 

90.2 ppm 3932.5-3968 Hz 5 peak+ 8.87 Rz 

91.8 Ppm 3995.6-4031 Hz 5 pedcr 8.86 Ht 

89.0 pprm 4609-4645 Hz 5-d 9.00 Hz 

tn’s(dialkyldithiocarbamates)‘7’* of arsenic(III) and anti- 
mony(III) possess distorted octahedral geometry 
whereas the monobromo bis(diethydithiocarbamate) of 
arsenic(III)9 possesses a distorted square pyramidal 
structure with Br- at the apex. Br&(&CNEt$’ is 
reported to be monomeric in solution, while in the solid 
state it exists as a loosely held centrosymmetric dimer 
with bridging bromine ions: the geometry around 5- 
coordinate As@) is intermediate between square 
pyramid and trigonal bipyramid with a stereochemically 

active lone pair occupying one site in a distorted octa- 
hedral coordination. 

The available X-ray crystallographic data of 
[(EtO)$SS],Sb” show a distorted capped octahedral 
environment around antimony with a stereochemically 
acitve lone pair at the capping position. 

The spectroscopic data discussed earlier in this paper 
for the newly-synthesized halide dialkyldithiophosphates 
of arsenic(III) and antimony(III) indicate the chelating 
nature of the dithiophosphate moieties. Considering the 
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monomeric nature of all these derivatives, the mono- 
halide bis(dialkyldithiophosphates) should contain a 5- 
coordinate metal atom and possess a distorted octahedral 
geometry with the stereochemically active lone pair 
occupying one of the positions. The corresponding 
dihalide derivatives having a Ccoordinate metal atom 
may similarly possess a distorted trigonal bipyramidal 
geometry. Efforts are being made to obtain X-ray crys- 
tallographic data for some of these interesting com- 
pounds. 
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Abstract-Mn(II), Fe(W), Ni(I1) and Cu(II) complexes of the thiosemicarbazones of a-hydroxy-@-naphthaldehyde 
have been isolated. Ni(II) complex is diamagnetic, Cu(II) is planar involving metal-metal interactions, Mn(II) 
complex (pen = 3.86 B.M) has been assigned a planar structure with S = 3/2 while Fe(III) complex is five 
coordinated with S = 3/2. 

Thiosemicarbazide (NH2CS-NH.NHJ and thiosemi- 
carbazones (NH,CSNH*N=CR,R,) usually react as 
chelating ligands with transition metal ions by bonding 
through the sulphur and hydrazinic nitrogen atoms, al- 
though in a few cases, they behave as monodentate 
ligands and bond through the sulphur atom only. Since 
Domagk’s original report’ on the anti-tubercular activity 
of thiosemicarbazones, the number of papers on the 
pharmacology of these compounds has expanded 
dramatically. They have also been found to be active 
against influenza: protozoa,’ smallpox4 and certain kinds 
of turnour’ and have been suggested as pesticides’ and 
fungicides.6 Their activity has frequently been thought to 
be due to their ability to chelate trace metals. These 
findings have led recently to an increased interest in the 
chemistry of transition metal chelates of thiosemicar- 
bazones. Thiosemicarbazone of cr-hydroxy-@nap- 
thaldehyde abbreviated as, HNATSC(I), is a newly syn- 
thesized compound. Mn(II), Fe(III), Ni(I1) and Cu(I1) 
complexes of HNATSC, have been prepared and 
characterized by magnetic susceptibility (from RT to 
4K) and ESR spectral measurements in the powdered 
state. 

EXPERIMENTAL 
Preparation of HNATSC, I 

The thiosemicarbazone of a-hydroxy-fi-baphthaldehyde was 
prepared by mixing the equimolar ethanolic solutions of thiose- 
micarbazide and a-hydroxy+naphthaldehyde. 

The resulting solution was refluxed for about 1 lu and the 
thiosemicarbazone was separated out as grannular buff coloured 
compound which was filtered off and washed with cold alcohol 
and dried in a vacuum desiccator over silica gel. (Found: C, 
58.43; N, 16.84; H, 4.01 and S, 12.83%. HNATSC requires: C, 
58.77; N, 17.14; H, 4.49 and S, 13.06%). 

Preparation of complexes 
For preparing the complexes, equimolar solutions of metal 

halides and the thiosemicarbazone in DMF were mixed and the 
resulting solution was refluxed on a water bath for about 1 hr. 
Excess of the solvent was distilled off under reduced pressure 
and water was added to the concentrate. In each case, the 
complexes were precipitated, washed with hot water and acetone 
and finally dried in a vacuum desiccator over P20p The com- 
plexes are insoluble in water, ethanol, chloroform and acetone. 
The results of microanalysis on the complexes are presented in 
Table 1. 

Physical measurements 
The magnetic susceptibility measurements on powdered sam- 

ples were carried out by Gouy’s method using Hg(Co(CNS),] as 
the calibrant. The results of measurements are presented in Table 
1. 

RESULTS AND DISCUSSION 
(a) Copper(HNATSC 

The susceptibility measurements on the complex at 
room temperature yield magnetic value to be 1.54B.M 

Table 1. Micro-analytical and magnetic susceptibility data of complexes 

Complex 

%C %N 
Found Found 

(Calcd.) (Calcd.) 

%M 
Found 

(Calcd.) 

%S 
Found 

(Calcd.) 

% Cl 
Found 

(Calcd.) 

Cu(HNATSC)CI 

Ni(HNATSC)CI 

Mn(HNATSC)CI 

Fe(HNATSC)C& 

41.80 
(41.97) 
42.40 

(42.57) 
42.64 

(43.05) 
38.62 

(38.83) 

12.01 18.30 9.40 
(12.24) (18.52) (9.33) 
12.10 17.24 9.43 

(12.47) (17.35) 
II.98 15.64 (Z’ 

(12.55) (16.42) (9:56) 
12.41 14.83 8.50 

(12.67) (15.06) (8.63) 

10.20 1.54 
(10.35) 
10.06 - 

(10.49) 
10.12 3.86 

(10.61) 
18.79 - 

(19.14) 

365 
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which is much below the spin only value of 1.73 B.M for 
mononuclear Cu(I1) complexes. In view of the terdentate 
character of the thiosemicarbazone and chemical com- 
position, planar stereochemistry may be proposed for the 
complex. Since the planar Copper(I1) complexes are 
more prone to the metal-metal interaction along the axial 
positions, the lowering in magnetic moment could 
obviously be due to these interactions. 

(b) Nickel(ZZ)-ZfiVATSC 
The complex is diamagnetic and therefore, planar 

structure may be proposed for it. The planar structure 
for the complex also confirms the terdentate character of 
the thiosemicarbazone. 

(c) Zron(ZZZ)-HNATSC 
The results of magnetic susceptibility measurements 

on the powdered sample down to liq. helium temperature 
are presented in Table 3. 

The magnetic behaviour of simple mononuclear high 
spin iron(II1) complexes is generally uncomplicated. 
High spin iron(II1) complexes (S = S/2) with 6A, as the 
ground state have magnetic moment values around 
5.92 B.M independent of temperature. Low-spin iron(II1) 
complexes with strong ligands have magnetic moments 
corresponding to one unpaired electron. The ground state 
in such complexes is 2T2 and the magnetic moment is 
temperature dependent.* It is interesting to note that if 
the geometry of the complexes is either octahedral or 
tetrahedral the possibility for the quartet state 4T, as the 
ground state with S = 312 is excluded by ligand field 
theory.’ However, for d’ configuration, this restriction 
does not necessarily apply to lower symmetry situations. 
Thus, an S = 3/2 ground state CA2) has been established 
for a series of five coordinated iron(II1) dithiocar- 
bamates”.” and in the present studies, the iron 
complex also seems to be a pentacoordinated with the 
square-pyramidal configuration and S = 312. 

The detailed magnetic susceptibility measurements 
(Table 3) carried out on the powdered sample at different 
temperatures by SQUID susceptometer described ear- 
lier,20 yield magnetic moments for the complex to be 
continuously rising from near 3.00B.M at 4.2 K to 
4.46 B.M at 143.4 K. This seems to be a slightly unusual 
behaviour if it is in fact a genuine S = 312 iron(II1) 
compound because they have a moment of 3.9B.M and 
independent of temperature.“ Therefore, this compound 

seems to be a 5 coordinate (S = 3/2) in which the excited 
states must be close enough to raise the moment to 
4.47 B.M at room temperature which gets support from 
the EPR spectra recorded in the polycrystailine state 
both at room teqperature and liquid nitrogen tem- 
perature. Very few compounds of iron(III), where the 
ground state has three unpaired electrons, have been 
subjected to EPR studies. Mono-chlorophthalocyaninato 
iron(III) is perhaps the tirst of this kind for which ESR 
studies were made by Gibson et al.” Among the series, 
Fe(R, dtc)2X polycrystaliine ESR spectra are reportedI 
for Fe(Et, dtc),X where X = Cl, Br, I and NCS. Com- 
plete analysis of the EPR spectra in the present case has 
not been possible because of failure to obtain single 
crystals but it has definitely supported the 5 coordinated 
stereochemistry for the complex as the appearance of 
the signals at g = 4 and g = 2 could be explained by this 
geometry only. The ESR results for the systems with 4A2 
ground state can be described by the spin Hamil- 
tonian,‘4-‘7 

X = D 
1 
3,’ - ;S(S + 1) 

1 
t E($x2 - 3,‘) t g/3H.S 

with S = 3/2 and g = 2.00. When E = 0 and also when 
D % hv, there are two Kramers doublets M, = + 3/2 and 
k l/2, with effective g-tensor principal values g, = g, = 0; 
g. = 6 and g. = g, = 4; gz = 2 as shown below. 

Dshv, E=O 
For the (k l/2) doublet ignoring orbital contribution 

(since Fe(III) is 6S512, L = 0) 

,..=&Y=2(+;IsLI-~) 
= 2( t ;I& t S-)2) - $) 

=2&g+;)) 

= 2v(4) = 4 

g,=4 

&I = 2(&4) 

=2x2+2 

Table 2. Selective IR spectral bands (cm-‘) 

Assignment Cu(HNATSC)Cl NI(HNATSC)C~ Mn(HNATSC)Cl Fe(HNATSC)C12 

3 OH 3580 s 

9 rm PI 3333 s 
l 3320 3 

S(NH) + CN 1525 m 

1503 m 

Amide III 1325 S 

S(CS) 820 S 

‘3u-o __ 

_... 
3440 s 

3300 s 

3x60s 

1578 S 

1390 s 

750 J 

380 s 

-- 
3440 m 

3480m 

3340 m 

3180 m 

1560 s 

1395 s 

740 5 

380 s 

__. __ 
3420 3440 

3300 3270 

3040 3180 

1560 S 1565 S 

1375 s 1390 s 

740 3 745 s 

385 S 386 .S 
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Table 3: Variable temperature magnetic susceptibility data on Fe(III) HNATSC 

Temp. (K) Corl! 
3cn l'rff 

(c.9.s) t-&M) 

4.42 0.29167 3.21 

5.26 0.15675 3.29 

7.52 0.1939 3.42 

10.43 0.15068 3.55 

12.08 0.1333 3.54 

15.75 0.1085 3.69 

21.11 0.08400 3.76 

31.3 0.05818 3.82 

50.5 0.04019 4.i)3 

89.57 0.0237 4.16 

106.9 0.02100 4.24 

143.4 0.01733 4.46 

For the ( f 312) doublet 

g,=2( +;l2sJ-;) 

Hamiltonian for E = 0. Such a system should give rise to 
g value of 6, 4 and 2. For the compound under study, 
g = 2 signal is quite broad and g =4 signal is com- 
paratively strong while g = 6 signal is not observed, as it 

=Z(+;lS++S_I-;) 

is not expected to be populated appreciably. 

(d) Mnngunese( II)-HNA TSC 
=2x0=0 As discussed above, crystal field theory specifically 

g,=g,,=2( l;12szl+;) 

excludes the possibility of a quartet ground state (S = 
3/2) for Mn(II) (d’) configuration in octahedral geometry 
but not for the low symmetry. As S = 3/2 ground state 
has been established for a series of five coordinated 

=2x2x;=6. iron(M) dithiocarbamates and manganese(H) phthalocy- 
= anin,12 manganese(U)-HNATSC also appears to have a 

The compound under investigation show identical ESR 
properties (Fig. 1) which may be described by the above 

h(b, 
Fig. 1. ESR spectra of Fe”’ (HNATSC) in polycrystalline state (a) RT (b) LNT. 
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(a) 

(b) 

Fig. 2. ESR spectra of Mn”(HNATSC)Ci in polycrystalline state (a) RT. (b) LNT. 

quartet ground state since the magnetic moment value is 
very close to the spin only value of 3.88 B.M in a square 
planar environment. 

Infrared spectra 
The, selective IR spectral bands observed in the spectra 

of HNATSC and its corresponding complexes are 
presented in Table 2 along with the assignments. The IR 
spectra of Fe(III) (HNATSC) Cl, has provided additional 
information regarding the configuration of five coor- 
dinated complex. 

Trigonal bipyramid@) and square pyramid(llI) are the 
2 possible arrangements for the 5 coordinated molecule 
and they will ditfer in their IR spectral behaviour. In 
TBP, as the two chlorine atoms are trans to one another, 
one will expect only one ~~~~~ band while in SP struc- 
ture, the two Fe-Cl positions are different, the molecule 
is expected to give two uFcXI bands as a result of 
splitting due to CzV symmetry and the complex under 
study also shows two strong bands at 410 and 405 cm-’ 
which could be assigned to Fe-Cl. Thus on the basis of 
IR spectral data a square pyramidal structure could be 
assigned to the complex. 

ESR spectral studies 
High spin (S-T 3/2) . . _ manganese complexes have been 

extensively studted by ESR technique but the reports on 
the complexes with S = 3/2 are not many.‘8.‘9 Mn(I1) 
phthalocyanine seems to be the first manganese(D) 
complex with a quartet ground state (S = 3/2) which was 
studied by ESR. The complex showed a very broad 
signal centered around g = 2.00. The manganese(D) com- 
plex under discussion also yields a similar ESR signal 

m 

(Fig. 2) in the polycrystalline state both at RT and LNT. 
The g value very close to that of DPPH (g = 2.0023) 
indicate that there is little orbital contribution which is in 
agreement with the results of magnetic susceptibility 
measurements which give the value of magnetic moment 
at RT to be 3.86B.M, very close to the spin only value 
(3.88 BM). 
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Ncj MACROCYCLIC LIGAND 
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Abstract-Macrocyclic complexes of copper, nickel and cobalt were synthesised via template reactions. These 
ICmembered N6 tetradentate macrocyclic complexes were characterised by magnetic, conductance, electronic and 
IR spectral studies. The macrocyclic ligand coordinates through the four azomethine nitrogen atoms which are 
bridged by 2,3-butanedione moieties, but far IR spectra suggest that the pyridine nitrogens are not coordinated. 
These macrocyclic complexes are considered to have distorted octahedral configurations. 

Considerable attention has been paid to the charac- 
terisation of macrocyclic complexes prepared by the 
condensation of ketones with transition-metal complexes 
of tetraamines.‘-’ The relationship of electronic proper- 
ties and reactivities of these’synthetic macrocyclic com- 
plexes to those of naturally occurring macrocycles, such 
as porphyrins and corrins, continues to promote great 
interest in their design and preparation. Much work in 
this field has resulted in substantial progress in the 
development of cyclisation reactions, usually involving 
metal ions, which has led to a variety of macrocyclic 
complexes.4 The effect of varying the macrocyclic ring 
size has also received attention; lbmembered macrocy- 
clic complexes have been reported.’ 

In the present paper the preparation and properties of 
a number of copper( nickel(I1) and cobalt(H) com- 
plexes of 14-membered macrocycles and their deriva- 
tives are reported. 

EXPERIMENTAL 
Preparation of the complexes. All the chemicals employed 

were -reagent &de and uded without further purification. 2,6- 
Diamino-pyridine (0.02 mol) and 2,3-butanedione (0.02 mol) were 
mixed in a minimum quantity of MeOH and a MeOH solution of 
the metal salt (0.01 mot) wa; added; the mixture was refluxed on 
a water bath. After refluxing for about 12 hr hydrochloric acid 
(1 cm’) was added and refluxing was maintained for a few more 
hours. The mixture was concentrated to half volume on a rotary 
evaporator and kept as such for 2 days. The greenish brown 
crystals were filtered off and washed with methanol and ether 
and dried in vacuum. The complexes so obtained are stable upto 
200°C and are soluble in methanol, water, dimethyl sulphoxide 
and acetonitrile whereas copper complexes are partially soluble 
in these solvents. The derivatives of these complexes were 
prepared by metathesis by stirring and adding slowly NaBr and 
NH.&NS solutions to an ethanolic solution of metal chloride, and 
the NaCl or NH&I, formed during the exchange reaction, was 
filtered off. The nitrate complexes were prepared from metal 
nitrate salts. The metal contents were determined by spec- 
trophotometric methods while halides were estimated by Vol- 
hard’s method and nitrate as nitron salt. 

Magnetic and spectral measurements: Magnetic measurements 
were carried out using a Princeton Applied Research Model 155 

tPresent address: Prof. W. U. Malik, Vice-Chancellor, Uni- 
versity of Kashmir, Seinagar (J&K). 

*Author to whom correspondence should be addressed. 

vibrating sample magnetometer incorporating a digital readout. 
The electromagnet current was maintained using a Polytronic 
Constant Current Regulator Type CP-200. The instrument was 
calibrated using a standard pure nickel pallet and cross checked 
against Hg[Co(CNS),] as calibrant. 

Absorbance measurements (DMF solutions) were carried out 
on a Carl Zeiss Specord UV.-VIS spectrophotometer using 
IOmm glass cells. Conductance measurements of l.OmM solu- 
tions were made using the solvent acetonitrile which had been 
distilled from calcium hydride under nitrogen atmosphere and a 
Systronics Conductivity Meter Type 302 at 25 * 1°C using a dip 
type conductivity cell. IR spectra were recorded on Beckmann 
IR-20 spectrophotometer in KBr pellets in 4000-600 cm-’ range 
and in Nujol mulls in the 650-200 cm-’ ranee on a Beckmann 
IR-12 spe&rophotometer. The molecular weights of soluble 
complexes (MeOH solution) were determined cryoscopically. 

RESULTS AND DISCUSSION 

The analytical data (Table 1) show that the macro- 
cyclic complexes can be represented as [M(ClsH,,NJX,] 
where M = Ni(II), Co(H), Cu(I1) and X = Cl, Br, NO, and 
NCS. The conductivity measurements show their non- 
electrolytic nature and molecular weights of the nickel 
and cobalt complexes showed that they are monomeric 
(Table 2). 

IR spectral and magnetic studies. The IR spectra of all 
compounds do not contain any band that could be assig- 
ned to C=O or NH group~.~ The spectra of the conden- 
sation product of these compounds show various vibra- 
tions of the pyridine ring,‘-9 and azomethine” and 2,3- 
butanedione moiety.’ By comparing the spectra with 
those of the amine, a strong band at co. 1625 cm-’ and a 
shoulder at ca. 1610 cm-’ may be assigned to symmetric 
and asymmetric Y (C=N) vibrations, respectively. The 
absence of bands at ca. 3300-3200 cm-’ indicates that all 
amino groups of 24diaminopyridine have condensed 
with 2,3-butanedione. This contention is supported by 
the presence of bands at cd. 2925 cm-‘, cu. 1355 cm-‘, 
co. 1270cm-’ and 680 cm-’ characteristic of the 2,3- 
butanedione moiety and may be assigned to v(CH,), 
v(C-CH,), Sym(CH1) and ring deformation modes.” 
However, some changes are observed in the spectra of 
these complexes. The spectra do not show any change in 
pyridine ring vibrations and it appears that in these 
complexes the nitrogen atom of pyridine does not parti- 
cipate in coordination. 

369 



T
ab

le
 1

. A
na

ly
tic

al
 d

at
a 

of
 c

op
pe

r, 
co

ba
lt,

 a
nd

 n
ic

ke
l m

ac
ro

cy
cl

ic
 c

om
pl

ex
es

 
--

 
1 

1 
I 

CO
mp

lE
X 

: 
;g

oc
c 

: 
1 

N 
: 

Ii
 

8 
x 

I 
PI

 
I , 

ta
lc

,_
 

Fo
un

d 
: 

Ca
lc

. 
Fo

un
d:

 
Ca

lc
, 

F,
 

ou
nd

 
CZ

JC
 

Fo
un

d 
PI

_ 

c C
U(

C,
,H

,~
N~

)(
NO

~~
~ 

[ 

1 

CU
(C

,&
~N

~)
(N

CS
) 

[C
o(

C,
,H

,,
N,

)C
~ 

iJ
 

21
 

rC
o(

Cl
BH

l1
3N

6~
Br

2J
 

[C
o(

C,
s"

,e
~6

)0
'0

3)
2 

1 
[C

d C
,&

&
) ( N

C
S)

 
2]

 47
.6

 
47

.0
 

16
.b

 
18

.4
 

39
.9

 
36

.8
 

15
.5

 
15

.2
 

42
.7

 
42

.2
 

16
.6

 
16

.3
 

43
.5

 
43

.2
 

lb
.9

 
16

.5
 

ai
. 

48
,C

 
18

.8
 

18
.2

 

40
.2

 
4c

.4
 

15
.6

 
15

.4
 

43
.1

 
43

.2
 

16
.8

 
16

.2
 

44
.7

 
43

.5
 

17
.4

 
17

.6
 

48
.3

 
47

.4
 

le
.e

 
18

.1
 

40
.3

 
40

.1
 

15
.7

 
15

.0
 

43
.2

 
42

.6
 

16
.8

 
16

.2
 

43
.9

 
43

.0
 

17
.1

 
17

-c
 

3.
9 

4.
0 

15
.7

 
15

.0
 

13
.9

 
13

.2
 

3.
3 

3.
6 

29
.5

 
29

.2
 

11
.6

 
11

.4
 

3.
6 

3.
2 

24
.6

 
24

.1
 

12
.5

 
12

.0
 

3.
6 

3.
8 

23
.4

 
23

.0
 

12
.7

 
12

.1
 

4.
0 

4.
2 

15
.8

 
15

.2
 

13
.2

 
13

.1
; 

3.
4 

3.
1 

29
.8

 
29

.3
 

IO
.9

 
10

.2
 

3.
6 

3.
2 

24
.8

 
24

.1
 

11
.8

 
11

.2
 

3.
7 

3.
1 

24
.0

 
23

.8
 

12
.2

 
12

.6
 

4.
0 

4.
3 

15
.9

 
15

.3
 

12
.9

 
13

.0
 

3.
4 

3.
2 

29
.8

 
29

.0
 

10
.8

 
10

.9
 

3.
6 

3.
4 

24
.8

 
24

.1
 

11
.6

 
12

.0
 

3.
7 

3.
5 

23
.6

 
23

.0
 

11
.8

 
11

.2
 



T
ab

le
 2

. E
le

ct
ro

ni
c s

pe
ct

ra
l a

nd
 m

ag
ne

ti
c d

at
a 

of
 c

ob
al

t a
nd

 n
ic

ke
l 

m
ac

ro
cy

cl
ic

 co
m

pl
ex

es
. C

al
cu

la
te

d v
al

ue
s o

f 
tr

an
si

ti
on

 en
er

gj
es

 (c
m

-‘
) 

Co
mp

le
x 

L Co
(C

,8
H

,8
N

6)
 C
l 2
1 

21
56

C,
16

64
0,

 
15

@9
5,

86
50

 

t C
o(

C1
6H

18
N6

!~
2 

3 
21

49
C,

10
47

@.
 

16
26

0,
82

7@
 

I c
o(

c 
,,

"1
6"

6:
'N

o3
1~

.:
:~

~~
;~

~~
~~

 

21
52

t1
16

46
Cs

 
16

14
0,

67
4O

 

N
’(C

&
&

)C
’2

 
I 

54
84

C,
27

64
6,

 
18

19
C,

11
72

0,
 

10
73

0 

Ni
(C

,6
+6

N6
)~

 
35

05
G,

2i
32

10
, 

18
23

~,
11

76
C,

 
1t

74
0 

35
21

0,
28

3%
 

16
27

@,
11

79
0,

 
lE

64
0 

44
0 

10
.2

8 
4.

92
 

10
60

 
82

@ 
0.

82
 

1.
82

 

53
c 

9.
w 

4.
9C

 
1~

30
 

81
0 

0.
86

 
1.

91
 

49
5 

5.
24

 
5.

12
 

lt
i!

x 
86

4 
0.

81
 

1.
82

 

48
0 

lO
.f

JO
 

4.
61

 
lG

80
 

'7
80

 
0.

83
 

l,
E 

DT
 

3s
 

3P
 

oa
XY

 
oa

z 
oq

xy
 

oq
= 

ot
 

44
3 

11
.2

6 
3.

40
 

15
40

 
11

68
C 

3C
35

C 
32

10
0 

26
67

0 
0.

05
 

11
70

 
97

0 
11

8 

53
1 

9.
75

 
3.

31
 

16
10

 
11

47
0 

30
42

2 
32

34
0 

26
61

0 
C.

05
 

11
6G

 
96

0 
12

0 

4Y
4 

5.
20

 
3.

24
 

16
30

 
11

56
0 

30
46

C 
32

40
0 

26
57

0 
0.

06
 

11
75

 
95

0 
12

5 

40
13

 
9.

84
 

3.
35

 
17

40
 

11
49

0 
3C

ci
60

 
32

15
0 

25
94

0 
C.

06
 

11
65

 
94

0 
13

0 

_-
._

--
 

Y
 



312 W. U. MALIK et al. 

It is apparent from the spectra that both the amino 
groups of 2,6_diaminopyridine react with oxygen atoms 
of 2,3-butanedione forming a two-carbon atom bridge 
between the two amino groups, similar to those reported 
in coordinated amines.” The absence of stretching and 
bending (C-O) group vibrations at ca. 1525 cm-’ and cu. 
1280 cm-’ also indicate the absence of this group in these 
macrocyclic complexes. The frequencies of the v(C=N) 
vibrations indicate coordination through this site.13 Thus 
in the presence of metal salts, a quadridentate macrocy- 
clic complex is formed which coordinates through 
azomethine nitrogens while pyridine nitrogen does not 
take part in coordination. These observations are in 
accordance with the idea that the formation of quadri- 
dentate macrocycles is easier than hexadentate or 
quinquedentate macrocycles.” It is also evident that 
azomethine nitrogen, being equally active, excludes 
coordination through pyridine nitrogen perhaps because 
this would involve the formation of unstable four-mem- 
bered rings. 

The far IR spectra of these complexes show some new 
bands at cu. 310 cm-‘, ca. 280 cm-’ and 275 cm-’ which 
can be assigned to v(Co-Cl), v(Ni-Cl) and v(Cu-Cl) 
vibrations,13 respectively. Similarly bands in bromo- 
complexes are observed at cu. 225 cm-’ and ca. 210 cm-’ 
for cobalt and nickel complexes and can be assigned to 
v(Co-Br) and v(Ni-Br) vibrational modes. The single 
bands observed and their regions are consistent with the 
octahedral nature of the complexes. 

In nitrato complexes the spectra show some new 
bands at IX. 1265cm-‘, ca. lOlOcm-’ and cu. 860cm-’ 
which can be assigned to the monodentate nature of the 
nitrate grou~.~ In thiocyanato complexes, some strong 
bands appear at ca. 2110 cm-’ (u’) &=N), cu. 
480 cm-’ ( VJ NCS bending and ca. 830 cm-’ ( v3), v(C = 
S) of the NCS group, respectively in accord with the 
monodentate N-bonded thiocyanato group. The ap- 
pearance of new bands at cu. 225-245 cm-’ support the 
coordination of nitrate and thiocyanate groups, which are 
assignable to v(M-0) of the nitrate group and cu. 260- 
280 cm-’ assignable to v(M-NCS), respectively. The 
appearance of bands in the region 430-495 cm-’ implies 
v(M-N) (azomethine) vibrational modes and confirms the 
involvement of azomethine nitrogen. The data from the 
magnetic measurements of these complexes are given in 
Table 2. The magnetic moments of cobalt, nickel and 
copper complexes lie in the ranges 4.81-5.12, 3.24-3.35 
and 1.75-1.86 B.M. respectively, at room temperature. 
The magnetic data are in accord with the high-spin 
nature of the nickel and cobalt complexes and indicate a 
pseudo-octahedral enviroment around the metal ions.13 
The distorted octahedral environment arises due to the 
steric interaction of the 2,6-diaminopyridine rings with 
methyl substituents on the macrocyclic ring. The resul- 
ting strain is relieved through a distortion of the ring to 
give a non-planar structure. The strain is relieved 
through the twisting of the torsional angles about the 
C-N bonds on the Ns-ring, which is the most readily 
deformable site. The extent of deviation from the dihe- 
dral angle in an ideally planar structure depends on the 
single and double bond characters of the various bonds 
in the macrocyclic ring. In this distorted structure, the 
four nitrogens lone pairs of the macrocyclic ring are 
directedI out of the N,-plane, so that the metal “sits 
atop” and not inside the N,-cavity. The macrocycle is 
distorted such that the metal ion is lying outside the 
nitrogens’ plane on the side opposite the folding. Thus 

the ligand tield exerted by the nitrogen system is very 
weak, which results in high-spin complexes even with 
strong donor ligands. 

Electronic spectral studies: The electronic spectra of 
complexes of copper show a maximum at cu. 17810- 
19315 cm-’ and a shoulder at ca. 14540-17110 cm-‘. This 
indicates that these macrocyclic complexes are distorted 
octahedral.” The shifting of bands is towards higher 
energy in the order NCS > NO, > Br > Cl, i.e. in order of 
weakening interaction of the metal ion with the anions. 
Assuming tetragonal distortion in the molecule, the 
energy level sequence for these complexes may be, 
x*-y’> z*>xy >xz> yz and the shoulder can be 
assigned to z* + x2 - y*(‘B,, + *B,,) and the broad band 
contains both the xy + x2 - y*(*B,, + *E,) and xz, yz + 
x2 - y’(*&, -*‘A*,) transitions.16 The separation of 
bands in the spectra of these complexes is of the order of 
2520cm-’ which is in accord with the proposed 
geometry of the complexes.” 

The nickel complexes show three strong bands at cu. 
10610-12355, 15000-17000 and 25000_281OOcm-’ with a 
shoulder at cu. 8500-9510cm-’ towards the low energy 
side of the first band. The spectral bands are well within 
the range for hexacoordinate octahedral complexes of 
nickel reported earlier.‘* The first two bands result from 
the splitting of one band, vl, and can be assigned to 
‘B,,+‘M4 and 3B’n+3&s(‘J2) assuming the 
effective symmetry’6 to be Ddh (components of 3T28 in 
Oh symmetry) and the other two higher bands can be 
assigned to ‘B,, +‘A2,(F), 3Fg(~3) and 3B’, + ‘A,,(P). 
The intense higher enerav band anneared at co. 
35060 cm-’ can be assigned-to a IT+ ?r*-transition of the 
C = N group. A. regular pattern is not followed by 
various bands and this seems to be anion independent. 
The spectral data are consistent with the distorted octa- 
hedral nature of these macrocyclic complexes. The 
values calculated for DqXY and Dq’ are given in Table 2. 
Thus, all the complexes studied herein show pseudo- 
octahedral geometry conforming to Ddh symmetry. On 
the basis of symmetry arguments, Lever’* has given a 
theory applicable to DAh molecules. This newly- 
developed theory is called normalised spherical harmonic 
Hamiltonian theory (NSH). This theory correlates ligand 
field parameters to NSH absolute ligand field parameters, 
DQ, DS and DT. Dq is a measure of the in-plane ligand 
field while DQ is a measure of the average ligand field 
experienced by the metal ion. The DT/DQ ratio gives the 
information about the distortion of the molecule. The 
values given in the Table 2 indicate that these macrocy- 
clic complexes are moderately distorted and the dis- 
tortion increases in the order: NCS > NO3 > Br > Cl. 

The spectral bands at cu. 8255-8750cm-‘(v,) and 
15750-1626Ocm-‘(v,), with a broad band at ca. 
21050cm-‘(v,) can be assigned to Co(H) complexes,” 
reported to be distorted octahedral with Ddh symmetry. 
These macrocyclic complexes exhibit a band in the visi- 
ble region which shows a structure and splitting due to 
low symmetry fields. The splitting causes band overlap 
and some broad bands are observed. Thus, assuming the 
effective symmetry to be D4,,, these bands observed can be 
assignedto4T,,+4T2g,,4Tlg+4A2gand4T’p+4T’.(P)at 
ca. 8510,162O and 20060 cm-‘, respectively. The first band 
(Y,) is in the visible region and the assignment of the visible 
band to 4A2, cannot be spin forbidden. The values of Dq, 
B, /3 and v2/vl ratio are given in Table 2. 

On the basis of above discussion the following structure 
(A) may be proposed for these macrocyclic complexes: 
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X-M-X 
6. 

1. 

‘cl+3 
8. 

M rCu(~~l,Co(~ll,Ni(ll) 

x = Cl, Br, NO3,NCS 

CA3 
13. 
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Ahstraet--“P NMR analysis has been used to measure the rates of hydrolysis of NqPsO, and NarP,O,,, at loo”; 
the rate constants are 6.07 x lo-’ and 2.24 x 10-l hr-’ respectively. The presence of urea has a catalytic effect on 
the former but an inhibiting effect on the latter. These observations are explained by the hydrogen-bonding 
capabilities of urea. 

Urea is known to have a profound effect when heated 
with phosphoric acid or ammonium hydrogen phos- 
phates-it causes polymerization to cyclic or linear 
polyphosphates, P., depending upon the temperature.‘.2 
In these reactions it behaves as a dehydrating agent and 
can cause condensation nP, + P, at temperatures as low 
as 100°C. The products from such reactions are sug- 
gested as fertilizers, etc.’ in which case their hydrolysis 
to monophosphate would be an essential prerequisite to 
absorption by plants. The urea in these products is also a 
source of nitrogen for plants. The effect of urea on the 
hydrolysis of P, has not been investigated. As mode1 
systems for such an investigation tetrasodium diphos- 
phate Na4P20,(P2) and pentasodium triphosphate 
Na5P30,,(P3) have been chosen. 

The hydrolysis of P. has been studied over many 
years and the catalytic effect of various countercations 
has been noted? Even sodium has a slit catalytic 
effect’ compared to Et.,N+ but is much weaker than most 
other cations especially those of divalent and transition 
meta1s.6 Other factors also have a profound influence on 
the rate of hydrolysis especially the solvent’ and pH.5 In 
this paper we report on the effect of urea. 

EXPERIMENTAL 
Na5PaOu, was reagent grade from Hopkin & Wiiiams purihed 

as in Ref. 5. Urea and NqP207 were analytical grade from 
Fisons and were used without further purihcation. 

“P NMR analysis 
As a method of analysis this is not as accurate as conventional 

methods but it has the advantage of convenience and the tech- 
nique has been successfully used in following the hydrolysis of 
diphosphate in the presence of a cobah complex.8 Moreover 
the rate constant for the hydrolysis of NhP20, at 100°C reported 
here is 6.07x IO-’ hr-’ which compares favourably with that 
reported in the literature for this temperature; 6.12 x lO-‘l~-‘.~ 

Broad band decoupled “PNMR spectra were recorded at 
36.43 MHz on a Bruker HFX!JO spectrometer at 300 2 3k. Peak 
positions were measured from 85% HSPO, as an external stan- 
dard and PI, P2 and P1 signals were integrated to determine the 
concentrations in solution. Machine settings were: hlter band 
width 7500 Hz; sweep width 6000 Hz; sweep offset 4500 Hz with 
no systematic noise reduction; Fourier transform (Pulse width 
12.5 psec, 8K data points, 30” flip angle, time constant-2 set). 

The observation that ammonium polyphosphate solutions, 
prepared from urea-phosphate heated in excess urea,’ were more 
stable than normal, prompted this investigation. NasP,O,a was 
chosen as a model system for the investigation because of its 

commercial importance and because both it and its hydrolysis 
products can be clearly distinguished by “P NMR analysis. 

Samples were drawn from the reaction mixtures, cooled and 
their pH (Pye meter) and 31P NMR spectra recorded; the latter 
after the addition of an equal volume of D20. The averaged 
results of two runs under various ratios of P1: urea and Ps: urea 
are given in Table 1. The temperature of 100°C was chosen to 
give a relatively rapid rate of hydrolysis of Pz and P, under the 
slightly alkaline conditions of their sodium salts. The solutions 
studied were 5% w/v solutions, and they were not bufIered to 
show whether the effects were due to pH changes. 

DISCUfISION 
Adding urea to an aqueous solution of N&P207 at 

100°C increases the rate of hydrolysis three-fold; the first 
order rate constants are 6.07 x 10-3hr-’ and 21.5 x 
lo-‘hr-’ for the non-catalyzed and catalyzed reactions 
respectively. The factors which enhance polyphosphate 
hydrolysis have been identified as (i) lowered (acid) pH; 
(ii) complexation by metal cations, and (iii) ring for- 
mation.” 

Change of pH does not explain the results reported 
here, nor does a change in complexation, so that the thiid 
factor, cyclization, seems the most appropriate. Can urea 
have this effect? 

Urea and phosphoric acid form a strongly hydrogen- 
bonded complex CO(NH2)2. H,PO, of structure (I).” In 
aqueous solution at pH 8.5 the anion of Na4P207 will be 
H2P20T2- so that a cyclic hydrogen bonded system can 
be envisaged, e.g. (II). 

NH2_c<o*“H-o \p/OH 

NH-H.e.0’ ‘OH -0 BH,O,;,O- 

(I) 1 7 

B 
5, i 

lc/O 

AH2 

(II) 

375 



316 JOHN EMSLEY and SHAHIDA NIAZI 

Table 1. Hydrolysis of Na.+P207 and Na5P1010 in the presence of area at 100% 

urea,mole Tire PN capomition c%, i.O.5%) 
r~tiolPn:U1 (h) P3 Pa PI 

Na4P207 Id1 2 8.65 S8.a 1.2 
3 6.6 90.4 1.6 
4 8.6 97.5 2.5 
5 8.6 96.8 3.2 

10 8.6 94.1 5.9 

Na4p207 1: 0.5 2 8.45 96.2 38 ' 3 8.4 94.0 6.0 
4 8.4 91.6 8.4 
5 8.4 89.0 11.0 

10 8.5 81.4 18.6 
Na5P3010 nil 1 82 

7:s 
82.4 16.0 1.6 

2 70.0 24.2 4.0 
3 7.7 52.2 35.7 12.1 
4 7.6 43.4 39.1 17.5 
5 7.5 31.2 42.6 26.2 

Ra5P3010 1: 0.25 -- 
2 a:3 

91.4 7.4 1.2 
84.8 12.2 3.0 

3 8.2 80.7 15.5 3.8 
4 8.1 77.9 17.3 4.8 
5 8.0 72.6 20.9 6.5 

NasP3010 1: 0.5 1 8.5 87.6 9.9 2.5 
2 8.35 78.1 16.4 5.5 
3 8.25 68.9 21.5 9.6 
4 8.15 62.8 25.4 11.8 

E.l 
lx.i_5------+-----8.6 

54.9 29.0 16.1 -.--__ 
Na P 0 

5 3 10 
91.9 6. 1. 

2 8.4 82.9 11.7 5.4 
3 8.35 73.7 19.0 7.8 
4 8.3 64.0 25.0 11.0 
5 8.2 52.4 31.2 16.4 

Na.P,O._ 1:6 1 8.5 91.1 7.2 1. 
3 2 I” 

2 8.5 78.0 17.0 5.0 
3 8.5 66.7 24.2 9.1 
4 8.7 59.1 29.5 11.4 
5 8.9 51.8 33.3 14.9 

This might then serve to encourage nucleophilic attack at 
either phosphate centre by drawing away electron den- 
sity towards the hydrogen bonds. Even a cyclic hydrogen 
bonded arrangement at only one phosphate as in (III) 
may serve the same purpose. 

If this is the explanation of the enhanced rate of 
hydrolysis of diphosphate by urea it cannot serve to 
explain the behaviour of triphosphate, hydrolysis of 
which is inhibited by urea, see Table 1. The rate con- 
stants for this hydrolysis are 2.24 x 10-l (no urea); 7.49 X 
lo-* (1:0.25 ratio NasPJOlo: urea); 1.30 X lo-‘(1 :0:5); 
1.17 X 10-l (1: 1.25); 1.36 x lo-‘(1 :6) hr-‘. Thus a low ratio 
of urea decreases the rate by a factor of 3 but larger 
amounts of urea do not have a correspondingly larger 
effect. Again the changes in pH are not sufficient to 
cause this effect. The rate constant for the hydrolysis of 
Ps at 100” agrees well with other values reported in the 

tAlthough many substances are known to enhance diphosphate 
hydrolysis few will retard the process. One such compound 
however is the polyelectrolyte polyethyleneimine (-CHzCH2NH-), 
which is thought to act via an electrostatic interaction with Pz: D. 
Turyn, E. Baumgertner and R. Fernandez-Prini, Biophys. Chem. 
1974, 2,269. 

literature for 6oOC(O.45 X 10-3)5, 70”(0.43 x 10m3)‘* and 
90”(1.52~ 10-‘)5. A determination at 80” by us gave a 
value of 2.21 X lo-*. 

Displacing Na’ from around the anion should reduce 
the rate of hydrolysis, but this explanation would apply 
also to diph0sphate.t Cyclization may also occur as in (I) 
or (II) but again this should enhance the rate of hydroly- 
sis. An explanation, also involving hydrogen bonding 
may be possible even though it involves cyclization. In 
aqueous solution the triphosphate ion will be chiefly 
H2P&- at pH 8 with the two protons attached to the 
terminal oxygens. These may then be involved in 
hydrogen bonds to urea, with each urea attracting several 
triphosphate ions. This has some basis of support since 
crystals of composition CO(NH2)2*2NaSP,0,0 grow from 
these solutions. That the minimum rate was observed for 
the 1:0.25(P,:urea) ratio suggests that in such solutions 
several triphosphate ions can cluster around one urea 
molecule and that such clusters are less susceptible to 
nucleophilic attack by water by virtue of their macros- 
tructure. 

Unlike complexation to metal ions, when there is a 
marked chemical shift change of the phosphate signals,” 
the chemical shift changes in the presence of urea are 
small. Even with a P3:urea ratio of 1:6, the end groups 
shift only from - 5.39 to - 5.55 ppm and the middle 
groups from - 19.98 to - 20.10 ppm, while Jpop remains 
the same. Hydrogen bonding does not have a profound 
effect on 3’P chemical shift of phosphates which are 
more susceptible to other effects such as pH. 

The discovery reported here may have commercial 
implications. Already urea-ammonium polyphosphate 
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mixtures are used in solution as liquid fertilizers and 
urea may have a two-fold effect-as a nitrogen fertilizer 
in its own right plus as a stabilizer for the soluble 
polyphosphates. Similarly the use of NasP3010 as a 
detergent “builder” may be improved by the addition of 
urea which would preserve the triphosphate throughout 
more of the wash cycle especially in hot water laun- 
dering 
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Abstmct~omplexes of eleven substituted pyridine N-oxide donors with stannic chloride in acetonitrile solution 
were investigated ultizing IR spectroscopy. Two distinct types of behaviour were noted: (1) Pyridine N-oxide 
donors containing electron releasing substituents generally form strong complexes with SnC& and exhibit maxima 
in continuous variation plots at a 2: 1 ligand-to-metal ratio. Little or no free l&and is detected in these solutions 
until this ratio is exceeded. Lids exhibiting this behaviour include the 2-methyl-, 3-methyl-, 6methyl-, 
4-methoxy- and 4-phenylpyridine N-oxides. 

(2) Pyridine N-oxide donors containing electron neutral to electron withdrawing substituents generally form 
weaker complexes with SnCl, and exhibit maxima in continuous variation plots at a 1: 1 @and-to-metal ratio. Free 
liind is evident in these solutions even at l&and-to-metal ratios as low as 1:3. Formation plots for these 
complexes indicate the possibility that 1: 2 and 1: 1 ligand to metal complexes exist in the concentration ranges 
studied. Liiands exhibiting this behaviour include the 4cNoro-, 4-nitro-, 3 and Cacetyl-pyridine N-oxides and 
Zpyridine methanol N-oxide. 

The complex of 2,6-lutidme N-oxide with SnC& exhibits behaviour characteristic of the 1: 1 complexes even 
though the substituents are election releasing. This ligand contains the most stericaUy crowded N-O group in the 
series, however, and steric factors are invoked to explain this behavior. 

These results are rationalized in terms of an quilibrium model which includes the postulated existence of 
oxygen bridged dimers comprising a dominant species in solutions containing the 1: 1 complexes. Some supporting 
‘H NMR and polarographic data are also presented and discussed. 

A number of solid complexes of S&l., with N, 0, P and 
S donor atom ligands have been synthesized and charac- 
terized recently.‘-’ For the most part these complexes 
are reported to be monomeric and to exhibit octahedral 
geometries. When the ligands are unidentate, 2: 1 com- 
plexes (all ratios given are ligand-to-metal) with SnCI, 
are the rule and a number of studies of the possible 
cis-trans isomerism in these complexes have been 
reported.“’ Some unidentate ligands have been reported 
to give 1: 1 complexes,‘“” presumably with trigonal 
bipyramidal geometries. Glutaronitrile is reported to 
form cis-2: 1 octahedral complexes bridged through du- 
tarot&rile to form a one dimensional polymer.” 
Attempts to predict the stoichiometry and geometry in 
these compounds based upon steric and bond strength 
arguments have thus far been largely unsuccessful. 

Fewer studies of SnCl,, complexes in solution have 
been reported. Stannic chloride has been shown to form 
a cis-2: 1 complex with acetonitrile (ACN)‘4.‘5 and a 1: 1 
complex with 2,2’-bipyridine with a log k> 7.16 Com- 
plexes of SnCL with substituted benzonitriles are repor- 
ted to be 2: 1 unless the substituent has a large electron 
withdrawing effect, whereupon the monoamide complex 
is favored over the diamide.” 

Recent work in these laboratories has focused upon 
the electrolyte and complex formation behaviour of 
SnCL ‘* and SnClz”‘* in ACN solutions. These studies 
indicate SnC12 is only slightly dissociated in ACN and 
forms the stable SnC&- species upon addition of 

*Author to whom correspondence should be addressed. 
tRobert A. Welch Foundation undergraduate research 

scholars. 

chloride ion and 1: 1 complexes upon addition of a 
substituted pyridine N-oxide ligand. Stability constants 
of these complexes were determined utilizing an IR 
technique’* and were found to range in value from 22 to 
243 depending upon the nature of the substituent. 

Polarographic studies show that SnCI, is also essen- 
tially a non-electrolyte in ACN solution but forms the 
stable SnCI,‘- species upon addition of chloride ion. 
These studies also show that stable complexeH of SnCb 
form in ACN when a substituted pyridine N-oxide ligand 
is added. This present study was undertaken to further 
characterize these complexes. 

J!xPERIMENTA.L 
Chemicals. 2, 3 and Cpicoline N-oxides; 2,6-lutidine N-oxide; 
4-methoxy-, 4-phenyl- and 4-nitropyridine N-oxides; and 2-pyri- 
dine methanol N-oxide were obtained from Aldrich Chemical 
Company. The 3 and Cacetyl pyridine N-oxides were obtained 
from Ennox Chemical Company. These compounds were purified 
by sublimation or vacuum distillation before use. 4-chloro-plridine 
N-oxide was synthesized and purified by standard methods (m.p., 
132-5°C). 

SnCLSH20 was obtained from Pfaltz & Bauer and utilized 
without further purification. Found: Cl, 40.48; 0, 22.44; H, 2.88; 
Calc.: Cl, 40.45; 0, 22.82; H, 2.88%. Gold label acetomtrile was 
obtained from Aldrich Chemical Company and used without 
further purification. 

Solutions. AU solutions were prepared in class A volumetric 
Basks. Two sets of solutions were prepared for each study and 
IR spectra obtained from each solution. One set, containing 
lid in ACN in the concentration range 0.003 to 0.012 M, was 
utilized to assign the N-O stretching frequency for each @and. 
The absorbances from this set of solutions were also utilized in 
Beer’s Law plots to determine the molar absorptivities at the 
frequency of the Na stretching band for each free lid. 

379 
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The other set conisted of six to eight mixed solutions in ACN 
of SnCl,4HsO and ligand in continuous variation concentration 
ratios of 0.002M metal t O.OlOM ligand to O.OlM metal f 0.002M 
lid. Two to five complete studies were utilized for each 
ligand. 

Instrunrenfation. IR spectra were obtained in Wiis Scientific 
KBr precision sealed cells utilizing a Perkin-Elmer Model 283 
grating IR spectrophotometer. In some cases matched cells were 
used to compensate for solvent absorption. Proton NMR spectra 
were obtained utilizing a Perkin-Elmer Model R32 spectrometer. 

Met/rod ACN has a transmission window in the IR region 
between approx. 1300 and 1100 cm-‘. Fortunately this is the 
region, in which the very strong stretching absorption band of 
N-oxides appears. Coordination of N-oxides to metals causes a 
shift to lower frequencies of this absorption by 255450 cm-‘.2’22 
Thus it is possible to determine free ligand concentrations and 
relative complexed ligand concentrations from measurements of 
absorbances of these bands. Details of these methods were given 
earlierF2 

RESULTS 
Table 1 contains a listing of the assigned N-O stretch- 

ing frequencies of free and complexed ligands from this 
study. IR spectra of the ligand solutions were recorded 
and absorbances of the N-O stretching band, at the 
frequency for free ligand noted in Table 1, were deter- 
mined utilizing the base line method.23 Beer’s Law plots 
of absorbance versus concentration were linear for all 
ligands. 

IR spectra of the ACN solutions containing l&and and 
SnCL were also recorded. The total concentration was 
limited to 0.012M due to the restricted solubility of the 
complexes. The concentration of free ligand in these 
solutions was determined from the measured absor- 
bances of the free v(N+O) band and the results of the 
Beer’s Law plots. Relative concentrations of complexed 
liiand were determined from the absorbances of the 
complexed v(N + 0) band at the frequencies listed in the 
second column of Table l._Continuous variation plots 
in the form absorbance at the frequency of the com- 
plexed band vs the mole fraction of ligand were then 
made for each complex. 

Complex formation occurred in all cases but two dis- 
tinct types of behaviour were observed. The 2,3- and 
4-picoline, 4-methoxy- and 4-phenylpyridine N-oxides 

were observed to form relatively strong complexes and 
exhibit maxima in continuous variation plots at a 2: 1 
ratio. Typical absorption spectra of these 2: 1 type com- 
plexes in he llOO-13OOcm-’ region are illustrated by 
those of the 2-picoline N-oxide complex shown in Fig. 
l(a). The spectrum of the free ligand is shown in Fig. 
la(l). Two liind bands appear superimposed upon the 
ACN spectrum in this region; an intense band at 
1254 cm-‘, assigned to the predominantly N-O stretching 
mode, and a weaker band at 1222 cm-‘, assigned to C-H 
in-plane deformation.2c27 Addition of SnC&SH,O 
causes a band at 1254cm-’ to appear as shown in Fig. 
la(2). Since solutions of SnCL~5HZ0 are transparent in 
this region, this band is assigned to the N-O stretching 
mode of complexed l&and. As the ligand-to metal ratio is 
increased but the total concentration kept fixed, this 
band grows and reaches a maximum at a 2: 1 ratio and 
diminishes thereafter as shown in Figs. la(2)-(4). Free 
@and in these solutions is not detectable until a 2: 1 ratio 
is exceeded. 

Representative continuous variation plots for this 
series of complexes are shown in Fig. 2(a). Maxima 
occur close to a mole fraction of ligand corresponding to 
a 2: 1 ratio. Some of these plots have rounded or irre- 
gular shapes possibly indicative of two or more absorb- 
ing species present in the solutions. 

On the other hand, the 3 and 4-acetyl-, the 4-&o- and 
the 4-chloropyridine N-oxides, the 2,6-lutidine N-oxide 
and the 2-pyridine methanol N-oxide ligands appear to 
form weaker complexes and exhibit maxima in con- 
tinuous variation plots at a 1: 1 ratio. Typical of com- 
plexes exhibiting this behaviour is the Cacetylpyridine 
N-oxide complex. IR spectra in ACN for this ligand 
exhibit an assigned N-O stretching band at 1262 cm-’ and 
a C-H in-plane deformation band at 1170 cm-’ as shown 
in Fig. l(b)(l). Additions of SnCb*5H20 to this ligand 
in ACN causes a relative decrease in the free N-O 
stretching absorbance and the appearance of an absorption 
band at 1212cm-’ attributable to the complexed N-O 
stretching band. Contrary to the former complexes, free 
ligand is detected in all complex mixtures studied. As the 
ligand-to-metal ratio is increased at constant total concen- 
tration, the absorbance of the band at 1212 cm-’ increases, 
reaching a maximum at a 1: 1 ratio and diminishing 
thereafter as shown in Figs. lb(2)-(4). 

Table 1. Assigned N-O stretching frequencies in cm-’ of free ligand and ligand complexed to SnCb in ACN solution 

L-picoline N-oxide 1254 1196 

3-picoli~uz N-&de 1282 1255 

4-picoline N-oxide 1259 1212 

2,6-lutidine N-oxide 1250 1190 

4-chloropyridineN-oxide 1258 1205 

4-phenylpyridhe N-oxide 1260 1215 

4-methoxywridine N-oxide 1230 1201 

4-nitropyridine N-oxide 1287 1211 

3-acetylpyridine N-oxide 1216 1184 

4-acetylpyridhe N-oxide 1262 1212 

2-pyridi.nernethwolN-oxide 1252 1210 & 1200 
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Some representative continuous variation plots of 
these complexes are shown in Fig. 2(b). All show max- 
ima at 1: 1 ratio and are less rounded than those from 
the complexes exhibiting 2: 1 behaviour. There is some 
tailing of these plots at higher ligand mole fraction in- 
dicating the possible presence of small amounts of 2 : 1 or 
higher complexes in these solutions. 

Table 2 gives the fraction of the total ligand that is 

uncomplexed, j?, for various &and-to-metal ratios for 
representative systems. For the 1: 1 type complexes it 
can be seen that approximately l/3 of the liind remains 
uncomplexed at a 1: 1 ratio while generally l/2 and 2/3 
remains uncomplexed at 2: 1 and 3 : 1 ratios respectively. 
For the 2: 1 type complexes no uncomplexed ligand is 
detected at a 1: 1 ratio, and only approximately 15% and 
40% remain uncomplexed at 2 : 1 and 3 : 1 ratios respec- 

I200 

la 
1000 1400 

FREQUENCY cm-l 
I200 
lb 

Pii. 1. IR spectra in the region llOO-13OOcm- for: la, 2-picoline N-oxide (2PNO)-SnCl,.5H20 mixtures and, lb, 
Cacetylpyridine N-oxide (4APNO)-SnCk5H20 mixtures in ACN solution. la(l): 0.012M 2PN0, h(2): 0.006M 
2PN0 + 0.006M SnCh5H20, la(3): 0.008M 2PN0 t 0.004M SnCl.,~5H20, la(4): O.OO!IM 2PN0 t 0.003M 
SnC&.5H20. lb(l): 0.012M 4APNO,lb(2): 0.006M 4APNOt0.006M SnCb5H20, lb(3): 0.008M 4APNO+O.O04M 

SnCl,.5H20, lb(4): O.OO9M 4APN0 t 0.003M SnC~5H,O. 
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Fig. 2. Continuous variation plots for substituted pyridine 4-oxide complexes of SnCl.+*5H20 in ACN solutions. 2a: 
representative complexes exhibiting 2: 1 behavior: 0,4-picoline N-oxide complex; A, 2-picoline N-oxide complex; 
x , Cphenylpyridme N-oxide complex; 0 data from integrated ‘H NMR spectra of 4-picoline N-oxide-SnCb3H20 
complexes in 25% DMSO, 75% ACN. 2b: representative complexes exhibiting 1: 1 behavior: 0, 4-acetylpyridine 

N-oxide complex; A, dchloropyridine N-oxide complex; x ,4-nitropyridine N-oxide complex. 

tively. The distinction between the two types of complex 
behaviour is not always sharp. For example, 4-phenyl- 
pyridine N-oxide exhibits intermediate behaviour. It ap- 
pears this ligand may form stronger 1: 1 complexes than 
the typical 1: 1 type complex but weaker 2 : 1 and higher 
complexes than the typical 2: 1 type complexes. 

Some independent investigations utihzing proton NMR 
and polarographic techniques provide some confirmation 
for the IR results and further insights into the behaviour 
of these systems. The solubihty of these complexes 
in pure ACN ,is limited to approx. 0.02M but the concen- 
tration and, therefore, the sensitivity of the NMR probe 
may be enhanced ten-fold in a mixed solvent consisting 
of 25% dimethylsulphoxide (DMSO) and 75% ACN. 

However, this solvent mixture does introduce high con- 
centrations of DMSO, an excellent Lewis base. 

These NMR studies were limited to 4-substituted 
pyridine N-oxide ligands due to the ease of interpretation 
of the spectra in the aromatic proton region. In all cases 
tetramethylsilane (TMS) was added as an internal stan- 
dard and all chemical shifts are reported relative to TMS. 

The NMR spectrum of 0.1 M 4-picoline N-oxide (4PNO) 
in ACN in the aromatic proton region exhibited the 
characteristic pair of doublets due to two pairs of 
equivalent rin8 protons with chemical shifts of 7.09,7.16, 
7.92 and 8.OOppm. NMR spectra of solutions containing 
O.OlM SnCl,*5H,O and 0.02, 0.03,0.04,0.05 and O&M 4 
PNO exhibited resonances characteristic of free @and 
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Table 2. The fraction of the total ligand, fi, that is uncomplexed in SnCl&&O-SubstituttdGWed pyridiie N-oxide 
solutions in ACN for 1: 1,2: 1 and 3: 1 ratios 

Ligand ccqlex Type 81:l 62:l -- @ 

2-picoline N-oxide 2:l 0.00 0.15 0.35 

4-picoline N-oxide 2:l 0.00 0.09 0.38 

4-phenylpyridine N-oxide 2:l 0.00 0.20 0.44 

4-chloropyridine N-oxide 1:l 0.27 0.48 0.56, 

4-acetylpyridine N-oxide 1:l 0.26 0.56 0.64 

4-nitmpyridine N-oxide 1:l 0.32 0.62 0.76 

2.6-Lutidine N-oxide 1:l 0.42 0.55 0.68 

and an additional pair of doublets shifted downfield with 
chemical shifts of 7.55, 7.63, 8.48 and 8.56ppm. The 
latter resonances were assigned to the aromatic protons 
of 4PN0 complexed to SnC:L. Chemical exchange pro- 
cesses are, therefore, relatively slow and aromatic proton 
environients on all complexed ligands appear either 
identical or very similar. Sign&ant amounts of free 
ligand are detected only after the ligand to metal ratio 
exceeds 2: 1. For example, a solution containing 0.03M 
4PN0 and O.OlM SnCl., exhibited a ratio of complexed to 
free iigand of approx. 1: 1. The sensitivity of this tech- 
nique was too low at these concentrations to obtain 
reliable quantitative data from integrated peak areas. 

In the DMSO-ACN mixed solvent the solubility of the 
complexes is greatly enhanced and more reliable NMR 
data may be obtained. A series of solutions of 4PN0 and 
SnC!&.5H20 in this solvent mixture were prepared with 
ligand and metal concentrations ranging from 0.04 to 
0.20M but with a total concentration of 0.24M as in a 
continuous variation study. Proton NMR spectra of 
these solutions in the aromatic proton region are shown 
in Fig. 3. Again a pti of doublets is observed for the free 
ligand in this region with chemical shifts close to those of 
4PN0 in pure ACN, 7.14, 7.21, 7.99 and 8.07ppm. Ad- 
dition of SnCl,,*5H20 produces another pair of doublets 
due to complexed liind with chemical shifts of 7.61, 
7.69, 8.52 and 8.60 ppm respectively. Integration of each 
pair of doublets yields approximate concentrations of 
free and complexed ligand. These along with initial con- 
centrations of metal and ligand and values of p are given 
for these solutions in Table 3. 

A continuous variation plot of concentration of com- 
plex vs mole fraction ligand is superimposed on the plots 
from the IR results in Fig. 2(a), and is seen to be quite 
similar with a maximum at a 2: 1 ratio. Similar results 
were obtained with dmethoxypyridine N-oxide, which 
also exhibited behaviour characteristic of the 2: 1 type 
complexes. 

However, similar studies of solutions of SnCl,*5H20 
and Cnitro- or Cacetylpyridme N-oxide in the mixed 
solvent indicated only free ligand was present, regardless 
of the ligand-to-metal ratio. The characteristic set of 
doublets in the aromatic proton region of the NMR 
spectrum due to free liiand showed no change in in- 
tensity and no change in chemical shift upon addition of 
SnC&5H,O. Evidently these ligands, which exhibited 
behaviour characteristic of the 1: 1 complexes in the IR 
study, form weaker complexes with SnC4 than do 
DMSO, 4PN0 or bmethoxypyridine N-oxide. 

Polarographic studies of these systems in ACN i 
concentrations around one milliiolar indicate the same 
two types of behaviour.% For those complexes exhibi- 
ting 2: 1 behaviour, there is one reduction wave due to 
complexed ligand at approximately - 0.33 V relative to a 
saturated calomel electrode (SCE) and significant free 
ligand is not detected until a 2: 1 ratio is exceeded. For 
those complexes exhibiting 1: 1 behaviour there is one 
reduction wave due to complexed @and at approx. 
- 0.29 V relative to the SCE and significant free ligand is 
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Fii. 3. ‘H NMR spectra of equilibrium mixtures of 4-picoline 
N-oxide (4PNO) and SnCl,+120 in 25% DMSO t75% ACN 
solution. (a) 0.06M 4PN0 t0.18M SnCl,.5H20. (b) 0.08M 
4PN0 t 0.16M SnCl,-SH*O. (c) 0.12M 4PN0 t 0.12M 
SnCl.,-5H20. (d) 0.16M 4PNOt0.08M SnCl,.5H20. (e) 0.18M 
4PNOt0.06M SnCb5H20. (f) 0.2OM 4PN0 tO.04M 

SnCl,.5HI0. 
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Table 3. Initial SnCl,6H,O and initial and equilibrium molar concentrations of free and complexed 4-picoline 
N-oxide in 25% DMSO, 75% ACN from proton NMR spectra. Values of j3 are given for each mixture 

[;sncl,~SH2~0 CM0 c!&lh_ee C~conpl& B 

0.04 0.20 0.128 0.072 0.64 

0.06 0.18 0.087 0.093 0.48 

0.08 0.16 0.045 0.115 0.28 

0.12 0.12 0.020 0.100 0.17 

0.16 0.08 0.003 0.077 0.04 

0.18 0.06 0.002 0.058 0.03 

0.20 0.04 0.000 0.040 0.00 

detected at a 1: 1 l&and-to-metal ratio. AU polarographic 
and NMR results are consistent with those from the IR 
studies. 

DISCUSSION 

It is somewhat surprising to find two fairly distinct 
types of behaviour for a series of complexes of a single 
metal species with ligands so similar to one another. Two 
generalizations may be drawn from the data collected 
and analyzed thus far: it appears that substituents on a 
pyridine N-oxide ring that are electron withdrawing to 
electron neutral induce the observed 1: 1 behaviour while 
those that are electron releasing induce the 2: 1 
behaviour. Also the IR and NMR results indicate that 
ligands exhibiting 2: 1 behaviour form stronger com- 
plexes with SnCl., than those exhibiting 1: 1 behaviour. It 
is apparent that complexes containing 2: 1 or higher 
ligand to metal ratios may exist for ligands exhibiting 
either type of behaviour. However, ligand molecules in 
these complexes appear to have identical or very similar 
environments as only one type of complexed species is 
detected by IR, NMR or polarographic techniques. 

The application of standard methodsZ9 of determining 
stability constants assuming a simple model consisting of 
stepwise formation of 1: 1 followed by 2: 1 complexes 
was unsuccessful. Formation plots of A (total bound 
@and/total metal )vs pL (negative logarithm of free 
ligand concentration) over the very limited concentration 
ranges studied revealed small plateaus for the 1: 1 com- 
plexes at ii values of 0.5 to 0.7 and at ii values of l&1.2. 
Formation plots for the 2: 1 complexes could not be 
made for the concentrations utilized since free ligand 
was generally not detected until a 2: 1 ratio was 
exceeded. Graphical elimination method? assuming 
N = 2 gave scattered, inconsistent values of stability 
constants. It is apparent from these calculations that this 
simple model is invalid and the possibility of multi- 
nuclear complexes cannot be ruled out. 

Recently a series of solid adducts of SnCLnSH,O and 
various substituted pyridine N-oxides have been syn- 
thesized from tetrahydrofuran solution, purified and par- 
tially characterized in these laboratories?’ The ligands 
studied include those exhibiting both 1: 1 and 2: 1 
behavior in ACN solutions as described above. Elemen- 
tal analyses indicate all complexes have a 2: 1 ligand-to- 
metal ratio in the solid state. No water was observed in 
any of the adducts. 

It is assumed that all 2: 1 complexes exhibit an octa- 
hedral geometry and, therefore, consideration of cis- 

lrans isomerism is important. IR studies in the cesium 
bromide region may allow isomeric assignments for these 
complexes and the newly synthesized solid adducts and 
these studies are planned for the near future. However, a 
single crystal X-ray diffraction structure determination of 
the tetrachlorobis(4-picoline N-oxide) tin(W) compound, 
presenttly in progress, has shed some light on this ques- 
tion. Density, space group and Patterson function 
determinations require the tin and oxygen atoms to 
occupy special positions which would require a truns- 
octahedral geometry. This complex in ACN solution 
exhibited the 2: 1 type behaviour discussed above and it 
is assumed that it maintains the truns-octahedral 
geometry in solution. 

It is felt that some elements of a model for this sytem 
may be gleaned from these results. The presence of two 
distinct types of behaviour suggests that consideration of 
cis-trans isomerism may be important. The evidence for 
multi-nuclear complexes suggests that bridging by 
chlorine atoms or the N-oxide oxygen atoms between 
two or more tin atoms may exist. Bridging by N-oxides 
to form dimers or polymers is known in some transition 
metal systems.32-” 

The importance of d?r-p?r bonding in tin complexes 
must also be considered. This bonding has been con- 
sidered sign&ant in some tin(H) and tin(W) complexes 
but insignificant in others.35 Evidence for multiple bond- 
ing in SnC12 complexes of substituted pyridine N-oxides 
includes very large red shifts in the N-O stretching 
frequencies upon coordination. These are attributed 
primarily to a weakening of the N-O bond due to dona- 
tion of electron density from the d-orbitals of 
the Sn(II) species to a ?r* orbital on the ligand.*‘*** SnCI, 
complexes of substituted pyridine N-oxides exhibit 
smaller shifts even though the d-electrons is SnCb 
should be more stable than those in SnC12. This could be 
attributed to poorer orbital energy matching in SnCL, 
complexes between the d orbitals of tin and the lowest 
lying q* orbital of the ligand, i.e. the T* orbital is too 
high in energy for effective overlap. If this is the case 
electron withdrawing substituents on the pyridine N- 
oxide ring may destablilize the highest occupied bonding 
molecular orbital but stabilize the lowest unoccupied 
antibonding molecular orbital, enhancing d?r-pa bond- 
ing. If this bonding is an important component of the 
metal ligand bond, the &isomer would be favoured for 
octahedral complexes. This effect then could cause the 
ligands with electron withdrawing substituents to form 
cis 2: 1 complexes while causing those with electron 
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neutral or donating substituents to form sterically less would be very ticult for the N-O bond in this ligand to 
hindered trans 2: 1 complexes. maintain any double bond character while bonding to tin 

The tirst step in the complex formation equilibrium through sp’ type orbitals. This would mean d?r-plr back 
scheme is undoubtedly replacement of an ACN molecule bonding would be very unlikely in this complex. The fact 
by the pyridine N-oxide ligand (L): that 2,6-lutidme forms 1: 1 type complexes even though it 

SnC&*2ACN + L+ SnCL * L. ACN + ACN. (I) 
contains electron releasing substituents may be due to the 
existence of a relatively stable 5-coordinate 1: 1 complex 

Complexes resulting from step (1) containing those 
which is favoured because it is sterically less hindered 

ligands with electron neutral or withdrawing substituents 
than the expected tram-2 : 1 complex. 

could then either add another ligand cis to the first, (2), 
The determination of the validity of this model awaits 

or add another SnC& group to form a bridged 1: 2 com- 
further experimental results. Experiments are presently 
planned to attempt to synthesize and characterize solid 

plex, (3): 1: 1 adducts of these complexes and to determine the 

SnC&L.ACN t L+ SnCh*2L(Cis) t ACN (2) 
number of sign&ant species in these solutions and the 
stability constants of these species utilizing more precise 

SnCl,.L-ACN t SnCl.+.2ACN + (SnCl.,*ACN)2*L + ACN. experimental techniques. 
(3) 

Either of the resulting species from steps (2) or (3) could 
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KINETICS OF THE PHOTOAQUATION OF 
HEXACYANOFERRATE(I1) ION 
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(Receiued 13 August 1982) 

Abstract-Kinetics of the photoaquation of hexacyanoferrate(I1) ion in aqueous solution were studied poten- 
tiometrically and spectrophotometrically. Supposing the simplest mechanism (see Fig. 3. in text), the photoaquation 
in alkaline medium can be well described. The value of the constants at pH = 11.0 are: do = 0.8-1.0, &= 
(3.0 + 0.5) x IO-* s-’ and k_6 = 1.5 ? 0.2 mol-’ dm3 s-‘. To describe the photoaquation in neutral medium the scheme 
was extended (k’ = 3.33 x 10’ mol-’ dm3s-‘). The quantum yield in acidic medium can be calculated by combination 
of d values of different orotonated complexes. The reversibility of photoaquation in alkaline medium is also 
explained by the scheme. _ 

The photosensitivity of different cyanocomplexes is well 
known. The kinetics and mechanism of these photo- 
chemical reactions have been intensively studied for a 
long time.’ Nevertheless, the reversible photoaquation of 
hexacyanoferrate(I1) ion is still an unsolved problem. 
The following primary photoprocess was established: 

F4CNM- & p[Fe(CN),HzO13- + CN-. 

On illumination the concentration of aquapentacyano- 
ferrate(II) ion reaches to a well-defined value, but after 
interrupting the illumination the concentration 
decreases.* Illuminating an alkaline or a neutral solution 
of the complex, the pH increases due to the hydrolysis 
of cyanide ion formed. In the next dark period the pH 
decreases. According to Asperge8 the characteristic 
changes in the concentration of complex and in pH are 
totally reversible while MacDiarmid and Hall4 found 
only partial reversibility. 

Asperger followed the changes of pH and established 
some qualitative conclusions, namely: 

-the initial rate of photoprocess and the maximum 
concentration of free cyanide ion increased with in- 
creasing initial concentration of complex, 

-the initial rate of reversible dark (thermal) reac- 
tion decreased with increasing total concentration of 
complex. 

Different quantum yields (4) were determined with 
different methods (Table 1). Explanation of the depen- 
dence of I#J on the pH has not yet been given. 

The reasons for the contradictions are as follows: 
(a) The light was not monochromatic. The authors 

should have taken into account the disturbing effect of 
photooxidation. On illumination with light of shorter 
wavelength than 330 nm, only the photooxidation occurs 
according to Stein.5 The photoaquation takes place on 
illumination with longer wavelength light. 

(b) The atmosphere was not inert, and the effect of 
thermal oxidation was not eliminated. Toma’ found that 
trace amounts of iron(H) ion strongly catalysed the oxi- 
dation of aquapentacyanoferrate(I1) ion even in the dark. 

(c) The reagents used (sodium azidey nitrosobenzene’, 
2,2’-dipyridyl and I,lO-phenanthroline’) considerably 

*Author to whom correspondence should be addressed. 

influenced the studied systems since they react with the 
components of them. 

Under such experimental conditions the kinetic data 
calculated from the concentration versus time curves are 
contestable. One cannot separate the effects of different 
reactions such as thermal dissociation, thermal and pho- 
tochemical oxidation, photoaquation, reversible thermal 
reaction between the products and the substitution reac- 
tions with reagents. 

Sodium aquapentacyanoferrate(I1) monohydrate (the 
so-called Hofmann salt) is the reference compound for 
spectrophotometric determination of the concentration 
of primary product. The preparation and purification of 
the complex are further problems since it is not very 
stable in the solid state.’ In an inert atmosphere, sodium 
azide cannot be used as a reagent according to the results 
of Jaselkis’ and Swinehart.“’ They indicated that the 
reaction between azide ion and aquapentacyanofer- 
rate(I1) ion does not occur in the absence of oxygen. 

Nitrosobenzene is not a suitable reagent, either. In the 
standard procedure, mercuric chloride is used as a cata- 
lyst since the mercuric ion accelerates and reaction be- 
tween the primary product and nitrosobenzene. The 
problem here is that the velocity of the catalysed reac- 
tion depends on pH and the negative effect of chloride 
ion must also be considered according to Hadjiioannou.” 
Moreover, some investigations’* indicated that the un- 
catalysed reaction between the aquapentacyanofer- 
rate(I1) ion and the reagent strongly depends on pH and 
there is also a slow reaction between hexacyanofer- 
rate(I1) ion and nitrosobenzene. 

By the use of monochromatic irradiation (365 nm), an 
inert atmosphere (argon) and potentiometric monitoring 
of pCN- and pH, the reaction could be followed in 
alkaline medium without perturbing the system. In r.early 
neutral solutions the processes were followed by a pH 
potentiometric method since the cyanide ion-selective 
electrode shows anomalous behaviour at lower pH13. In 
acidic medium the reaction was followed by measuring 
the absorbance of primary product. 

EXPERIMENTAL 
The light source was a HANOVIA 6515-36-A type medium- 

pressure mercury lamp (preheated for 15 min). The light was 
tiltered with a solution titer system containing two solutions such 
as 0.31 mol dm-) copper sulphate and 3.1 x IO-‘moldm-’ tris- 
phenanthrolineiron(I1) ion in acetate buffer at pH = 4.0. The two 
solutions were divided by a glass wall as in the presence of 
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Table 1. Different quantum yields (4)determined by different methods for the photoaquation 
reaction of hexacyanoferrate(I1) ion in aqueous solution. (a) V. Carassiti and V. Balzani, Ann. 
Chim. Rome MO, 50,782. (b) G. Emschwiller and J. Legros, Compt. rend. 1%5, Ml, 1533. (c) G. 
Emschwiller, Compt. rend. 1954, 239, 1491. (d) S. Ohno, Bull. Chem. Sot. Japan, 1967,40, 1765 

No. Wavelength (nm) 

1. 365 
2. 365 

3. 365 

4. 313 

pa-range method I#J Ref. 

7-10 pH-potentiometric 0.1 a. 
7-10 spectrophotometric 

determination of the 
concentration of aqua- 0.4 b,c. 
pentacyanoferrate(I1) 
ion using nitrosoben- 
zene 

below 7 spectrophotometric 
determination of the 
concentration of aqua- 0.5-0.9 d. 
pentacyanoferrate(I1) (pH dependent) 
ion using sodium 
azide 

10 the same method as 
in entry 2. 0.4 b. 

copper@) ion the iron(H) complex decomposes on illumination. 
The transmission of the filter system has a maximum at 365 nm. 
The intensity of light was measured by the ferrioxalate method.14 
Its value was 5.0 x lo-” mole of photons (365 nm)lcm*s’. 

The solutions were kept under argon atmosphere in a dark 
glass cuvette (5 x 3.7 ~9.8cm) that was thermostatted (298 + 
0.1 K). A magnetic stirrer was used. The volume of irradiated 
solutions was constant (120 cmj). The distance between the lamp 
and the cuvette was 13 cm. 

Before followimz the nhotoaauation in alkaline medium. the DH 
values of the neaiy neutral aqueous solutions were set io ld.S- 
11.0 by adding a few drops of 1.0 mol dm-3 carbonate-free 
sodium hydroxide solution. The free cyanide concentration was 
monitored potentiometrically by using an OP-711-D-I Radelkis 
ion-selective electrode and radiometer Type K 401 saturated 
calomel electrode with an OP-205 Radelkis mV-meter 
(reproducibility was + 0.5 mV). The pH was measured by a 
combined glass electrode (GK 2301 B Radiometer) and PHM 51 
Radiometer mV-meter (reproducibility was + 0.1 pH). 

The solutions were prepared in acetate buffer (pH = 4.0) for 
following the photoaquation in acidic medium. A HitachiiPer- 
kin-Elmer 139 single beam spectrophotometer was used for 
actinometry and determination of the concentration of primary 
product (eMOnm = 640 mol-‘dm’). The optical length of the flow cell 
was 0.51 cm. 

RFSULaTSANDDlSCUSSlON 
In aqueous solution of hexacyanoferrate(I1) at pH 

values from 10 to 12, there is a slow aquation reaction even 
in the dark. On illumination the rate of aquation increases. 
If the illumination period is short, the increase of cyanide 
ion concentration continues in the dark until the equili- 
brium state is attained. If the illumination period is long 
enough, the concentration of cyanide reaches a higher 
value than that which corresponds to the dark equilibrium 
(Fig. 1). The system returns to the equilibrium state when 
the illumination is interrupted. This alternating increase 
and decrease of cyanide concentration can be repeated 
several times. 

The pH changes similarly in nearly neutral solution 
(pH = 7-7.5) of hexacyanoferrate(I1) ion on illumination 
(Fig. 2). If the dark period is long enough, after illumination 
the pH decreases to the initial value. If the system was in 
thermal equilibrium before illumination, the change of pH 
is completely reversible. 

The behaviour of this system can be quantitatively 

described by the following scheme (Fig. 3): where Z, is 
the average number of moles of photons (365 nm) ab- 
sorbed by the complex per unit volume and unit time. In 
our experiments it amounts to 1.5 X 10e8,* as the excited 
complex ion, k,, k_6 is the reaction rate constants (IX) of 
thermal reactions, k, is the rrc of the recombination 
reaction, k, is the rrc of the products forming reaction, 
Kd is the dissociation constant of hydrogen cyanide at a 
certain ionic strength.13 

Introducing the quantum yield as d, = k,f(kf f k,) and 
applying the steady-state approximation for the concen- 
tration of the excited complex, the following rate equa- 
tion is obtained: 

- k_,[Fe(CN),H,O]‘-[CN-I. 

If the total concentration of cyanide ( TCN) is known at 
a certain time, the concentrations of hydrogen cyanide, 
cyanide ion, hydroxide ion and proton can be calculated 
as the components of an acid-base equilibrium system. 
TCN is always equal to the concentration of aquapen- 
tacyanoferrate(I1) ion. 

On illumination, the system approaches the photo- 
stationary state when the following equation is valid: 

4Ze t k,[Fe(CN)$- = k_,[Fe(CN),H,0]3-[CN-]. 

In the dark, changes occur towards thermal equili- 
brium. 

The exact values of the constants (4, &, k-J were 
calculated by a least-squares method from the linear 
algebraic system of equations given for the parameters. 
The calculation of kinetic curves was based on the 
required combination of the fourth-order Runge-Kutta 
and the Newton-Raphson numberical methods.15 

As shown in Fig. 4, there is excellent agreement be- 
tween the experimental (full circles) and calculated (line) 
concentrations of cyanide ion, when I$, & and k-6 are 
0.8-1.0, 1.5 2 0.2 mol-‘dm3s-’ and (3.0? 0.5) X 1Om8 s-l, 
respectively. 

To characterize the conversion of the aquation process 
it is convenient to introduce the kinetic mean coor- 
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Fii. 1. The change of e.m.f. in hexacyanoferrate(I1) solution C: 0.1 mol dmm3, pHo = 10.75, (a) on irradiation (365 nm), 
(b) after interrupting the illumination. 
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Fig. 2. The change of pH of hexacyanoferrate(I1) solution. 
C: 0.1 mol dm-3, pHu = 7.85, (a) on irradiation (365 nm), (b) in the 

dark reaction, after illumination. 

Fc(CN$ 

zj% x 

FISHES; CN- dL FdCN);- * 

II Kd 

HCN+ OH- 
Fig. 3. The scheme of photaquation reaction. 

I rno I 
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Fii. 4. Experimental (0) and calculated (line) cyanide ion concen- 
trations in 0.1 moldm-3 hexacyanoferrate(I1) solution at PI&,= 
10.75 on illumination and in the next dark period. Dashed line: the 
change of the kinetic mean coordination number (a,). Values of 4, 
k and km6 are 1.0,3.0 x IO-‘s-’ and 1.5 mol-’ dm’s-‘, respectively. 

dination number (ri,): 

ii, = 
T’CN - CN,- 

T ’ PC 

where TIC,., and Tpc are analytical concentrations and 
CN; is the free cyanide concentration at a certain 
moment. 

The conversion both of the photo and the thermal 
(dark) reaction is extremely small (0.112 and 0.045%, 
respectively). Nevertheless, these very small changes of 
fit can be quite exactly determined because of the bigb 
sensitivity of the cyanide ion-selective electrode and the 
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Fig. 5. The change of pH of hexacyanoferrate(I1) solution. 
C: 0.1 mol dme3, pHo = 7.0 on: on illumination, off: after illumina- 
tion E: experimental, B: calculated curve using the constants 
determined in alkaline medium (Fig. 4), M: calculated by the 

extended scheme. 

large total concentration of the complex. The very small 
value of conversion is responsible for the fact that no 
satisfactory kinetic investigation was made earlier. It 
follows from the kinetic data that the stability constant 
of the sixth complex (KS) is (5.2 ? 1.5) X 10’ mol-’ dm’. 
This value differs somewhat from that predicted 
theoretically (1.41 x lO6)‘6 or earlier determined experi- 
mentally (2 X 109).” 

Because of the differences between the experimental 
and calculated (based on the constants determined in 
alkaline medium) curves in nearly neutral medium, the 
scheme should be extended by the following reaction: 

[Fe(CN),H2013- t HCN & [Fe(CN)J- + Hz0 t H’, 

A 
b 

0.1 - 

k’ = 3.33 x 10m2 mol-’ dm3s-‘. The correlation between 
the experimental and calculated photostationary pH- 
values is good. The quantum yield of hydroxide produc- 
tion (0.17) agrees with the literature value.’ 

When illuminating an acidic solution (PH = 4.0) of the 
complex, a photostationary state was not reached. After 
interrupting the illumination, the absorbance of primary 
product did not decrease but slowly increased. The 
reason for this situation is the continuous formation of 
hydrogen cyanide that is continuously taken away by the 
bubbled argon gas. 

Figure 6 shows a typical absorbance versus time curve 
at 0.01 mol drnm3 complex concentration. Assuming zero 
order photodecomposition, the calculated 4 value is 0.85- 
0.95 at pH = 4.0 and, in the range of complex concen- 
tration 0.01-0.015 mol dm-‘, in good agreement with 
Ohno. 

From a comparison of the curve relating quantum 
yield in acidic medium (4.) to pH with the distribution 
curves of the different protonated hexacyanoferrate(I1) 
complexes,” it seems possible that the decrease of 4. 
with decreasing pH is connected with the occurence of 
differently protonated complexes. 

Introducing the tiH/&,max ratio to characterize the 
degree of protonation, the c& values can be calculated by 
the following expression: 

&=&(1+-J 

where & is the quantum yield determined in alkaline 
solution at the same concentration of complex, and 
riH,msx equals 4. 

The calculated and determined values agree, consider- 
ing the experimental error of measuring the protonation 
constants and 4 (Fig. 7). 

Comparing the & vs pH curve with the distribution 
curves it follows that &, - 0.8, & - 0.6, QHj - 0.5 and 
d%-0. 

The 4. value at a certain pH is the weighted average 
of the QHi values (i = 1,. . , 4). 

0.01 

OD 
I-:_, , , , ( ) 

0 10 20 30 40 50 60 70 80 90 100 t(min ) 

Fig. 6. The change of absorbance at 440 nm on illumination. C: 0.01 mol drn-‘, pH = 4.0 (acetate buffer). 
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1:o 2:o 3.b 4:0 5.6 6.b pH 

Fig. 7. Distribution curves of different protonated hexacyanoferrate(I1) complexes” and d+, vs pH curve: 
(0): experimental,’ dashed line: calculated. 
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Abatraet-The interactions of silylamines with phenol and iodine have been studied. Enthalpies of reaction have been 
determined and used to calculate E and C values for these bases. The calculated enthalpies with chloroform and 
trimethylaluminium indicate that the alkylsilylamines may not be weaker bases than corresponding aliphatic amines. 

There have been several studies involving the acid-base 
interactions of organosilylamines (R,SiNHR’ and 
R,SiNR;) with Lewis acids.2d The major acid studied has 
been chloroform; enthalpies of mixing, NMR shift data 
and C-D IR shift data have been produced. 

The heat of mixing of the base using chloroform as 
both acid and solvent is not a simple property, and the 
results would differ markedly from those of a study of 
the chloroform base interaction in an inert solvent. 
Drago’ has shown that C-D IR stretching frequencies 
cannot be used as a reliable estimate of the enthalpy of 
adduct formation with a wide variety of bases. Drago’ 
has also shown that NMR data can also be an unreliable 
measure of enthalpy. In one NMR study’ carbon tetra- 
chloride was used as solvent. This solvent is known to 
have a specific interaction with amines and our study has 
shown that this is the case for silylamines. 

Since many spectroscopic studies have been carried 
out with iodine and phenol, we set out to investigate 
these acids with silylamines. As the silylamines are sen- 
sitive to hydrolysis exceedingly dry conditions were 
used. The solvents chosen were hexane and cyclohexane 
which could be dried thoroughly and acted as non- 
interacting solvents. Iodine-silylamine studies indicated a 
1: 1 interaction but on standing over several hours 
secondary changes occurred. Freshly prepared and 
mixed solutions were used throughout this study. 
Similarly, IR studies with phenol indicated the initial 
formation of an adduct but on standing the adduct dis- 
appeared. 

Enthalpy data were obtained for the interaction of 
several silylamines with these acids, and the Drago 
equation’ was used to calculate E and C values for the 
bases. 

EXPVRIMENTAL 

All operations were carried out under either dry nitrogen or 
under vacuum. 

Hexane and cyclohexane were stored over sodium, distilled 
before use and further stored over Linde 4A molecular seives. 

Phenol and iodine were sublimed under vacuum before use. 
Pyrrole was fractionally distilled and stored over Linde 4A 
molecular seives. 

*Author to whom correspondence should be addressed. 

The secondary amines, RNHSiMe, were prepared by the reac. 
tion of chlorotrimethylsilane with primary amines and were dis- 
tilled before use. Hexamethyldisilazane and N, N-diethyl- 
trimethylsilylamine were purchased from Aldrich Chemical 
Company and distilled before use. All physical properties of the 
amines corresponded to literature values and gas chromato- 
graphy was used as a further check on purity. 

Phenoxytrimethylsilane was prepared by the reaction of 
phenol with trimethylchiorosilane. 

Infrared studies were carried out using I cm pathlength solu- 
tion cells with sodium chloride windows. Scale expansions were 
used when measurements of Aa, were being made. As the O-H 
absorption band was generally weak and well removed from the 
free O-H absorption of phenol, no problem of overlap was 
experienced. Generally solutions of approximate concentrations 
of 1 to 5 x IO-’ molar were used. Similar measurements were 
made with pyrrole. 

Visible studies of iodine with the bases were carried out on a 
PMQ3 spectrophotometer at 525 nm. Acid and base solutions of 
varying concentrations were used to determine equilibrium con- 
stants. Enthalpies were determined by carrying out the reactions 
at seven temperatures in the range 2!XL330”K. The results were 
treated by the least-squares method to obtain the slope of log K 
vs l/T, and correlation coefficients were calculated. 

RESULTS AND DISCUSSION 
The values of Avo, for the interaction of the amines 

with phenol and those for -AH (kcal mol-‘) determined 
from AvoH are shown in Table 1. Also shown in Table 1 
are the equilibrium constants for the interaction of iodine 
with the amines at 303°K in cyclohexane. The enthalpy 
values calculated from a Van’t Hoff plot are also shown 
in Table 1. 
The IR studies with phenol indicated the initial formation 
of an adduct but on standing the absorption for the 
adduct disappeared. This reaction was investigated and 
the final products of the reactions were shown to be a 
primary amine and (CH,),SiO&.H,. (CH&SiOC6H, was 
prepared by another method and gas chromatography 
was used to show that this was a product of the reaction. 
Cyclohexane was chosen as solvent after studies in 
carbon tetrachloride indicated lower equilibrium con- 
stants and lower heats of about 1.2 kcal per mole. This 
indicates that, as with pyridine,’ there is an interaction of 
the silylamines with carbon tetrachloride (slightly greater 
than that with pyridine). 

Using pyrrole as acid only two adducts were observed, 
with hexamethyldisilazane and with PhNHSiMe3. The 
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Table 1. Spectroscopic studies of silylamines with phenol and iodine using cyclohexane as solvent 

PherlOl Iodine 

-AH 
Amlnc 

'"OH 
kca;AL-~ K. kcal ml-' 

Hl?NHSi*el 420 7.70 125 7.36 

EtNHSiMea 420 7.70 126 5.72 

iPrNHSiMee, 420 7.70 00.7 5.15 

IBuNHSiMeer 430 7.82 426 a 

tBuNHSiHeel 410 7.59 400 7.17 

EtzNSlMe, 415 7.65 402 4.04 

(Ile,SI)zNH 240 5.69 11.8 b 

CrHsNHSIHeel 195 5.18 37.2 5.65 

a) Erratic results giving a correlation coefficient of only 0.84. 

b) Results with this bare were inconsistent. 

shifts of the N-H vibration of pyrrole, AvNH, were 130 
and 97 cm-’ for hexamethylsilazane and PhNHSiMe3 
respectively. These lead to heats of interaction of 3.54 
and 3.13 kcal mall’. 

Some studies were carried out with p-chlorophenol 
and these gave similar results to phenol. As p-chloro- 
phenol is not a significantly different acid from phenol, 
the data was not used quantitatively but used to indicate 
the reliability of the phenol data. 

The visible spectra studies with iodine were also con- 
ducted in cyclohexane and selected results in hexane 
gave similar values. Studies with the amines and iodine 
indicated an isobestic point at approximately 485 nm. As 
with the phenol studies, fresh solutions were used in the 
measurements, as on standing a secondary reaction 
seemed to occur. Initial iodine concentrations of 1 x 10e3 
molar and varying concentrations of base of approx. 
3 x lo-’ molar were used in the studies. The data for 
change of equilibrium concentration with temperature 
were treated by a least-squares method and gave results 
shown in Table 1. With the exception of the isobutyl 
derivative and hexamethyldisilazane, they gave COT- 

relation coefficients of 0.99. With the isobutyl compound, 
there was a correlation coefficient of only 0.84. Hex- 
amethyldisilazane gave inconsistent results and so -AH 
was not calculated for this base. 

Early work in this area by Jarvie examined the heats 
of mixing of various alkylamines and silylamines with 
chloroform using chloroform as both solvent and 
reference acid. The conclusion drawn was that “the 
alkylsilylamines are in general weaker bases than 
aliphatic amines”. The problem is that the acid as solvent 
complicates the data as shown in the following Born- 
Haber cycle: 

A<,, + B<,) *“*B AB,,, _ 

AI-IT t AH” - 1 AI-L,, 

A (ro,v, + B(so,v, - - AIL,,,. 

The observed enthalpy in solution AH0 will be the sum of 
all the other terms. 

AHo = AHAB + AH<,,,,, + AH’ + AH”. 

Thus if AH, is approximately to equal the gas phase 

enthalpy of adduct formation, AHAB, the sum of AH(,,i,,, 
AH’ and AH” must be approximately zero. AH” will differ 
markedly with the base used, but AH’ will remain con- 
stant and AHcsolv, should not be a large term and remains 
fairly constant unless some specific interactions are 
occurring. 

To highlight this problem, the enthalpy of triethyl- 
amine (one of the amines measured in Jarvie’s study) 
with chloroform in an inert solvent has been measured.’ 
Jarvie obtained a value of 0.87 kcal mol-’ whereas the 
later measurement gave a value of 4.8 kcal mol-‘. This 
discrepancy throws into doubt the work of Abel4 where a 
correlation of the heat of mixing with the proton dilution 
shift gave a straight line. 

Andrianov’ et al. confirmed that NMR measurements 
of proton shifts of silylamines in chloroform do not 
correlate with estimated values of pKa; after assuming 
the heats of mixing correlated with proton shifts. Kel- 
ling6 et al. have attempted a correlation of Avc-b and 
Ar+,_u values as a measure of the basicity of similar 
silylamines. Drago’ has shown that C-D infra shifts do 
not correlate with other data such as the O-H shift with 
phenol and the N-H shift with pyrrole. 

Thus all the previous studies have only been able to 
show the basic conclusion given by Jarvie, “the alkyl- 
silylamines are weaker bases than aliphatic amines”. 

Using our data we may calculate E and C values 
(Table 2) and compare them with other aliphatic amines. 
We may also use these values to calculate possible 
enthalpies with acids not measured and compare those 
values with the enthalpies available for the interaction 
with aliphatic amines with those acids. Having only two 
sets of data for two different acids allows an easy 
solution of the E and C equation but these values must 
be regarded as only tentative until more data is available. 

Our data produce only one test of the calculated E and 
C values and that is the heat of interaction of pyrrole 
with PhNHSiMe,. The value obtained was 
3.13 kcal mol-’ and that calculated from the E and C 
values was 3.27 kcalmol-‘. Although the difference is 
slightly greater than 0.1 kcalmol-’ it shows that the E 
and C values calculated are of the correct order of 
magnitude. 

One observation from Table 2 is that Jarvie’s state- 
ment is questionable. Two very different acids, CHCl, 
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Table 2. E and C values for amines and calculated heats of interaction of the amines with chloroform and 
trimethylalumiaium 
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-Aab -Al+ 

Compound Ei CBa CHCI 3 Al (CH3) 3 

HlZNHSiHCkr 1.18 6.18 4.55 28.8 

EtNHSikel 1.35 4.37 4.17 29.1 

IPrNHSIbk~ 1.41 3.74 4.85 29.2 

tBuNHSIHe(ct 1.17 6.00 4.49 28.4 

PhNHSlk; 0.715 4.93 2.94 16.3 

EtzNSlNe, 1.52 2.52 4.99 29.3 

kh,NH 1.09 8.13 4.68 30.8c 

h3N 0.808 11.54 4.28 30.0 

EtzNN 0.866 8.83 4.02 27.3 

Et,N 0.991 11.09 4.8c 32.6 

a) Values for the sllylamincs calculated from the interactions with phenol 

and iodlnc. 

bI -AH calculated using the E and C values for chloroform and trimethyl- 

l lumlnlum 9 . 

c) Values taken from ref. 8. 

and Al(CH&, give similar interactions with the aliphatic 
amines and the silylamines. The only silylamine that 
stands out as being markedly weaker is the phenyl 
derivative. The changes of E, and Ca show no distinct 
pattern: the aliphatic amines show an increase in the Ca 
value on going from a secondary amine to a tertiary 
amine but the reverse seems to be the case for 
EtNHSiMe3 and Et,NSiMe,. The silylamines show an 
increase in EB and a decrease in Cr, as the alkyl group 
changes from methyl to ethyl to isopropyl, but the t-butyl 
derivative shows a marked decrease in E, with an in- 
crease in CB. 
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Abstract-A new dinitrogen complex of formula Nal[Fe(PDTA) (Nr)] (H20)2 has been synthesized in aqueous 
solution from [Fe@PDTA) (H,O)], 3/2HzO and NaNs. The complex has been characterized by chemical analysis, 
IR and electronic spectra, and magnetic measurements. The thermal decomposition process has been studied by 
using DTA and TG techniques. The evolution of gases was followed by Gas Chromatography. 

Since Allen and Senoff’ isolated the First dinitrogen 
complex in 1%5, a great interest has been awakened in 
the clear possibility of carrying out the “fixation” of this 
molecule by means of coordination compounds.*4 

It is a well-known fact that the enzymological fixation 
of nitrogen requires the presence of Fe and MO and that 
the means of the reaction is water. For this reason in 
chemical nitrogen-fixing systems the synthesis of 
nitrogen complexes in an aqueous medium is of great 
interest at the present time. 

Numerous works? have been published on dinitrogen 
compounds with ligands of a simple aminic type 
[ILI(NH~)~(N~)]*‘, but there are no bibliographical ante- 
eedents on dinitrogen compounds which contain com- 
plexones as ligands. Only Diamantis’ showed recently 
and during the course of our own investigations, the 
great avidity of the complexone EDTA to act as a 
pentadentate ligand in dinitrogen complexes, obtaining 
the species [Ru(EDTA) (N#’ and [(EDTA)Ru-N,- 
Ru(EDTA)14’ in an aqueous solution. 

In our work a general method of synthesis has been 
used based on the conversion to coordinate N2 of a 
ligand which has a nitrogen-nitrogen link,” and the 
compound NaJFe(PDTA) (N,)]‘(H20) from [Fe(H- 
PDTA) (H*O)] 3/2H20 using sodium azide (NaN,) in an 
aqueous solution has been synthesised. 

EXPERIMENTAL 

Fe(N0,)s.9H20 and NaN3 were obtained from Merck, and 
PDTA-H4 from Fhtka BDH Chem. Ltd. Both of them were used 
without further purification. 

DTA was performed in a Stanton Redcroft 6734 ther- 
mobalance, and TG in a Cahn RG electrobalance. The gases 
evolved were analysed in a Hewlett-Packard 5700 A chromato- 
graph. 

IR spectrum was recorded in the 4000-400 cm-’ region using a 
Perkin-Elmer 577 double beam instrument. The sample was 
prepared as KBr pellet. 

Electronic spectrum was recorded on a Perkin-Elmer 124 
spectrophotometer using 2cm quartz cells, and water as 
reference. 

A Gouy balance was used for magnetic measurements at room 
temperature. The ESR spectrum at room temperature and 77 K 
were recorded at the Instituto de CaMsis y petroqufmica 
Rocasolano (C.S.I.C.), Madrid. 

C, H, and N analysis were performed at the Departamento de 
Microanilisis del Instituto de Quimica Org&rica General del 
C.S.I.C., Barcelona. Iron was determined by gravimetry and by 

*Author to whom correspondence should be addressed. 

atomic absorption spectrometry. Sodium was determined by 
Flame spectrophotometry. The water content was determined in 
a Karl-Fischer titrator, and confirmed by TG. 

Synthesis of Nar[Fe(PDTA) (NJ].ZH,O 
0.75Og. of [Fe(H-PDTA) (HrO)], 3/2H20r” were dissolved in 

25 cm3 of water heated in double saucepan at 40°C. To the 
resulting green solution, 0.75Og. of solid NaNj were added, 
precipitating then a reddish compound that dissolved almost 
immediately. The mixture was heated in a double saucepan at 
50°C for 3 min, cooled in the refrigerator and when the lirst 
microcrystals appeared, 25 cm3 of absolute ethanol were added. 
The orange-coloured microcrystalline product was filtered and 
washed with absolute ethanol, and dried on phosphorous pen- 
toxide. Found: Fe, 11.8; Na, 9.6; C, 28.2; H, 3.2; N, 12.0; H20, 
7.7. Calc.: Fe, 11.9; Na, 9.7; C, 28.2; H, 3.8; N, 12.0 H20, 7.7%. 

RESULTS 

The DTA curve (Fig. 1) obtained in an atmosphere of 
He, shows the existence of several endothermic effects. 
The tirst of these, at 13O”C, probably corresponds to the 
elimination of water of crystallization. The second effect 
is registered at 220°C and can be attributed to the loss of 
the coordinated dinitrogen molecule, since decarboxyl- 
ation in these conditions takes place at higher tem- 
peratures, according to what can be remarked in the 
remaining endothermic effects in the diagram. 

The thermogravimetric curve (Fig. 2), shows two not 
very pronounced jumps between 120 and 240°C to which 
there corresponds loss of weight of 7.7 and 5.9% respec- 
tively, so they can be associated with the elimination of 
hydration water and coordinated dinitrogen. From 300°C 
pyrolysis of the compound begins and continues up to 
500°C. 

These results were corroborated by means of gas 
chromatography and by volumetric determination of 
dinitrogen in the complex, following a similar method to 
that used by AUen,8 and whose results are included in 
Table 1. The determinations performed with the recently 
prepared complex (A) and after three months in a desic- 
cator (B), allow us to deduce that the compound decom- 
poses slowly on contact with air, although long periods 
of time are necessary for the decomposition to be 
signiticant. 

IX spectru 
In Fig. 3 the IR spectrum of the compound 

NaJFe(PDTA) (N2)].2H20 is represented, and in Table 
2 the most sign&ant data of the same are shown. 

At 34OOcm-’ a wide band can be observed which 

397 



398 M. C. PUERTA et al. 
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Fig. 1. DTA curve for NaJFe(PDTA) (NJ]+2Hz0, obtained under a dynamic helium atmosphere. 

Table 1. N2 contents determined for samples A and B in Naz[Fe(PDTA) (Nd] - 2H20 

Initial weight Silicon oil (N2) in %(Nz) over the 
of compound(mg) pressure(mm) compound theoretical 

value 

A) 20.5 160.5 4.23~10-~ 97.5 

B) 24.0 29.0 0.76~10 -5 17.3 

A) Sample recently synthesised. 

B) Sample three months after its synthesis. 
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Fig. 2. TG and DTG curves for NaJFe(PDTA) (NJ]. 2&O, obtained under a synamic helium atmosphere. 

Table 2. Main IR absorption bands of Na*[Fe(PDTA) (N2)]. 2&O (cm-‘) 
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corresponds to the vibrations of symmetrical and asym- 
metrical stretching of the O-H link of the crystallization 
water. 

The bands which correspond to the stretching vibrations 
of the methylene groups have a similar intensity, which 
suggests an analogous character among all the methylene 
groups of the ligand. 

The characteristic absorption of the dinitrogen com- 
plexes which appears between 2100 and KJOOcm-‘, cor- 
responds to the stretching vibration of N=N. The in- 
tensity and frequency of this band indicate the degree of 
covalency of the metal-nitrogen link. “.13 The said band 
is registered in this compound at 2030 cm-’ with medium 
intensity, which seems to suggest a moderate overlapping 
of the metal “d” orbitals with the n* of the Nz and as 
a result of this a not very pronounced degree of 
covalency for the metal-dinitrogen link. 

At 1620 cm-’ a band appears which can be attributed 
to the assymetrical stretching vibration of the carboxyl- 
ate groups. The difIerence between the latter and the 
most intense peak which corresponds to the symmetrical 
vibration of the -COO- groups which is recorded at 
1390 cm-‘, (225 cm-‘), suggests a moderately covalent 
link in the carboxylate-metal combinations. 

UV and visible spectra 
The Fe(H) in the NaJFe(PDTA) (NJ] * 2H20 complex, 

is a d” system of low spin and fundamental term ‘A’, 
The formation of this type of compound ( fzg) of low spin 
is favoured by ligands with an intense field, which facili- 
tate besides the reduction of the electronic density on the 
metal, that is to say the electronic back-bonding from the 
“d” orbitals of the metal to the empty (r*) orbitals of 
the ligand. 

The absorption spectrum in an aqueous solution (Fig. 
4) shows a not very intense band at 460 nm (21700 cm-‘), 
E = 71, due probably to the transition ‘A,, + ‘T,,. In the 
UV region there appears a band at 385OOcm-’ and 
another in the form of a shoulder, at 221 nm (45400 cm-‘) 
which through their energy and intensity can be con- 
sidered as charge-transfer bands. 

Study of the magnetic properties 
In the Fe(I1) compound of low spin, there exists no 

Zeeman effect of the first order (.I = S = 0) and the 
magnetic susceptibility is due therefore the Zeeman 
effect of the second’ order. 

The corrected magnetic molar susceptibility of the 
diamagnetism of the ligand, of the ion Na’ and of the 
water molecules, has a value of 78.3 X, to which there 
corresponds an effective magnetic momentum of 0.38 
B.M. 

The diamagnetism of this compound has tieen checked 
in addition by spectroscopy of ESR, which only registers 
a very weak signal due perhaps to the impurities of Fe3’. 
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Abstract-Results of analyses of the solution spectra of Pr3’ in the acetates of praseodymium, magnesium, calcium 
and cadmium comple&es are presented. Slater-Condon (F*, F4 and Fe), contigurational interaction (a, fl), spin-orbit 
(k), nephelauxetic (,9), bonding (8) and Judd-Ofelt (Tz, T4 and Ts) intensity parameters are evaluated. Judd;Ofelt 
intensity relationship has been used in the calculation of electric dple line-strengths. Theoretical evaluatton of 
predicted radiative lifetimes (~a) of the electronic excited states ‘P,, Pa and ‘Dr of P?+ in four different hosts has 
been carried out. 

Carnal1 et al.’ correlated the experimental and theoretical 
(Judd-Ofelt) intensities of the solution absorption spec- 
tra of Pr3+ in ethyl acetate. Paramagnetic resonance 
studies on the mixed complexes of praseodymium 
acetate have been reported by Maiti et al. Surana et al.’ 
have studied the solution absorption spectrum of Pr3+ in 
haloacetates and reported the interacting, bonding and 
intensity parameters. 

Since the optical absorption studies have not pre- 
viously been reported in the literature for Pr” in 
Mg(C2HaH&, Ca(GH,O& and Cd(C,H,O& complexes, 
the authors have carried out this investigation. For the 
first time, the second derivative spectra of these Pr3+ 
complexes have been studied. 

EXPERIMENTAL 

One mole% of praseodymium acetate (99.99% purity) was 
introduced into the saturated solutions of magnesium acetate, 
calcium acetate and cadmium acetate. One mole% praseodymium 
acetate was also separately prepared for the present in- 
vestigation. 

The UV-visible spectra from 3500 to 6500 8, were recorded on 
a Perkin-Elmer 551 recording spectrophotometer. Using a 
derivative accessory, second derivative spectra were also recor- 
ded in this wavelength region. 

The NIR spectra from 11,000 to 5BOO cm-’ were recorded on a 
Carl-Zeiss Specord 61 recording spectrophotometer. Since there 
is no derivative accessory for this instrument, only normal spec- 
tra were recorded in this wavelength region. 

The refractive indices of the solutions studied have been 
measured on a PZO Warsxawava 3275 refractometer. The oscil- 
lator strengths of the bands were measured from their profiles. 

RESULTS AND ANALYSIS 
Energy levels 

The observed spectrum of Pr3’:Pr(CZH30333H20 is 
shown in Figs. 1 and l(a). The observed band maxima 
positions and their assignments are presented in Table 1 
for all the four praseodymium acetate complexes. 

The energy E, of the jth level may be written in a 
Taylor series expansion as 

Er = E,,* t 
’ dE, 

3 
-dFAFK +%A. +%A/3 +%A&,. . . 

K 4 

(1) 

*Author to whom correspondence should be addressed. 

where Eoj is the zero-order energy of the jth level and 
(dE,/dF& (dE,/da), (d&/d/3) and @EAdfh~) are the 
partial derivatives. Using the experimental energy levels 
for Ej and the numerical values of zero-order energy and 
partial derivativesP’ a number of linear equations equal to 
the number of observed levels were formed. By employing 
the least-squares fit method, the values of the correction 
factors AFK, Aa, A/3 and A& were calculated. These were 
added to the zero-order parameter to obtain the parameters 
Fz, F4, F.5, a, /3 and &, for the Pr3+ complexes studied. 
Thus 

F2=FZotAFZ; a=a”tAa 
F.,=F:tAFq; P=$‘tA~ 
F6 = F60 + AF6; 54f = S:f + Ak 

where FZo, F4’, Fao, a’, go and [& are the zero-order 
parameters4*’ These zero-order parameters, zero-order 
energies and the partial derivatives are given in Table 
l(a). The calculated values of Slater-Condon (F2, F4 and 
F,), configurational interaction (a, ,9) and spin-orbit (54,) 
parameters for the Pr3+ complexes studied are presented 
in Table 2. The r.m.s. deviation is calculated from the 
formula 

where Ai is the deviation of the ith level and N is the 
number of levels fitted. The small r.m.s. deviations found 
suggests a good fitting of the energy levels. 

Spectral intensities 
The intensity of an absorption band is measured by its 

oscillator strength which is directly proportional to the 
area under the absorption curve. The oscillator strength 
cf) can be expressed in terms of the molar absorptivity E 
and the energy of the transition in wavenumbers (u) by 
the following relation.6 

f = 4.32 x lo-’ 
I 

E(Y) dv. (4) 

Here (f) is a dimensionless quantity. The molar ab- 
sorptivity (c) at a given energy is computed from the 
Beer-Lambert law’ 

E =$logF (5) 
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Fig. 1. Absorption spectrum of Pr”: Pr(C~z&0&3H~0. 

0 
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Fig. l(a). Near IR absorption spectrum of P? :Pr(C&O&3H20. 

Table 1. Experimental and calculated energy levels for Pr3+ complexes in solution 
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Table l(a). Zero-order energies and partial derivatives forP~(4f*)coniiguration 

405 

,__---- 

+ 
.______ 

-1077 

-1278 

.--- 

--YYY-l8 
1c 

)H4 
Ol -3 + 

____s. __-___ 

s2 21491 67.56 68.42 

51 20261 70.07 80.66 

Jpo 19683 70.17 81.81 

%2 16559 45.97 -37.63 

lQ4 9760 0.04 112.10 

3F. 6607 10.24 43.97 

3F3 5925 15.00 14.65 

_-I ----_ .---_ 

Free Ion Parameter8 

? I 305.00 34; - 
Pi I 51.88 cy* = 

Pi - 5.321 B' - 

where c is the concentration of the lanthanide ion in 
moles/litre, 1 is the light path in the solution (cm) and 
log(LJI) is the absorptivity or optical density. Some 
magnetic dipole mechanism though responsible for a few 
transitions Cf,,,,,), an induced electric dipole mechanism 
(jCd) must be. invoked to account for the intensities of 

.---- 

-1253 

510 

4 

188 

274 

_______ 

dE af 4f 

_______ 

5.029 

3.934 

1.905 
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-2 
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-0.655 

--------------- 

730.5 

23.684 

-583.41 

most lanthanide absorption bands. The weak intra f” 
transitions are accounted for by assuming that a small 
amount of the character of higher lying opposite parity 
configurations is mixed into the f” states via the odd 
terms in the potential due to the ligand field.’ Neglecting 
higher multipole mechanism such as electric quadrupole 

Table 2. Slater-Cocdon (Fz, F4, Fe), Racah (El, E2, E$ spin-orbit (&,f) configuration interaction (q/3), 
nephelauxetic ratio (,¶) bonding (S), refractive index (n) and Judd-Ofelt intensity (T2, T.,, T6) parameters for Pr3+ 

complexes in solution 

_I_ 
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etc., we have 

f=fed+fmd 

According to Judd-Ofelt8” theory 

(6) 

(7) 

where v (cm-‘) is mean energy of the transition $J+ 
$‘.I’, U” is a unit tensor operator of rank A, the sum 
running over the three values A = 2,4 and 6 and T’,, are 
the parameters which can be evaluated from the 
experimental data. The values of reduced matrix ele- 
ments ]]U^l~ have been evaluated for Prp+ complexes’ by 
using the following relation. 

CfN&.r]( U”l(fN&L’J) 
=(-1) S+J+L’+h[(2J t 1)(2.r’ t l)]“* 

(8) 

The matrix elements on the right hand side of the above 
equation were taken from the tables of Nielson et al.” 
The values of 6j symbols were taken from the tables of 
Rotenberg et al.” From the above equation, it is found 
that the sign of the numerical value depends on the 
S, L’, J’ and A values. The sign of the value does not play 
any significant role in the IS basis because we are 
always using squared values of (IU”IJ. But in the inter- 
mediate coupling case the sign plays a dominant role 
because the states of f” electronic configuration are 
taken as linear combinations. 

lf”tm = a& u~wl~N~=.v (9) 

where C(aSL) are the numerical coefficients resulting 

from the diagonalization of the matrices. The eigenvalues 
and eigenvectors for Pr3’ complexes have been com- 
puted by diagonalizing complete energy matrices of 4f2 
configuration on an IBM 370/l% computer using the 
parameters E’, E*, E3, a, p and fbr. The reduced matrix 
elements have been transformed from IS basis states to 
the physical coupling scheme prior to being squared and 
substituted in eqn (7). The squared values of U*, U4 and 
U6 were substituted in eqn (7) and using f_,, for fed 

(neglecting for the moment fmd as it is very small com- 
pared to fed), the values of Th parameters were evalu- 
ated by the least squares fit method and presented in 
Table 2. 

Theoretical estimation of the oscillator strength (f) has 
been carried out by the method of electric (S&) and 
magnetic (smd) dipole linestrengths 

87r*mcv 
"'" = 3he2(2Jt 1) 

(n2t2)2S tnS 
9n ed md 

I 
(10) 

where n = refractive index of the medium, Sed = electric 
dipole linestrength, Smd = magnetic dipole linestrength, 
m = mass of an electron, c = velocity of light, h = 
Plan&s constant, e = energy of the electron in 
coloumbs, v = energy of the band in (cm-‘), and J = 
value of the initial .I level. 

The values of electric (S&) dipole linestrengths were 
evaluated using the formula6 

Sed = e*z &($~lluA1l$'~')' (11) 

where 

f-L = [(1.085)x (10”) x (n(n’t 2))/9]-‘(2J t 1)7’* 
(12) 

and Tk (A = 2,4,6) are the Judd-Ofelt parameters. The 
Vaks of the magnetic (S,d) dipole linestrength were 
obtained with the following relation4 

Smd = ,,::;2,2 (+JIIL + 2511$‘5’)2* (13) 

Table 3. Experimental and calculated oscillator strengths (f X 107 for Pr3+ complexes in solution 
-----_--_______. 
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Table 4. Electric (& x lo**), and magnetic (S,,,d x 103 dipole linestrengths for P? complexes in solution 
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The experimental spectral intensities (f) and theoreti- 
cal estimates of spectral intensities obtained from Judd- 
Ofelt (f’-“) and electric-magnetic dipole linestrength 
(f’-“) methods for the Pr3+ complexes have been given 
in Table 3. The calculated values of the parameters Sd 
and S,,,,, for Pr3+ complexes are presented in Table 4. 

Bonding 
The nephelauxetic ratio p is given by” 

p = VJV, (14) 

where v, and v. refer to the energies of the correspond- 
ing transition in the complex and aquo ions respectively. 
The p values for all the observed transition& were com- 
puted and their average value /3 was used to estimate the 
bonding EEameter (8). The bonding parameter (6) is 
given by 

fj,!2 _ . 
B 

The bonding will be covalent or ionic depending upon the 
positive or negative nature of the S value. In all the Pr3+ 
complexes reported here (Table 2) since the 8 value is 

Pr3+sCd(C2H302)2 I 

found negative, the nature of the bonding in these com- 
plexes is ionic. 

From Table 2, it is found that the Judd-Ofelt 
parameter T2 has negative values for Pr3+ in 
Cd(GH,O& and Ca(GH,O&. A similar result has been 
found for Pr3’ in yttrium aluminate by Weber.14 He has 
suggested that the reason for such behaviour in 
praseodymium complex may be due to the proximity of 
the 5d band of Pr3+ to 4f and of strong f - d mixing. “*M 

‘& Term splittings 
Second derivative spectrum of praseodymium acetate 

complexes have exhibited a splitting of the ‘Dz level into 
two components. The observed splittings of ‘D2 term in 
the second derivative spectrum of these complexes are 
presented in Table 5. 

Since the crystal field splitting has been observed only 
in the ‘D2 level no calculation of crystal field parameters 
was attempted. 

Radiatioe lifetimes (TV) 
Theoretical radiative lifetimes of certain electronic 

excited states of praseodymium ion have been very 
extensively studied by several authors.‘7-‘9 Carnall et 
a1.6’20 have evaluated radiative lifetimes for 3P1, 3P0 and 

Table 5. The observed crystal field splitting of ‘4 term in the second derivative spectrum of Pr” complexes in 
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Table 6. Predicted lifetimes rx (p set) for the ‘PI, ‘PO and ‘& states of Plf’ complexes in solution 

3pl 
kJ 
ID* 

_____________ 

?r3+: Pr(C2H302)33H20 Pr3+: 14g(C2H302)2 

41 

137 

351 

117 

379 

1020 

‘D* states of Pr3+ in solutions. The calculation of radia- 
tive lifetimes for the above excited states of praseody- 
mium acetate complexes have been carried out in the 
present work. 

The squared reduced matrix elements IIU”II* between 
3PI, 3Po and ‘D* and all the next lower Iring levels were 
calculated for praseodymium aquo ion. Reisfeld” and 
also Riseberg” have pointed out that the resulting matrix 
elements exhibit only small differences and hence IJU”IJ* 
values obtained for one host may generally be used for 
the other hosts. In view of this and in view of lack of 
computer facilities in the university, the calculation of 
matrix elements IlU”ll*, were carried out only for 
praseodymium aquo ion5 The same reduced matrix 
elements were used for calculation of electric dipole 
linestrengths of lines of Pr’+ in Mg(C*HsO*)*, 
Ca(C*H,O*)* and Cd(C*H,O*)* complexes. Following 
Carnal1 et al.** the total radiative transition probability 
A(JIJ; tj’J’) was calculated using the intensity parameters 
(T*, T4, T6) evaluated in the absorption measurements. 

64n4v3 
A(JIJ; +‘J’) = 3h(2H + 1) 

(16) 

The total radiative relaxation (AT) was evaluated using the 
expression 

&($.I) = 8, A(llrJ; $‘J’) (17) 

where the sum runs over all $‘J’ lower in energy than $.I. 
The radiative lifetime (Q) of a state is given as 

TR($J) = lA&.I)l~‘. (18) 

Predicted radiative lifetime (TR) of 3PI, 3P~ and ‘D* 
states for the Pr3+ acetate complexes studied, are given 
in Table 6. From this table it is found that the predicted 
lifetimes of the excited states ‘PI, ‘PO and ‘4 are in the 
increasing order in the following manner. 
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IMPROVED SYNTHESES OF RU (C0)2(03SCF3)2(BIDENTATB) COMPLEXES 

AND THEIR CONVERSION INTO NEW [Ru(C0)2(BIDEETATE),]*+ COMF%BEES 

DAVID ST.C. BLACK, GLEN 8. DEACON* and NICHOLAS C. THOMAS 

Chemistry Department, Monash University, Clayton, Victoria, Australia, 3168 

(Reeaeived 21 Deoembsr 1982) 

Abstract - Reaction of the complexes Ru(CO12C12L (L = 2,2'-bipyridyl (bpy) or l,lO-phen- 

anthroline (phenl] with trifluoromethanesulphonic acid under carefully controlled conditions 

yields Ru [CiS- (CO) 2l [CiS- (03SCF3)21 (bidentate) complexes. From reactions of the trifluoro- 

methanesulphonates with the appropriate bidentate ligands, the new complexes [&s-Ru(CO)~- 

L(L’)12+ (L as above; L’= 4,4’ -dimethyl-2,2'-bipyridyl or 4,4'-diisopropyl-2,2'-bipyridyl) 

as well as the known [~~s-Ru(co)~L~]~+ and [ds-Ru(CO)2bpy(phen)12+ have been prepared. 

INTRODUCTION 

The complexes R~(C0)~(0~SCF~)~phen (phen = l,lO-phenanthroline) and (Ru(CO)~(M~CN)~L]~+ 

[L = phen or 2,2'-bipyridyl (bpy)] readily undergo substitution with uncharged bidentate 

ligands to give the novel dicarbonyls (Ru(CO)~L~I~+ and (Ru(CO)~L(L')I~* (L'# L = phen, bpy 

or 3,4,7,8-tetramethyl-l,10-phenanthroline)1~2 (subsequently, alternative syntheses of 

[Ru(CO)~L~I~+ have also been reported3'4). The route to R~(C0)~(0~SCF~)~phen and [RUG- 

(MeCN) 2Ll 2+ complexes from the convenient reagents Ru(C0) Cl L involves conversion into 
2 2 

Ru(CO)~(O~CM~)~L derivatives and then reaction with trifluoromethanesulphonic acid either 

alone (giving the first complex, but unsuccessful for the bpy analogue) or in acetonitrile. 182 

We now report a one-step synthesis of Ru(CO)~(O~SCF~)~L (L = phen rmd bpy) complexes and 

their conversion into new [Ru(CO)2bidentate212+ derivatives. 

RESULTS AND DISCUSSION 

The complexes Ru(CO)~(O~SCF~)~L are conveniently prepared by heating the analogous chloro 

derivatives with trifluoromethanesulphonic acid. 

Ru(CO)~C~~L + 2CF3S03H + Ru@O)~ (03SCF3)2L + 2HCl (1) 

Careful control of the conditions is needed for L = bpy to prevent decomposition into 

(bpyH)+(03SCF31-. The chloro complexes are more labile than the corresponding acetato deriv- 

atives in reactions with trifluoromethanesulphonic acid, since conversion of RuC12(CO)2bp~ 

into Ru(CO)~(O~SCF~)~~~~ occurs under conditions (Experimental Section) which permit only 

partial replacement of acetate by trifluoromethanesulphonate. 
2 

The trifluoromethanesulphonato complexes are considered to have structure (1) on the 

basis of two U(C0) frequencies and 
1 
H n.m.r. spectra (Experimental Section) indicative of 

unsymmetrical coordination of the bidentate ligands. Their formation by reaction (1) 

involves a stereochemical change since the chloro-complexes have structure (2a). 



410 D. ST. C. BLACK et al. 

co 

OSO2CF3 

(1) 

(la) N-N = bpy 

(lb) N- = phen 

24 

Co7 

n+ 

(2) 

(2a) N- = phen or bpy, X = Cl, n = 0 

(2b) N? = phen, X 

(2~) N?!l = phen or 

= OS02CF3, n = 0 

bpy, X =OCOMe, n =0 

(2d) Nq = phen or bpy, X = MeCN, n = 2 

This contrasts with retention of stereochemistry in the formation of Ru(C0)2(03SCF,_)2phen 

with structure (2b) [cf (lb) from reaction (111 from R~(C0)~(O~CMel~phen [structure (2~11 and 

trifluoromethanesulphonic acid. 
182 Although (lb) is obtained under milder conditions than 

(2b), it cannot be isomerised into the latter on being heated in CF3S03H under conditions 

used to obtain (2b) from (2~). 

Reactions of the new trifluoromethanesulphonates (1) with 2,2'-bipyridyl, l,lO-phen- 

anthroline, 4,4'-dimethyl-2,2‘-bipyridyl (Me2bpy), and 4,4'-diisopropyl-2,2‘-bipyridyl 

(Pr2bpy) give the known [Ru(CO)~L~I~+ (L = phen or bpy)lm4 and [R~(CO)~bpy(phen)l 2+ 112 as 

well as the new complexes [Ru(CO)~L(L')]~+ (L = phen or bpy; L'= Me2bpy or Pr2bpy), 

e.g. Ru(CO)~(O~SCFS)~L + L' + [RU(CO)2L(L')12+ + 2CF3SOJ-. 

The infrared spectra of the new compounds, isolated as hexafluorophosphates, showed two v(C0) 

frequencies and the 'H n-m-r. spectra unsyumuatrical coordination of the bidentate ligands, 

indicative of structure (3). Since the new Ru(CO)~(O~SCF~)~L complexes (1) are as reactive 

towards bidentate ligands as (2b) or the acetonitrile derivatives (2d) and are more readily 

prepared, they should supersede them as a source of IRu(C0J2L212+ or IRu(CO)~L(L')I~+ 

complexes. 
co 

o12+ 

(3) NhN = phen or bpy, N?N'= phen or bpy 

Me2bpy or Pr2bpy 

(3) 

EXPERIMENTAL 

(a) General 

Microanalyses were by the Australian Microanalytical Service, Melbourne. Infrared spec- 

tra were recorded with a Perkin-Elmer 180 spectrophotometer. Compounds were examined as 

Nujol or hexachlorobutadiene mulls (4000-650 cm-'). Silver chloride plates were used for 

trifluoromethanesulphonato complexes. 

1800 cm-l). 
1 

Uncharged complexes were also examined in CH2C12(2400- 

H n.m.r. spectra were recorded with a Bruker NH-90 spectrometer. Proton chem- 

ical shifts are in ppm downfield from internal tetramethylsilane. Uncharged and charged 

complexes were examined in CUC13 and (CD3J2S0 respectively. Integrations 'were satisfactory 

for the proposed compositions and are not listed. Mass spectra were obtained with a VG 

Micromass spectrometer. The m/e values correspond to the most intense peak (containing 
102 

Ru) of a cluster with the correct isotope pattern. Conductivities of solutions 
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(O-9-1.2 x 10-3 m~ldm-~) in nitromethane were measured at 20-25OC with a Wayne Kerr B22lA 

bridge using a cell of standard design fitted with shiny platinum electrodes. 

411 

(b) Reagents 

Ru(CO]~C~~L (L = phen or bpy] complexes were prepared as previously reported. 
2 

4,4'- 

Dimethyl-2,2'-bipyridyl and 4,4' -diisopropyl-2,2'-bipyridyl were supplied by Dr. W.H.F. 

Sasse, Division of Applied Organic Chemistry, CSIRO, Melbourne. Trifluoromethanesulphonic 

acid (JM] was distilled (0.1mm,26°C) before use. 

(c] Trifluoromethanesulphonatoruthenium(I1) Complexes 

a,b-(2,2’-BipyridyZJ-c,d-dioarbanyt-e, f-bis(triftuorcRnethmLesutphaatolrutheniwn(II1 (la) 

2,2'-Bipyridyldicarbonyldichlororuthenium(II] (0.6Og) was heated in trifluoromethane- 

sulphonic acid (2cm3) for lh at 105'C under nitrogen. The mixture was cooled in ice and 

ether was slowly added. The white precipitated product was collected, washed with water to 

remove any 2,2'-bipyridinium trifluoromethanesulphonate, and recrystallized from methylene 

chloride/ether under nitrogen (0.4Og, 40%). m.p. 202-204V (Found: C,27.3; I&1.4; N,4.5). 

C14H8F6N208RuS2 requires C,27.5; H,1.3; N,4.6%]. Mass spectrum: m/e 584[8%,(M-CO)+], 

556138,04-2CO)+l, 463[4,(M-CF3S03]+], 407[23,(M-2CO-CF3~3)+]. 'H n.m.r. spectrum: 7.57-7.73, 

m,H5'; 7.84~8.00,m,H5; 8.12-8.42,m.H3,3',4,4'; 8.79,m,3J5.6Hz,H6'; 9.04,m.3J5.6Hz,H6. Infra- 

red absorption: 302Ow, 2104s and 2024s[V(CO)l, 1603w, 1476m, 1455m, 1332s[V(S03)], 

1230sfu(CF)l, 1195s[v(CF)l, 1158vs(br) [v(S03) + V(CF)I, 1009s[V&03)l, 9938, 771s, 726m, 
-1 

620s cm . In CH2C12: 2082, 2020[v(CO)lcn-1. Mol.cond. &leN02), 20.8 S~m~mol-~ (134 after 

48h owing to solvolysis). 

a,b-Dicarbonyt-c,d-(I,10 phenanthroline)-e, f-bie(triftuorwnsthmresutphonato)rutheniwn(II) (~b) 

Dicarbonyldichloro(1,l0-phenanthroline)ruthenium(II) (l-log) was heated with trifluoro- 

methanesulphonic acid (2cm3) under nitrogen for 2h at llO°C. The mixture was cooled and 

ether (50cm3) was slowly added and was allowed to stand until precipitation of the white 

product was complete. This was filtered off, washed with water and recrystallized under 

nitrogen from methylene chloride/ether (l.OBg, 65%). m.p. 263-265°C (Found: C,30.4; H,1.6. 

C16H8F6N208RuS2 requires C,30.6; H,1.3%]. Mass spectrum: m/e 636[2%,M+] , 608[16,U4-CO)+l, 

580[100,(M-ZCO)+], 431[40,(M-2CO-CF3S03]+]. ‘I-l n.m.r. spectrum: 7.88-8.03,m,H8; 8.14-8.29, 

m,H3,5,6; 8.69-8.91,2d(overlapping), 3J8.4 and 8.7Ha,H4,7; 9.12,d,3J5.3Hz,H9; 9.36,d,3J5.0Hz, 

H2*. Infrared absorption: 3OOOw, 2098s and 2038s[~(CO)l, 1632w, 1603w, 1587w, 1521w, 1430s, 

13729, 1325s[V(S03)], 12428, 1228s[v(CF)], 1180vs(br) [v(S03) + v(CF)I, 1148s[~(CF)], 

1010~[V@0~)1, 991s(sh), 8528, 788w, 77Ow, 753~. 73Ow(sh), 722s cm-'. 

2034[v(CO)J cm-'. 

In CH2C12: 2091, 

Mol. cond. (WeN02), 15.5 Scm2mol -' (158 after 48h). 

(d) Preparations of [RuK!O),(bidentate)~22+Coraplexes 
L 

The complex Ru(C!O)~ (O,SCF,) 2L (L = phen or bpy] (la,b] (cu. 0.2g) and the bidentate ligand 

(bpy, phen, We2bpy or Pr2bpy) (cu. 0.2g) were heated in ethanol (20-40 cm3) under reflw for 

lh in an atmosphere of nitrogen. The solvent was evaporated to dryness, and the residue was 

dissolved in hot water. After filtration, addition of aqueous annuonium hexafluorophosphate 

gave a yellow precipitate, w hich was recrystallized from acetone/ethanol and then acetone/ 

ether to give the required complex as white crystals. In assignments of 'H n.m.r. spectra of 

IRu(CO)~L(L')]~+ complexes, the nitrogen atoms tzWne to each other [see (311 are designated ~1. 

l H2 (Nl cis to two CF3S0 groups) and H9 are tentatively assigned on the basis that the en- 
vironment of Nl rather d an NlO is wre similar to that of the nitrogens in the previously 
characterizedlr2 isomer [structure (2b)l. 
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Dicarbay~f4,4’-dimethy2-2,2’-bipyridyI.)II,lO-phenrmthroZine)rutheniwn(II) hexafluorophosphate 

Yield 55% (Found: C,37.9; ~,2.2; N,7.0. 

N,6.9%). 1H n.m.r. 

C26H20F12N402P2Ru requires C,38.5; H,2.5; 

spectrum: 2.46,s,4'-Me; 2.78,s,4-Me; 7.28,d,3J5.0Hz,H9; 7.52,d,3J6.0Hz, 

H6'; 7.93-8.08,m,H5',8; 8.22,m,3J5.0Hz,H5(Me bpyl; 8.35-8.59,m,H3,5.6(phen) 

8.86,m,H3@fe2bpyl; 9.00,d,3J8.0Hz,H7; 
23 

; 8.69,m,H3'; 

9.25,d, JE.OHz,H4; 9.38,m,3J6.0Hz,H6(Me2bpy); 9.91,d, 

3J5.0Hz,H2(phen). Infrared absorption: 315Ow, 31OOw, 2100~s and 2038vs[V(CO)l, 1620m. 

1526w, 1456w(sh), 1435m, 1420w(sh), 132Ow, 123Ow, 1157w, 1038w, 916w, 845vs(br) [v(PF) and 

phenl, 
-1 

806w, 779w, 77Ow, 747~. 724m cm . Mol. cond. (MeN021, 158 Scm’mol 
-1 . 

Dicarbony1(4,4’-diisopropy2-2,2’-bipyridyZ~l,lO-p~~thro~i~~~theni~~II~ hexafluoro- 
phosphate 

Yield 60% (Found: C,41.6; H3.3; N,6.6. C30H28F12N402P2Ru requires C,41.5; H,3.3; 

N,6.6%). 
1 
H n.m.r. spectrum:l.l8,s,Me(4'-Pr); 1.48,s,Me(4-Pr); 3.00-3.29,m,CH(4,4'-Prl; 

7.34,d,3J5.0Hz,H9; 7.56,d,3J6.0Hz,H6'; 7.91-8.06,m,H5',8; 8.22,m,3J5.0Hz,H5(Pr2bpyl; 

8.37-8.52,m,H3,5,6(phen); 8.80,m,H3'; 8.97,m,H3(PrZbpy); 9.00,d,3J8.0Hz,H7; 9.26,d.3J8.0Hr, 

H4; 9.44,d,3J6.0Hz,H6(Pr2bpyl; 9.92,d,3J5.0Hz,H2(phenl. Infrared absorption: 2995w, 295Ow. 

2885w, 2100~s and 2034vs[v(Co)], 2020w(sh), 1618m, 15llw, 1436m, 143Om(shl, 1158w, 1036w, 
-1 

916w, 840vs(br)[V(PF) and phenl, 768w, 746w, 723m cm . Mol. cond. (MeN02), 189 Scm'mol 
-1 . 

2,2’-~ipyridyZdicarbonyZ(4,4’-&methyl-2, 2’-bipy~idyZlruthenium~II) hexafluorophosphate 

Yield 60% (Found: Cc36.3; Ht2.5; F,28.5; N,6.9. C24H20F12N402P2Ru requires C,36.6; 

H,2.6; F,28.9; N,7.1%). 
1 
H n.m.r. spectrum: 2.54,sr4-Me'; 2.75.s,4-Me; 7.47-7.98,m,H5', 

6'(bpy) and H5,5',6'(Me2bpy); 8.11,m,3J6.0Hz,H5(bpyl; 8.38,m,3J8.0Hz,H4'; 8.55-9.00,m, 

H3,3',4(bpy) and H3,3'(Me2bpy); 9.29,d,3J6.1Hz,H6(Me2bpy); 9.48,d,3J5.3Hz,H6(bpy). Infrared 

absorption: 315Ow, 3105w, 2088~ and 2038vs[~(CO)l, 1627sh, 1623s, 1557w, 1485m, 1456s, 

-1 
132ow, 1246m, 1222~, 108Ow, 1035m. 928w, 9OOm, 830vs(br) [v(PF)l, 767w, 74Ow, 720~ cm . 

Mol. cond. (MeN02), 151 Scm2mol 
-1 

. 

2, 2’-BipyridyldiccrrbayZ(4,4’-diisopropyt-2,2’-bipyridy~)rutheniwn(II)~ hexafZuoropho8phate 

Yield 65% (Found: C.39.6; H,3.4; N.6.6 C28H28F12N402P2R~ requires C.39.9; H3-4; 

N,6.6%). 
1 
H n.m.r. spectrum: 1.25,s,Me(4'-Pr); 1.45,s,Me(4-Prl; 3.07-3.35,m,CH(4,4'-Pr); 

7.59-7.80,m,H5',6'(bpy) and H5',6'(Pr2bpy); 
3 

7.98-8.20,m,HS(bpy) and H5(Pr2bpy); 8.35,m, 

JE.OHz.H4'; 8.64,m,3J8.0Hz,H4; 8.80-8.90,m,H3,3'(bpyl and H3,3'(Pr2bpy); 9.35,d,3J6.0Hz, 

H6(Pr2bpyl; 9.51,d,3J5.0Hz,H6(bpy). Infrared absorption: 299Ow, 295Ow, 288Ow, 2098vs and 

2032vs[~(C011, 161Os, 1554w, 1497w, 148Ow, 1458w, 143Ow, 1316w, 1244m, 116Ow, 111Ow. 1063m, 

103Om, 926w, 830vs(br) [v,(PFlI, 771m, 720w cm-l. Mol.cond. (MeN02), 188 Scm2mol 
-1 . 

Krwwn Co?nplexes 

Similar preparations gave [R~(CO)~(phenl~l(PF~)~ (65%), [R~(CO)~(bpyl~l(PF~l~ (50%) and 

IR~(CO)~bpy(phen):(~)~ (60%), which had infrared spectra in agreement with those of 

authentic samples ‘ . 
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Abstract-Bis(trimethylphosphine)-hexaborane(lO), BsHqo.2P(CHs)s, reacted 

with trimethylphosphine and gave a solid with the total composition 

"BsH,o.6P(CHs)s" which consisted of twice the number of moles of the 

original BeHlo*2P(CHs)s. The solid was inert to excess P(CHs)s. When 

treated with HCl, it gave a 1:2 mixture of BH s.P(CHs)s and BHaCl.P(CHs)s. 

The framework of BsHqo.ZP(CHs)a appeared to be cleaved and converted by 

P(CHs)s into BaHp*2P(CHs)s and B4Hs*4P(CH > s s, and into two BsHs*3P(CHs)s. 

INTRODUCTION 

Pentaborane(9) reacts with trimethylphosphine to give the bisphosphine adduct of the 
1 

borane, BsHs*2P(CHs)s. This adduct of BsHa gurther reacts with P(CHs)s, and the five- 

boron framework is cleaved into two fragments: 

B-B 

w2=Y3 

- BjB\ 

w-43 Wb2~W3 B3&3P(Cy3 

Hexaborane(l0) also reacts with P(CHs)s to give BsHqo*P(CHs)I and BsHqo'2P(CHs)z. Thus, 

the pyramid-shaped structure of BsIIqz undergoes a eerie6 of transformation and changes to a 

belt-shaped structure: 

B-B-B 

WI0 ww(w3 h’+o-(cY)3 

It was of interest to us to see how the bisphosphine adduct of BsHlo would further react 

with P(CHs)s and to compare the reaction with that of the BsHs adduct. 

RESULTS AND DISCUSSION 

When BsHlo was mixed with a large excess of P(CHs)s at -80*60°C. and the mixture was 

allowed to warm to room temperature, the formation of the mono- and bisphosphine adducts 

occurred in rapid succession. The bisphosphine adduct further reacted slowly with P(CH3)3. 

The same reaction occurred when dichloromethane or acetonitrile was used as the solvent. The 

413 
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J-j-jJ+ a 

4 
Figure 1. "B NMR spectra, 'H-spin decoupled, at 

25'C in dichloromethane. II, T and D denote the 

signals of BeH~o~2P(CHs)a, BHs.P(CHs)s and BHaCl- 

P(CUs)s, respectively. 

(a) Hexaborane(10) with excess P(CHs)s in CHaCla, 

shortly after the temperature was raised to 25'C. 

(b) The same solution as in (a), 4 hours later. 

(c) The reaction solution "BsHqo*6P(CHs)s" + 4HCl 

in CHaCla. 

(d) The sublimation residue. 

last phase of the change as observed on the "B NMR spectra is shovn in Figures la and lb. 

When the volatile components were removed from the resulting solution at -23-O'C by pumping, 

a white solid with the composition "BsHqo.5.9-6.3P(CHa)s" was left behind. The solution of 

the solid in dichloromethane gave the "B NMR spectrum identical with that in Figure lb. Its 

31P NMR spectrum indicated that free P(CHs)s was present in only a small amount (less than 

4% of the total P in the sample.) Other signals of 3'P were overlapped in the region of 

O-3.6 ppm [85% HsP04 standard, low field shift: being taken as positive], indicating that 

the phosphines were attached to the boron atoms. When the solid residue was treated with 

anhydrous HCl in dichloromethane, BHs+P(CHs)s and BHaCl*P(CHs)s were produced in a 1:2 molar 

ratio. Only insignificant amounts of side products were detected in the "B spectrum of the 

resulting solution. See Figure lc. 

Shown in Figure 2 is the vapor pressure depression data of trimethylphosphine solution 

of BsHlo. The data points are compared with the curve calculated for the two-fragment 

formation in which six moles of P(CHs)s are utilized per mole of BaHlo. Two other lines 

are drawn for two hypothetical fragmentation patterns. See the caption of the figure. 

Thus, the curves for most of other patterns of fragmentation would appear outside of the 

shaded area. The P(CHs)s solution stayed clear and colorless during the entire period of 

the measurements (3 days) at 18.5'C. 

&P 

q . 

II 

: 

8 

0 

Figure 2. Vapor Pressure depression of tri- 

methylphosphine solutions of Hexaborane(lO). 

Middle curve; calculated for two-fragment 

formation with the use of six P(CHs)s. 

Upper curve; calculated for three-fragment 

formation with the use of two P(CHs)s. 

Lower curve; calculated for 1.5-fragment 

formation with the use of six P(CHa)s. 
_ 

W moL rdbwF,C",$& 
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In Figure 3 the "B spectrum of the final products (Figure lb) is expanded and compared 

with that of B$i4.2P(CH3):. The presence of BaH4*2P(CHs)s in the BeHlo cleavage products is 

evident. When the above mentioned solid residue was subjected to sublimation under vacuum 

at room temperature, B~HL,.~P(CH~)~ was obtained as the sublimate in a yield of 0.55-0.78 

mole per mole of the BeHlo used. The residue of the sublimation was a complex mixture of 

boron compounds containing a significant amount of BsHqo*2P(CH3)3. See Figure Id. The 

intensity of the B~H,o.~P(CH&~ signal was estimated to be about 15% of the total "B signal 

intensity in the spectrum. 

The reaction of BOHR with excess P(CH,)s gave a 1:l mixture of BzH4*2P(CHs)3 and B3Hs. 

3P(CH3):. The spectrum of the mixture is shown in Figure 3b. A similarity between this 

spectrum and that of the BeHlo cleavage product (Figure 311) is noted. Subtraction of the 

B~HQ*~P(CH~)~ spectrum (in an intensiiy 2) from the spectrum in Figure 3b (in an intensity 

5) gave the spectrum for B3Hes3P(CH3)s. When a similar operation was performed on the 

spectrum in Figure 3a by adjusting the intensity ratio 2:6, an inverted image of the BzHL+* 

2P(CHs)s signal was produced in the resulting difference spectrum. Apparently, the amount of 

the diborane(4) adduct in the products was less than that expected for a simple cleavage into 

B~Hu*~P(CH~)~ and BL,H~.~P(CH~)~. If it is assumed that the Be-framework was cleaved into two 

fragments, and that any of the fragments did not undergo further reactions, except for com- 

bining with P(CH&s, the cleavage into two units of B&,.3P(CH3)3 would be another possible 

reaction. The cleavage into BHs.P(CHa)s and BeH7.5P(CHs)s would have to be excluded from 

the consideration, since BHs.P(CH~)~ was not found in the products. The presence of BeHqo. 

2P(CH3)3 in the sublimation residue may be due to the recombination of the B3 units, as such 
297 

was observed when B~HL+.~P(CH~)~ was sublimed from the cleavage products of B~Q. 

The molecules with the formula &Hn+2.nP(CHs)3 are electron sufficent. The addition of 

n numbers of the phosphine to a B,,Hn+, 'unit removes the electron deficiency of the unit, 

and the valence bond structure of the molecule can be expressed without the use of two- 

electron three-center bonds. Thus, B~HQ.ZP(C&.)~ and BsHs.3P(CHs)s are inert to P(C&)t. 

-6OOHz-' 
I 

The -i-i- bond, however, is reactive to hydrogen chloride, and is 

cleaved readily into -4-H and Cl-i- 
2 

even at -80Oc. The "B chemical 

shifts for B~HI+*~P(CH~)~ and B~+Hss3P($Hs)s appear within a range of 

t2.0 ppm from the shift of BHs.P(CHa)a which is another member of 

the series. Accordingly, BtiHs*4P(CHs)3, the next higher member, 

would also be re;ctive to HCl, and its "B shifts would appear also 

in the same range. So far, the separation of the products, except 

for B2H4.2P(CH3)3, has been unsuccessful due to the instability of 

the compounds above O°C in the absence of excess P(CH3)z. However, 

the observations presented in this paper may suggest that the belt- 

shaped framework of BsHqo*2P(CHs)s was cleaved by P(CH3)3 into two 

fragments in two ways: 

B2Hu.2P(CHs)3 + BL+H~*~P(CH~)~ 
BsH,o'2P@Hzi)s 

t b 2B3He.3P(CHs)3 
d;qvB 

:a b. 

Figure 3. "B NMR spectra, 'H-spin decoupled. (a) "BeHqo.6P(CHs)3" 

in dichloromethane. (b) *'B~H~.~P(CH~)J~ in acetonitrile. (c) BaHti* 

2P(CHs)3 in acetonitrile. 
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EXPERIMENTAL 

The sources,gf chemicals and the general methods of experimental procedures were de- 

scribed elsewhere. Teflon valves and o-ring joints were used throughout. The NMR spectra 

were recorded on a Varian XL-loo-15 spectrometer, operating at 32.1 and 40.5 MHz for "B and 

a'P nuclei, respectively. 

The reaction of BsHlo with P(CHs)s proceeded uncontrollably fast unless a special care 

was taken. Samples of BsHlo and P(CHs)s were measured out first. Then, a portion of the 

BBHIO sample was condensed near the botton of a reaction tube (10 mm o.d. Pyrex) a@ a thin 

layer at -197'C, and a portion of the P(CHs)s sample was condensed above the layer. The 

tube was allowed to warm slowly to about -6OOC (slightly above the melting point of BsHlo) 

and the mixture was shaken wellat that temperature. Then the tube was cooled to -197'C, and 

next portions of BeHlo and P(CHs)s were condensed in and treated likewise. This procedure 

was repeated until all of the B H g 10 sample was transfered into the tube. Finally the 

remainder of the P(CHs)s sample was condensed in the tube, and the tube was allowed to warm 

slowly to room temperature while the mixture was agitated. A total of 0.3-0.5 mmole sample 

of BeHlo was used for the preparation of each reaction mixture. 
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It is noted that, if the spectrum in Figure 3a was 

assumed to be an overlap of the signals of BaH4*2P(CHs)s, 

B3H5*3P(CHs)s and B4Hss4P(CHs)s in a 1:2:2 intensity 

ratio (or a 3:4:3 molar ratio), the difference spectrum 

shown in the figure could be obtained for B4Hs*4P(CHs)s. 

The peak positions are at -35.4 and -38.1 ppm. ’ -3b 40 Ffw 
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Abstract - The action of elemental sulfur with 

vanadium (II) porphyrins complexes V11(por)(TRF)2 
[ 1 

(per - porphyrinate) affords the thiovanadyl porphy- 

rins [vxV(por)(s)] . EXAFS spectroscopy at the V K-edge 

of rvlv(oep) csa confirms the axial syormetry of fhese 

complexes. 

Although complexes containing the vanadyl ion, 

v-02+ , are well known, there are very few studies of 

vanadium compounds in which the thiovanadyl ion is 

I.2 present . K.P. Callahan et al’. recently have deve- 

loped a synthetic route to the previously unknown 

thiovanadyl species, V-S Ln, which involves reaction 

of V-O Ln with B2S3. As such thiovanadyl species are 

of likely relevance to certain industrial catalysts in 

petrochemistry3 , E report here a convenient procedure 

for the isolation of thiovanadium (IV) porphyrins 

[VIV(por)(S)l (par - oep, tpp, tmtp or tptp)+ by reac- 

tion of low-valent vanadium porphyrins with elemental 

sulfur. EXAFS spectroscopy at the V K-edge provides 

convincing evidence for the monomeric nature of the 

complexes, as well as the multiple V=S bond. 

Reduction 
++ 

by zinc amalgam (Ig) of a dry oxygen 

+Abbreviations used : por - porphinato ; oep - octae- 

thylporphinato ; tpp - mcso-tetraphenylporphinato ; 
tmtp - meso-tetra-m-tolylporphinato ; tptp - meso- 

terra-p-tolylporphinato. 

++A11 operations were carried in Schlenk tubes under 

purified argon and with dried oxygen free solvents. 

+++TtIF - tetrahydrofuran. 

free tetrahydrofuran solution (60 cm’) containing 

[ 
vIV (WP)(C12) 4, 1 [“’ (ld)(0.65g, 0.8 mmol) led to a 

brow” solution of V11(tptp)(TRF)2 5 
] 

after 24 h of 

vigourous stirring at room temperature. Excess of zinc 

amalgam was filtered and elemental sulfur (O.lg,3 mmol) 

was added to the filtrate. The mixture was then stir- 

red for 5 h at room temperature and concentrated in 

VBCUUIO. The excess sulfur was then sublimated (O.Imm 

Hg) at IIO-IZO’C. The obtained residue was purified by 

chromatography on an aluminium oxide column (eluent : 

toluene) and recrystallized in a mixture of toluene- 

heptane (l/2) (0.27 g. 45% yield of [VIV(tptp)(SJ , 

(2d))‘. 

The analytical results and the mass-spectral data 

agree perfectly with the proposed molecular formula 

[‘?(por) CS)] . Th e parent peak corresponds either to 

the molecular peak [VIV(por)(Sj +’ or to the recombi- 

nation ion [VIV(por)(S)+Hr. The IR spectra of these 

complexes show a medium to strong intensity band in 
-1 

the 550 - 565 cm range ; this band corresponds to 

the V-S stretching vibration2. The isotropic EPR 

spectral parameters gav and Aav as well as the prin- 

cipal components of the <g> tensor and the hyperfine 

interaction tensor <A> for the thiovanadyl complexes 

(2) - arc given in Table I. 

The complexes (2) exhibit eight-line isotropic 

solution spectra, indicative of a d’ V(W) nucleus. 

The tensor components calculated from spectra measured 

on frozen solutions correspond to axially synrmetric 

camp”&. EKAFS spectroscopy at the V K-edge confirms 

this square - plane pyramidal molecular structure. 

For the sake of comparison WC have reproduced on 

the same plots the FT-EXAFS spectra of both 

blV(oep)(Ofl and [VIV(oep)(SjJ : the power spectra 

(xl(R)\ and the imaginary part Imxl(R) being respec- 

tively displayed in figures la and lb. It is worth 

mentioning here that according to a now standard 

procedure detailed elsewhere 
4.7,S , these FT - spectra 

were corrected for both the amplitudes and phase- 

shifts of the V . ..N shell which we expected to be the 

dominant signal of a typical porphyrinic pattern. As 

illustrated by figures la/lb the contributions of the 

carbons of the porphyrinic ring are fairly identical, 

for both compounds, whereas a strong destructive 

interference effect is clearly detected in the case 

of [VIV(oep) WI I as a direct consequence of the 

scattering phase shift difference between S and N. 

As the geometry of the porphyrinic ring remains iden- 

tical, for both compounds a difference FT - spectrum 

gives (Fig 2) the negative contribution of the V-O 
0 

shell (RI=l.blA) together with the unknown V=S signal 

(R2.2.06+0.02$ . The latter distance is in excellent 

agreement with the V-S distance reported for another 

compound]. 
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Fig. 1 a) comparison bf the modulus of x1(R) for 

[VIV(oep) CO)] (dotted line) and [V”(sep) (s)] (full 

line) 

b) Imaginary parts hi,(R) for [VIv(oep)(0)] 

(dotted line) and [VIV(oep)(s)] (full line) 

Fig 2 Difference spectra [P(mp) (S)] - [VIV(Oep)(O~ 

(lx(R)1 dotted line ; Im i(R) full line) 

The reaction of elemental sulfur with low-valcnt 

organometallic systems led normally to chair-like metal 

pentasulfide molecules ; in contrast. reaction of the 

low-valent vanadium (II) porphyrins with excess sulfur 

led to the thiovanadyl complexes. We plan to report 

further studies on the catalyst deactivating agents 

during petroleum hydrodesulfurization ; these agents 

contain sulfur and vanadium, also, thiovanadyl petro- 

porphyrins are very interesting models for the cata- 

lyst poisons. 
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NOTES 

Miissbauer studies of solid state photolysfs of barium and stroatium tris(oxalato) 
ferrates (III) 

(Received 6 August 1981; accepted 25 September 1982) 

Abstract-Solid state photolysis of strontium and barium tris(oxalato) ferrate(III) was done under a medium 
pressure lamp and investigated with Miissbauer spectroscopy. The product [Fe”(C,O3 (HrO)‘]*- formed during 
photolysis is found to be quite stable and does not convert to ferric state on long standing in air. 

The photolysis of potassium tris(oxalato) ferrate(II1) in solid 
state and solutions’A and recently the Mossbauer study of the 
solid state photolysis of alkali tris(oxalato) ferrate(III) have been 
reported5 indicating the effect of cation on photoinduced 
decomposition.MBssbauer study of solid state photolysis of 
sodium pentacyanonitroferrate(I1) monohydrate has been done.6 
Thermal decomposition of barium and strontium tris(oxalato) 
ferrate(II1) has also been reported.’ In the present study the solid 
state photolysis of barium and strontium tris(oxalato) fer- 
ratesQI1) has been investigated with the help of Miissbauer 
spectrosopy. 

Barium and strontinum tris(oxalato) ferrates(II1) were pre- 
pared by standard method and characterised by IR, chemical 
analysis and thermal analysis techniques. 

Miissbauer spectrometer MBS-35 (ECIL, India) coupled with 
MCA-38B, constant acceleration drive was employed to record 
the spectrum. A 2.5mi 57Co(Rh) source was used. The values of 
isomer shift are reported with respect to natural iron. All the 
spectra were recorded at temp. (25 f 2’C). A sample containing 
approx. 10mg/cm2 of the natural iron was taken for each 
measurement. AU the spectra have been &ted to Lorentxian line 
shape using a programme and fitting procedures on computer 
ICL 2968, IIT Delhi. Miksbauer spectra were almost sym- 
metrical. Slight deviation may be due to powdered random sam- 
ples and due to spin lattice relaxation effect.8 For photoir- 
radiation, powdered samples spread over a glass plate were 
exposed to medium pressure 250W mercury lamp for 50, 100, 
200 and 300 hr. 

Rlk9ULTS AND DISCUSSION 

The Miissbauer spectrum of strontium tris(oxalato) ferrate(II1) 
at room temperature (25 f 2°C) exhibits a doublet having isomer 
shit 0.25 mmlsec and quadrupole splitting 0.40 mmlsec (Fig. la) 
while barium tris(oxalato) ferrate(III) gives a broad single ab- 
sorption band (Fig. 2a) indicative of spin relaxation effect.9 The 
isomer shit to barium tris(oxalato) ferrate(II1) is 0.31 mmlsec-‘. 

*Authors to whom correspondence should be addressed. 

Barium and strontium tris(oxalato) ferrate(II1) were exposed to 
radiations up to 300 hr. The Mijssbauer spectrum of the sample 
irradiated for 50 hr is shown in Fig. l(b). This shows a asym- 
metrical doublet, the tirst band is due to the overlapping of two 
bands, one due to parent complex and the other due to the new 
product formed during photolysis. The isomer shift and quadru- 
pole splitting values are 1.28 and 2.61 mm se& in case of barium 
tris(oxalato) ferrate0II) nhotolvsis while 1.18 and 2.30 mm set-’ 
in case of strontium tr&(oxalatb) ferrate(II1) photolysis. 

On irradiation for 2OOhr the Miissbauer spectrum shown in 
Fig. l(c) clearly indicates that the decomposition increases with 
the increase of the irradiation time. Mossbauer spectrum shows a 
quadrupole doublets with isomer shift and quadrupole splitting 
1.07 and 2.57 mm se& in case of barium tris(oxalato) ferrate(II1) 
and 1.26 and 2.25 mm set-’ in case of strontium ‘tris(oxalatoj 
ferrate(II1): 

On irradiation for 3OOhr Miissbauer spectrum shown in Fig. 
I(d) shows almost complete decomposition to a product having 
isomer shift and quadrupole splitting 1.28,2.20 and 2.61 mm se- 
in case of strontium tris(oxalato) ferrate(II1). The value of isomer 
shift and quadrupole splittings show that the product formed 
contains Fe(H) in high spin state. 

The value of isomer shift 1.22 mm set-’ and quadrupole split- 
ting 2.53 mm set-’ for Fe”(Cr0&(H20)r3-5 are very close to the 
products formed during’photolysis of the barium and strontium 
tris(oxalato) ferrate(III), indicating that the products are 
M[Fe”(C10,)2(H20b] (M =Ba2+, S?). The hiah value of 
quadrupole splitting in the case of barium tris(oxalato) fer- 
rate(III) irradiated for 300 hr is indicative of more distortion in 
the ‘product (II) than the product (I) formed in strontium 
tris(oxalato) ferrate(II1). Values are given in Table 1. The rate of 
decomposition (Figs. l(d)) is more in the case of strontium con- 
plex than in barium complex which may be due to the different 
nature of cation. Intermediate KJFe2”(OX),] formed during the 
photolysis of potassium tris(oxalato) ferrate(III) gets converted 
to K[Fe”‘(C,O,),(H,O),] on long standing in air:,’ While in the 
case of other alkali tris(oxalato) ferrate(II1) ferrous oxalate was 
formed which on long standing in air gets oxidised to ferric state. 
The product [Fe”(C2032(HzO),]*- formed during the photolysis 
of barium and strontium tris(oxalato) ferrate(II1) is found to be 
quite stable and does not convert to ferric state. This clearly 

Table 1. Mossbauer parameters of strontium and barium tris(oxalato) ferrates(II1) 

S.No. Name of the Isomer shift Quadrupole splitting 
complex (mm set-‘) (mm set-‘) 

I. Sr1[Fe(C204)3]212Hz0 0.25 f 0.03 0.48 * 0.03 
2. BaJFe(C20&]r10H20 0.312 0.03 
3. Product (I)t 1.28 f 0.03 2.210.03 
4. Product (II)S 1.28 + 0.03 2.612 0.03 

tProduct from Sr,[Fe(C,O,),],. 12H’O irradiated for 300 hr. 
SProduct from Ba,[Fe(C20,)Jr. 10H’O irradiated for 300 hrs. 

Tentative 
assignment 

Parent complex 
Parent complex 

[Fe”(C2032(H~O)~lZ- 
[Fe”(C~O~)~(H~O)~l*~ 
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Fig. 1. (a) Miissbauer spectrum of strontium tris(oxalato) ferrate(II1) at room temperzture (2S”C). (b) Mossbauer 
spectrum of strontium tris(oxalato) ferrate(III) irradiated for 50 hr. (c) Mijssbauer spectrum of strontium tris(oxalato) 
ferrate(II1) irradiated for 200 hr. (d) Miissbauer spectrum of strontium tris(oxalato) ferrate(II1) irradiated for 300 hr. 

indicates the influence of barium and strontium on the solid state 
photo-induced decomposition of these complexes. 

However, the solid state photoinduced decomposition may be 
complex but on the basis of the investigations of Miissbauer 
studies following mechanism have been proposed. 

[Fe(CrO,)$ * nHr0 -hr, [Fe”(C,0~)~(H~O)~12- + CrO1 

[Fe(Cs03,1’- * d-I20 t C204-~[Fen(C20,)1(H20)2)2- t C20,2- 
t 2co*. 
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On the Pauling electronegativity scales-I 

(Received 4 January 1982; accepted 3 September 1982) 

Abstract-It is shown that the Pauling electronegativity scale X is closely related to the electrostatic potential near 
the physical meaningful boundary between the core and valence regions in an atom, and is well reproduced by the 
relationship: 

where N, is the valence electron number and the factor f(n) is empirically given by 

f(n)=[l-+)“‘]; nz1, 

n being the periodic number. 

There have been many theoretical studies’-9 of the electroneg- 
ativity,” of which the recent proposal of Parr et 01.‘~’ that 
equates the electronegativity to the negative of the chemical 
potential within the context of the density functional theory of 
Hohenberg and Kahn” is of special interest. In the present 
study, it is shown from a quite different point of view with the 
above that the Pauling electronegativity scale” is closely related 
to the electrostatic potential near the core-valence boundary in 
an atom. 

It has been shown by Politzer and Parr” that the outermost 
minimum in the radial density defines a physically meaningful 
boundary between the core and valence regions of a ground state 
atom. In order to investigate in detail the electrostatic potential V 
near such a boundary, we expand that potential with a radial 
distance r from the nucleus; 

which is the approximate tiectrostatic potential produced at the 
near outermost minimum by the nucleus and the electrons N,. 
There is no doubt that this potential is a good measure of the 
electronegativity in an atom. 

We now define conveniently the electronegativity X from eqn 
(5) as 

X= ~V(r,+Ar)dr=~_~~~[l-y]dr, (6) 

and, to obtain the Pauling electronegativity scale,” we take the 
following integration range: 

A, 
m 

_Nm+l 
2N,,, (7) 

V(r,+hr)=v(r,)t(~),~Ar)+g$),_~*rY+... (1) The integration result is simply given by 

where r,,, is the radial distance at which the radial density 
function 4nr2p(r) has the outermost minimum, and the partial 
differentials with respect to r are evaluated at the position r,,,. To 
a first approximation, we may take the first and second terms 
truncated after the higher order terms, i.e. 

(Ar). 
‘In 

Here, we note the elegant relationships derived by Politzer’3”4 
who has studied the electrostatic potential-electronic density 
relationships in an atom; 

av ( ) 7 r, 

2Vh) _ 
ml 

and 

V(L)= ,I&dr’=$$ 
I 

(3) 

(4) 

where p is the electron density, e is the electronic charge, and 
N,,, is the electron number which is located beyond the radii 
distance r, from the nucleus. Introducing equations (3) and (4) 
into eqn (2), we have 

N,tl 
X= : V(r,,, tAr)dr=2 

Since r,,, and N,,, may be rep&d by the core radius r, and the 
valence electron number N,, ’ eqn (8) becomes 

N +I 
X= : V(r, t Ar) dr = +, 

which means that the Pauling electronegativity .scale” can be 
expressed with the valence electron number or the valence 
electronic charge. 

It will be simply verified that eqn (9) works completely as it is 
for atoms (Li, Be, B, C, N, 0, P) in the first period. However, for 
atoms belonging to the other periods, eqn (9) needs a slight 
modification taking into accocunt the periodicity. Such a 
modification may be accomplished by slightly varying the in- 
tegration range of eqn (7). Introducing a correction factor f(n) 
into eqn (7), 

Ar =vf(n), m 

and then integrating similarly eqn (6). we have 

X= I : V(r,,, t Ar) dr = 

= i!!k!p f(n), (11) 
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which is the desired result. Here, f(n) may be assumed empiric- 
ally as 

f(n)=[l-;(n-1)“2]; ntl (12) 

n being the periodic number. 
We can easily confirm by numerical calculations that eqn (11) 

combined with eqn (12) reproduces well the Pauling electroneg- 
ativity scales” for most atoms except for the hydrogen atom. 
The results are shown in Table 1. It may therefore be concluded 
that the electrostatic potential near the physical meaningful 
boundary between the core and valence regions in an atom is 
closely related to the Pauiing electronegativity scale.” 

It is well known that the Pauling electronegativity scales” are 
proportional to Mulliken eIectronegativities’5 which can be cal- 
culated from ionization potentials (IP) and electron affmities 
(EA) using (IP t EA)/2. It is also of interest to investigate the 
relation between the Pauling electronegativity scale” and the 
negative of the chemical potential. This will be. reported in the 
near future. 
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5.2 
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?o 1sc3 P* As 

Se Br Kr 
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1o.g @..9)~ _!!.iz! ~!!.g _11d! r;::, ,:::, &:I 
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Abstract-The zero-field MGssbauer spectra and magnetic susceptibility of a polycrystalline sample of the polymeric 
material [Fe(uridine)Cl& have been measured in the temperature range 1.7-300 K. The compound exhibits two 
magnetic transitions. The isomer shift and quadrupole splitting indicate a distorted pseudo-octahedral FeCbO* 
chromophore resulting from condensation to a network structure via cNoro and uridine @and bridging. 

The title compound was synthesized by the method of Goodgame’ 
who characterized a number of first transition series complexes 
based on the simple nucleosides, uridine (Fig. 1) and thymidine. The 
empirical formula suggests either coordinative unsaturation, e.g. 
pseudo-tetrahedral monomer or association to polymer or network 
structure via cNoro and/or nucleoside liind bridging. As part of 
our continuing program of detailed studies of the cooperative 
magnetic behavior of novel high spin ferrous systems, we now 
present some new results for [Fe(midine)Cl&. 

MAGNETIC SUSC~ILITY 

We find a maximum in xi$ vs T at 22.6K suggesting 3-D 
antiferromagnetic (AF) ordering and a sharp minimum in xl$vs Tat 
12.5 K suggesting a spin reorientation transition (probably canting 
of the AF sublattices). These are most clearly see.n in the 
corresponding minimum and maximum observed in the reciprocal 
susceptibility (Fig. 2~). The overall decrease in magnetic moment 
(5.24 pLg 298K to 1.55 p0 at 1.73 K Fig. 2b) and high critical 
temperature ( - 23 K) indicate surprisingly strong anti-ferro- 
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which is the desired result. Here, f(n) may be assumed empiric- 
ally as 

f(n)=[l-;(n-1)“2]; ntl (12) 

n being the periodic number. 
We can easily confirm by numerical calculations that eqn (11) 

combined with eqn (12) reproduces well the Pauling electroneg- 
ativity scales” for most atoms except for the hydrogen atom. 
The results are shown in Table 1. It may therefore be concluded 
that the electrostatic potential near the physical meaningful 
boundary between the core and valence regions in an atom is 
closely related to the Pauiing electronegativity scale.” 

It is well known that the Pauling electronegativity scales” are 
proportional to Mulliken eIectronegativities’5 which can be cal- 
culated from ionization potentials (IP) and electron affmities 
(EA) using (IP t EA)/2. It is also of interest to investigate the 
relation between the Pauling electronegativity scale” and the 
negative of the chemical potential. This will be. reported in the 
near future. 
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magnetic exchange interactions (0 = - 15.9 K). As we do not know 
the details of molecular geometry, we cannot comment on the exact 
nature of these interactions at present. However, the foregoing 
magnetic transitions appear to be clearly mirrored in the tem- 
perature dependence of the zero-field Miissbauer spectra. 

M&BALER SPECTRA 
Between 2.2 and 23.0 K the Miissbauer spectrum shows fully 

resolved magnetic hypetine splitting corresponding to one metal 
site and confirming cooperative 3D magnetic ordering, Fig. 3 (a-c). 
The magnetic spli&ng appears to reachsaturation value at -. 13 K, 
H. = 260 kG. Fig. 3 (d-a). Below this temoerature. what aooear to 
be’ clearly resolved’ A& = +2 transitions steadily decrease in 
intensity and vanish. See Fig. 3(h-j). The combined effect of a 
quadrupole interaction and magnetic hyperfine splitting are 
obvious in the low temperature spectra. The fact that the normally 
forbidden Am, = ?2 transitions are observed at all implies sub- 
stantial lack of axial symmetry, i.e. qf0, for the electric field 
gradient at the ferrous sites? This in turn suggests inequivalent 
metal halogen distances for the structure we have proposed in Fig. 
1. 

The isomer shift (&.,“) and quadrupole splitting in the 
paramagnetic temperature -range (T > 23.0 K) r&e 1.27 mms& 
(77 K) and 2.55 mms-’ respectively. These values are consistent 
with six-coordinate high-spin Fe*’ centers and a polymeric struc- 
ture. In particular, the relatively large positive isomer shit is 
noteworthy. We believe that this indicaies partial oxygen ligation in 
a chromophore such as FeC1402. In the absence of single crystal 

X-ray diff ractometry study, we can only speculate on the molecular 
structure of Fe(uridine)CI,. In their original spectroscopic charac- 
terization, Goodgame and Johns did not propose a specific struc- 
ture. A plausible partial structure consistent with the results of this 
work and the previous characterization, i.e. six coordination of 
iron, a liind to metal stoichiometry ratio of 1: 1 and a condensed 
structure capable of sustaining cooperative, three dimensional 
magnetic order is proposed in Fig. 1. Primary coordination of the 
uridine via the carbonyl oxygen of C-l (Fig. 1) is suggested by the 
IR studies of Goodgame.’ Further association of chlorobridged 
“chains” might then occur by coordination of the ribose sugar 
hydroxyl groups of bridging uridine ligands. To test these ideas, we 
are initiating detailed studies of other members of the M(uridine)X, 
series. 
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BROMINE NQR STUDY OF STRUCTURE AND MOLECULAR 
TORSIONAL MOTION IN N4P4Br8 AND NsP3Bra 
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Abstract-The bromine NQR spectrum of tetrameric bromocyclophosphazene, NdPdBrs, has been studied in the 
temperature range from 77 to 300 K. The negative temperature coefficients of the resonance frequencies have been 
analysed using Bayer-Kushida-Brown equations. Torsional modes in the frequency range l&15 cm-’ are shown to 
characterise the observed motional averaging and are only slightly temperature dependent. The multiplicity and 
relative intensities of resonances in the trimer, NsP3Br6, have been correlated with the known electron density 
distribution. The results for the bromo-derivatives are compared with those reported for the corresponding 
chloro-derivatives. 

The compounds under investigation belong to a family of 
inorganic ring systems called cyclophosphazenes and 
have the representative structures shown in Fig. 1. There 
have been several studies of chlorine NQR of cyclo- 
phosphazene derivatives which have demonstrated the 
potential of the quadrupole resonance technique in 
elucidating the structural features of these compounds in 
the solid state. 

The first observation of ‘Br NQR in cyclophosphazenes 
was reported by the authors’ earlier wherein we obtained 
the resonance frequencies at 77 K and at room tem- 
perature for N4P4Br8 and N3P3Br6. In the present paper, 
we discuss (i) the temperature dependence of Br NQR in 
N4P4Brs in the temperature range from 77 to 300 K and 
(ii) the correlation of electron charge density values at 
the halogen sites with the Br NQR spectrum in N3P3Brb. 

The samples were prepared by the methods described 
in the literature. A home-made (push-pull, tuned trans- 
mission-line) SRO spectrometer (140-380 MHz) was used 
to make the measurements. A Zturn sample coil 
(14 SWG/l cm dia.) was found adequate. A liquid 
nitrogen cryostat facilitated low-temperature studies 
and the sample temperature was measured with a cop- 
per-constantan thermocouple to an accuracy of 20.5 K. 

2. RESULTS AND DISCUSSION 

2.1 Temperature dependence of Br NQR in N94Brs 
The spectrum consists of two equally intense signals in 

the range 195-200MHz and two more in the range 235 
245 MHz. The two pairs belong to the two isotopes of 
Bromine, the high frequency pair belonging to Br in 
view of its larger quadrupole moment. The presence of 
two, equally intense signals in this compound is con- 
sistent with the presence of two inequivalent but equally 
populated Br sites in the crystal unit cell.’ The 79Br 
signals have been studied as a function of temperature in 
the range 77-298 K. The frequencies decrease with in- 
crease in temperature and are plotted in Fig. 2. A small 
discontinuity in the slope, (dv/dT), of the curves was 
noted at - 230 K for both the signals. No discontinuity in 
the frequency has been observed. This observation might 
represent a small structural transition of the II order 
type. 

*Author to whom correspondence should be addressed. 

It is well known that the temperature dependence of 
the nuclear quadrupole interaction in molecular solids is 
mainly due to the averaging of the electric field gradient 
(EFG) by the molecular librational (torsional) modes. 
Bayer’s equation3 for the temperature dependence of 
NQR frequency as modified by Tatsuzaki et al.“ is given 
below: 

Here, v. is the NQR frequency for the stationary mole- 
cule, ji is the frequency (cm-‘) of the ith torsional mode, 
Ai is the corresponding moment of inertia, ai is the angle 
between the axis of the ith torsional mode and the 

J\/ 
/PI N2 s 

/’ ‘\ 
Br ‘Er 

(a) 

(b) 
Fig. I. Representative structure of (a) N4P4Brs and (b) NsPsBre. 

427 



428 K. R. SRIDHARAN and J. RAMAKRISHNA 

Fig. 
Temperature [‘K] 

2(a). Temperature dependence of 79Br NQR frequency of 
Line I in N4P4Brs. 

23e8 

Temperature ["Kl 

Fig. 2(b). Temperature dependence of 79Br NQR frequency of 
Lme II in N4PdBrs. 

principal z axis of the EFG tensor, and T is the absolute 
temperature. 

The molecule is non-planar. The three axes that are 
indicated in Fig. l(a) could be considered as the principal 
axes of the moment of inertia tensor. A three-mode 
analysis would be ideal but the numerical solution 
becomes complicated; a two-mode analysis has therefore 
been carried out. The axes 1 and 2 have been considered 
in view of the correspondingly larger values of the 
weighting factor, (sin* cui)/Ai. The P-Br bond direction 

has been considered as the principal z-axis of the EFG at 
the corresponding bromine. 

The torsional frequencies, f, and fz, have been evalu- 
ated using a procedure similar to the one used by Vijaya 
and Ramakrishna.’ The frequencies are found to fall in 
the very low range of RI-15cm-’ and exhibit a rather 
small temperature dependence (Table 1). 

The temperature coefficients of NQR frequencies in 
the bromo-compounds are smaller than those observed in 
chloro-cyclophosphazene derivatives6 In this context, 
the close Br . . . Br intermolecular contacts of less than 
the sum of van der Waals’ radii, and P-Br . . . Br linear 
arrays observed in the unit cell packing, are relevant. 
This closer packing implies smaller thermal amplitudes 
and would explain the smaller temperature coefficient of 
the Br NQR frequency. 

Regarding the temperature dependence of torsional 
frequencies (due to volume expansion), Brown’s linear 
equation 

fi = fi”Cl - gio 

is used.7 Brown expressed the average temperature 
coefficient (g) in terms of the first and second derivatives 
of vQ vs t. In order to evaluate these derivatives and to 
compare different descriptions of the functional depen- 
dence of vQ vs T, the following equations were con- 
sidered for least-squares fitting: 

(i) vQ = A’ t B’( T - T,,) t C’( T - To)* Brown’s 
“parabolic” 
equation 

(ii) vQ=AtBTtCTZtDT3tET4 
a fourth-order 

polynomial 

(iii) vQ = a t bT t c/T Kushida’s high 
temperature 
expression. 

(8) 

The parabolic and fourth-order equations are found to 
provide equally good fits to the experimental curves as 
shown by the mean square deviations given in Table 2. 
The high temperature expression of Kushida provides a 
poor fit. Since the quadritic equation can be obtained 
from Kushida’s equation* by assuming a linear tem- 
perature dependence of the torsional frequencies, our 
results show that the volume expansion effects are not 

Table 1. Torsional frequencies about the axes 1 and 
2 in N4P4Brs calculated from data of Line It 

Temperature 
(K) 

71 
109.5 
128 
158 
199.5 
205.5 

Torsional frequency (cm-‘) 

fl fz 

13 13 
12 13 
12 12 
I1 12 
11 I1 
11 11 

Wimilar values have been obtained from data of 
Line II. 



Table 2. Least-squares fit parameters and (g) from 
the data for Line I in NdPdBrst 

Equation8 Parameters 

Qh-order polynomial 
Z) 

242.580 
0.0008 

250 K 

(“p) 
5874$ 

KBB-Brown 0.0005 
250 K 
A 4633t 

HTE A l63178$ 

tsimilar results have been obtained from data for 
Line II. 

SNote that the linewidths are themselves high, 
- 35 KHz. 

D4th-order polynomial: 

vo = At BT t CT’DT’ t ET4 

KBB Brown equation: 

Table 3. Assignment of *‘Br NQR in NxPjBr,, 

Electron Population NQR Observed 
in Unit frequency relative 

Site 
density 
e.A- cell (MHz) intensity 

Br(3) 28.71 8 202.415 2 
Br(2) 29.91 4 201.319 1 
Br(4) 32.57 8 -198.2 1 
Br(1) 32.71 4 - 198 2 

The observation of four signals in the “Br (as well as 
“Br) spectrum is consistent with the number of in- 
equivalent Br sites. Secondly, the result that the signals 
are not all of the same intensity is understandable since 
the site populations are different. However, as all the 
P-Br bond lengths are identical within experimental 
error,14 no site assignment of frequencies is possible on 
the basis of bond lengths. 

vo=A’tB’(T-T”)tC’(T-T#; T”=l80K 
We have tried to make an assignment of NQR 

frequencies based on site electron density maxima 

HTE (Kushida’s): available from the crystal structure (Fc differential syn- 
thesis) analysis of Giglio and Puliti.” It is known that in 

~~=atbTtc/T; v,,=vQ(T=OK)MHz; molecular solids the NQR frequency is directly related to 

(g) in units of K-‘; 
the electron distribution in the vicinity of the quadru- 

A = mean square deviation in (KH#. 
polar nucleus.” From simple quantum mechanical treat- 
ments of halogen bonding and NQR frequencies, it is 
known that the electric field gradient (i.e. NQR 
frequency) is decided by the p-electron density. Fur- 

negligible, similar to our observations in other cycio- thermore, we ascribe the differences in the electron 
phosphazenes.’ density at the four inequivalent Br sites to differing u 

These results for N4P4BrS can be compared with the 
35C1 NQR results for N4P,Cls “.“, The spectrum of the 

bond populations of the various halogens, since the bond 
lengths point to negligible r character of P-X bonds in 

bromo-compound is similar to that of the K-form of 
N4P4Cl,. Secondly, X-ray investigations’ of N4P4Br8 at 

cyclophosphazenes. As it is known that the lower the u 
bond population the higher is the NQR frequency,15 we 

120°C reveal that there is no phase transition to any other arrive at an assignment of the spectrum as detailed in 
structure, unlike the chloro-derivative which undergoes a Table 3. 
metastable-to-stable phase transition at 63°C”. Thirdly, 
we observe a divergence of the two 79Br frequencies as 

The observation of a well-separated pair of signals of 
intensity ratio 2:l (as v decreases) is in very good 

temperature is lowered to 77 K unlike the behaviour of agreement with the expected result. The observation of a 
the isostructural K-form of N4P4Cls. This shows that the close-lying doublet at the lower frequency of 198 MHz is 
two Br sites are distinct even in the stationary molecule in conformity with the nearly equal and relatively higher 
(in the absence of thermal motions). electron densities of Br(4) and Br(1). However, in- 

dividual site assignment of this doublet cannot be reli- 
2.2 Frequency assignment in N3P,Br6 ably made since the two electron densities differ by an 

Br NQR signals in N3P3Br6 could be observed only at amount much less than the standard deviation error 
77 K using phase sensitive detection. Corresponding to 
the “Br isotope there are two signals, at 201.319MHz 

(a&,) = 0.40 e A-3) quated in the X-ray work. 

and 202.415 MHz, with relative intensities 1:2 (respec- Acknowledgements-We thank Prof. S. S. Krishnamurthy and 
tively) and two more signals near 198MHz. The Dr. M. N. Sudheendra Rao for providing the samples used in 
frequencies of the latter two signals could not be fixed these investigations. One of us (K.R.S.) wishes to thank the 

more accurately because of overlapping sets of side- CSIR, New Delhi for financial support in the form of a research 

bands of the SRO but are within 200 KHz of each other fellowship. 
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REACTIONS OF NICKEL IONS WITH NITROSO-NAPHTHOLS-IV 
FORMATION KINETICS OF NICKEL 

(1-NITROSO-2-NAPHTHOLd-SULPHONATE) 

S. A. BAJUE, T. P. DASGUPTA AND G. C. LALOR* 

Department of Chemistry, University of the West Indies, Kingston 7, Jamacia 

(Received 8 June 1981; accepted 22 February 1982) 

Ah&act-The formation kinetics of Ni(l-nitroso-2-naphthoM-sulphonate) are reported in the temperature range 
2&3o”C at an ionic strength of 0.1 M. Both the acidic @IL-) and basic (L*-) forms of the l&and react with nickel ions, 
the latter at a much higher rate. The rate constants are similar in magnitude to those observed with I-nitroso-2-naphthol- 
3, ddisulphonate and variation of rate constant with respect to temperature is reproduced by the equation 

&b = 4.01 x 10t3(1 mol+’ see-‘) exp( - 129001RT). 

Ortho-nitroso-naphthols are powerful complexing The @and was prepared by nitrosation of sodium 2-naphthold- 
agents.’ The parent compound I-nitroso-2-naphthol and sulphonate at 0°C. The yellow sodium salt which formed was 
two sulphonated derivatives are well known2 for their recrystallized several times from water and airdried. Solutions 

chelating properties. of nickel(B) nitrate were prepared and analysed as described 
previously.’ Ionic strengths were maintained constant by use of 

H 

l-nitroso-2-naphthol 

H 

-03s 
l-nitroso-2-naphthol-6- 

sulphonate 

These ligands react with Ni(I1) ions in aqueous solu- 
tion at rates which are convenient for stopped-flow 
spectrophotometry. In previous studie? it was found 
that the dissociation rates of certain nickel nitroso-naph- 
thol complexes depend on the relative positions of the 
-NO and -OH groups and on the number and position of 
sulphonate group substituents. Also the formation rate of 
nickel (I-nitroso-2-naphthol-3,6disulphonate), (NiNRS), 
shows an unusual pH dependence in that the rate, in- 
stead of approaching a limiting value at low pH 
decreases as the pH is decreased.” In the dissociation of 
this complex there is also an expected and not fully 
explained lack of dependence of the rate constant on 
ionic strength. In order to gain further information about 
these reactions we studied the formation rate of Ni(l- 
nitroso-2-naphthoM-sulphonate), (NiL), over the tem- 
perature range 20-30” over a range of acidities and at 
ionic strength 0.1 hf. 

Reagents 
EXPERIMENTAL 

Freshly prepared glassdistilled water was used throughout. 

NO 
OH m -03s \ / so3 

l-nitroso-2-naphthol-3,6- 
disulphonate 

lithium nitrate and 2,6lutidine/nitric acid mixtures were used for 
pH control. 

Kinetics 
Kinetic measurements were carried out as described pre- 

viously.’ After each run the pH of the reaction mixture was 
measured on an Orion 801A ion analyser fitted with a com- 
bination glass electrode. Temperature control was better than 
f 0.2”. 

RESULTS ANDDISCUSSION 

The mechanism of the reaction can be written as 

Ni2’ t HL- $ NiL t H’ (1) 

Ni2’ t L’- z$ NiL (2) 

where HL- and L2- represent the acidic and basic forms 
of the ligand respectively. The rate equation for the 
formation of NiL is then 

1 d[NiLl= &&[L] 

[Ni2+1 dt (3) 

*Author to whom correspondence should be addressed. 
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= /c,[HL-] t &JL2-] (3) 
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LT is the total concentration of ligand and /rb and k, are 
the formation rate constants for the reactions of L2- and 
HL- respectively. Equation (4) is equivalent to 

&(1+&j)= ku+k& 

where k’ and K are the pseudo- first order rate constant 
and the dissociation constant respectively of the ligand. 
Hydrogen ion activities rather than concentration are 
used since K is a “mixed” constant. 

The measured pK values at 0.1 M ionic strength are: 
IS”C, 6.79; 25”C, 7.06. These values were used to obtain 
values of K at 20 and 30” to match two of the tem- 
peratures used in the kinetics work by use of eqn (6): 

(10594) 
K= 1.494x 10-“exp (RT) . 

The values of K which were used are shown in Table 1. 
Table 2 contains the kinetic data for the formation reac- 
tion at three temperatures. 

The data in Table 2 were fitted by the linear least 
squares method to eqn (5) using the respective pKa 
values in Table 1. The results are shown in eqns (7)-(9): 

At 20°C; kob,(l t K/{H+}) =2.97(1.8)x 10’ __ 
+ 9.95(0.18) x 10’ +I (7) 

Table 1. pK, values of I-nitroso-Z-naphthol-6~sulphonate at 
various temperatures, I = 0.10 M 

Temp. ‘C PK pK (kinetics) 

20 6.93 7.0 

25 7.06 7.16 

30 7.19 7.43 

Table 2. Kinetics of formation of Ni(l-nitroso-2-naphthol-6-sulphonate) as a function of pH. Ionic strength = 0.10 M. 
[Ni”] = 5 x 10m2M 

4.98 2.42 105 0.011 0.49 

5.61 5.17 24.5 0.048 1.08 

6.34 9.66 4.57 0.258 2.43 

6.71 19.4 1.95 0.605 6.23 

6.86 23.0 1.38 0.855 a.53 

6.95 27.6 1.12 1:05 11.3 

6.97 26.5 1.07 1.10 11.1 

7.12 30.9 0.759 1.55 15.8 

7.19 32.5 0.646 1.83 18.4 

5.51 11.8 30.9 0.028 2.43 

5.92 14.7 12.0 0.073 3.15 

6.33 18.6 4.68 0.186 4.41 

6.68 29.0 2.09 0.417 a.22 

6.83 35.6 1.48 0.589 11.3 

6.85 35.4 1.41 0.618 11.5 

6.91 38.1 1.23 0.708 13.0 

7.04 42.9 0.912 0.955 16.8 

6.22 27.9 6.02 0.108 6.18 

6.58 36.9 2.63 0.246 9.20 

6.83 42.9 1.48 0.438 12.3 

6.96 50.2 1.10 0.589 16.0 

7.04 53.0 0.912 0.710 18.1 

7.12 56.0 0.759 0.854 20.8 

7.20 58.8 0.631 1.03 23.8 

7.26 67.8 o.550 1.18 29.5 

* 
The K values at different temperatures are calculated 

from the experimental pK values given in Table 1. 
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Table 3. Formatation rate constant (kh) for Ni and NiNRS 

NiLca) NiNRS-(b) 

Tenp/'C kb/104 M-l 8-l k#04 Ml1 8-l 

15 1.17 

20 0.99 1.54 

25 1.57 1.96 

30 2.06 

(a) I, 0.10 M (b) I. 0.50 M (Ref.3) 

At 20°C; /c&l t K/{H+}) = 1.84(0.12)x lo3 

+1.57(0.023)x 10” (;+) . (8) 
I-1 

At 30°C; k&l t K/{H+}) = 3.70(0.62)x lo3 

+2.06(0.08)x lo4 & . (9) 
( I 

The terms in brackets are standard deviations. 
Because k, 4 kr, the intercepts cannot be regarded as 

accurate. The values are of the right order of magnitude 
however, since a combination of, for example, the value 
of k, at 25” with the dissociation rate of 2240 1 m-’ set-’ 
obtained at the same ionic strength and temperature“ 
gives an equilibrium constant for reaction (1) of 0.78 is 
reasonable agreement6 with the measured value of 0.32. 

The best fit to eqn (5) was also obtained by varying K 
to produce a minimum sum of squares of the deviations 
between kobs and kcalc. This yielded the value of pK 
shown in the final column of Table 1 and provides some 
additional justification for the mechanism accepted. 

The slopes of the least squares lines give reasonably 
accurate values at kb. These values, which are sum- 
marized in Table 3, give, when fitted to an Arrhenius 
type equation, the following temperature variation: 

kb = 4.01 x 1013exp - (12,9OO/RT) (10) 

Also shown in Table 3 are some formation rate constants 
for NiNRS and these are seen to be similar to those for 
NIL, although the conditions of measurement were 
somewhat different. The 3-sulphonate substituent there- 
fore has no marked effect on the formation rates in the 
pH range available for experimental study. The kb values 
reported here are also of the same order of magnitude 
observed for a variety of ligands, both monodentate and 
bidentate.’ 

The features indicate that the ring closure is not rate 
determining and that the removal of water from the 
coordinaton sphere of Ni(H20)62’ is the controlling 
process. 

Acknowledgement-We thank the referee for pointing out some 
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Abstract-In this paper we report the synthesis of some new 0x0 and sulphido bridged tungsten(V) complexes with 
N-ethylanilindithiocarbamate and N,N-methylcyclohexyldithiocarbamate as ligands. These complexes have been 
characterised by analytical, magnetochemical and spectral methods. The results permit us to assign the formulae: 
W*Oj(LL)d, WzOd(LL)z, W2O&(LLk and W203S(LL)z. The low magnetic moments observed in these complexes, 
are due either to an interaction through the bridging atoms or to a direct spin-spin interaction. IR and 
electronic absorption spectra of these complexes are sensitive to substitution of sulphur atoms into the bridge 
system. The systematic changes upon bridge modification are useful in characterizing the compounds and in 
clarifying assignments of W-O and W-S bridge stretching frequencies. The results are discussed on the basis of 
structural information available for tungsten complexes. 

In recent years, considerable interest has grown in sul- 
phur-containing compounds of molybdenum with respect 
to the biochemical implications of their redox 
behaviour.’ Synthesis and structure of mononuclear and 
binuclear molybdenum complexes were previously 
reported.2A 

Tungsten often presents very close properties to 
molybdenum, but such binuclear compounds are not so 
numerous in tungsten chemistry. 

The object of the present study, has been to obtain 
binuclear complexes of tungsten(V) with N-ethyl-anilin- 
dithiocarbamate and NJ-methylcyclohexyl-dithio- 
carbamate as ligands 

In this paper, we describe the isolation and charac- 
terization of four different dimeric complexes of tung- 
sten(V). 

(a) Tungsten(V) oxo-complexes with a monoxo 
bridge-Wz03(LL).,. 

(b) Tungsten(V) oxo-complexes with a dioxo bridge- 
W*O*(LL)*. 

(c) Tungsten(V) oxo-complexes with a disulphido 
bridge-Wz02S2(LL)2. 

(d) Tungsten(V) oxo-complexes with oxo-sulphido 
bridge-W,O$(LL),. 

We have proved too that the 4 kinds of binuclear 
tungsten(V) complexes that have been obtained here, 
have the same structure and characteristics as the 
dimeric complexes of molybdenum(V) obtained by us, 
showing that tungsten and molybdenum present a very 
similar behaviour. 

EXPERIMENTAL 
(a) Materials 

Na2W04.2H20 was Merck commercial product used as supplied. 
Sodium N-ethvlanilindithiocarbamate and sodium N,N-methyl- 
cyclohexyldithl’ocarbamate, were prepared by the reaction of 
sodium hydroxide with carbon disulphide and N-ethylaniline in 
water or N.N-methylcyclohexylamine in alcohol respectively, and 
were recrystallized irom alcohol. The solvents used to prepare the 
complexes were Carlo Erba or Merck; the solutions for absorption 
spectra were prepared with dimethylsulphoxide (DMSO) and 
CH2CI? spectral grade Merck-Uvasol. 

*Author to whom correspondence should be addressed. 

(b) Analytical procedures 
Elemental analyses were performed by “Instituto de Quimica 

Orgitnica” C.S.I.C., Madrid, Spain. Tungsten was determined by 
atomic absorption spectrophotometry, with a Perkin-Elmer model 
430 atomic absorption spectrophotometer after the complex had 
been decomposed by heating with concentrated sodium hydroxide. 

Analytical data are given in Table 1. 

(c) Methods 
Magnetic susceptibility was determined by the Gouy method at 

room temnerature in a Mettler H-51 A.R. balance and a type C 
Newport electromagnet. Molar susceptibilities given are co&ted 
for the diamagnetism of the constituent atoms. 

The magnetic moments were calculated according to the formula 
k = 2.84(xb. T)“.5 B.M., where xh is the corrected molar suscep- 
tibility.’ 

Table 2 shows the results obtained. 
The IR spectra have been registered on a Perkin-Elmer record- 

ing spectrophotometer model 283. The samples were run as KBr 
pellets. Important IR absorption peaks for the complexes prepared 
in this study are listed in Table 3. 

The visible-near UV spectra of the compounds, were measured 
in the range 20&9OOnm on a Perkin-Elmer recording spec- 
trophotometer model 554, over dissolutions of the complexes in 
DMSO and CHXh. We have registered the same peaks for both 
solvents, however we give in Table 4 the results obtained in DMSO 
as solvent, because all the complexes have a limited solubility in 
CHXIz. 

(d) Preparation of the complexes 
All the compounds prepared in this study were susceptible to air 

oxidation, therefore all manipulations and reactions were carried 
out in a nitrogen atmosphere dry box or on a vacuum line. 

W203(S2CNCsH&. Na2W0.+.2H20 (1.65 g) was dissolved in 
water (30cm’) and it was treated with concentrated sodium 
hydroxide to avoid the polymerization. This solution was added to a 
solution of sodium N-ethylanilindithiocarbamate (2.35 g) in water 
(35 cm’) with vigorous stirring. The resulting yellow solution, was 
added to a solution (freshly prepared) of sodium dithionite (0.5 g) in 
water (20cm’). Lastly, drop by drop, glacial acetic acid was added 
till reaching pH = 5. There was an immediate dark-violet pre- 
cipitate. The suspension was set aside for I hr and then filtered in 
uacuo. The residue was washed with a boiling water-ethanol 
mixture (50%) and dried over P20,. Yield: 52%. _ 

W20&CNC&I& A solution of Na2W04.2H20 (3.3Og) in 
water (40 cm3) was treated with concentrated sodium hydroxide. 
The resulting solution was added to a solution of sodium N- 
ethylanilindithiocarbamate (2.35 g) in water (35 cm’). A solution of 
sodium dithionite (1.0 g) in water (20 cm3) was prepared and this 
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Table 2. Magnetic properties of tungsten(V) oxo-complexes 

x (106cys) XM(106CYS) x"V106cys)* u(B.M.) 

-0.149166 -179 2R3 0.58 

-0.249144 -291 255 0.55 

-0.224514 -185 52 0.25 

-0.336634 -272 0.09 

-0.296729 -254 0.06 

-0.355952 -299 

-0.290476 -244 

7 

3 

0.1 

3 

1 

0.01 

0.06 

-0.349514 -288 0.03 

Temperature = 294'K 

l The corrected xi values of these dimers have been divided by two to give the 

XE; value/mole W. 

solution was added to the previous one, and the resulting solution 
takes a brown color. Dilute hydrochloric acid was added dropwise 
until precipitation of the complex was complete. The precipitate 
was filtered by suction and the violet residue was washed with hot 
water and absolute ethanol, and dried in uacuo over PzO5. Yield: 
70%. 

WzO&&CNCsH& 3.30 g of NazW042HzO was dissolved in 
water (40 cm’) and to this was added 10 ml of concentrated sodium 
hydroxide. The resulting solution, was treated with sodium N- 
ethylanilindithiocarbamate (2.35 g) in water (35 cm3). Hydrogen 
sulphide was passed through the resulting solution with simul- 
taneous cooling in freezing mixture for 30min. The solution 
gradually takes a brown color. Drop by drop, glacial acetic acid was 
added till reaching pH = 6, and a brown solid precipitates. The 
suspension was heated, cooled and filtered. The brown residue was 
washed with hot water and dried in uacuo over PzO5. Yield: 75%. 

WzO$(S2CNCsH& A solution of NazW04.2Hz0 (3.30 g) in 2M 
sodium hydroxide (40 cm’), was treated with dilute hydrochloric 
acid till reaching pH = 6. Hydrogen sulphide was bubbled slowly 
through the resulting solution for 1 hr. The solution gradually takes 
a reddish brown color, and it was added to a solution of sodium 
N-ethylanilindithiocarbamate (2.35 g) in water (35 cm’). Lastly, 
glacial acetic acid was added dropwise until the precipitation of the 
complex was complete. The precipitate was filtered in uacuo and 
the brown residue was washed with hot water and dried over P,Or. 
Yield: 72%. 

_ _ 

A similar preparation was carried out for the complexes with 
N,N-methylcyclohexylditbiocarbamate as ligand. 

IZESUITS AND DISCUSSION 

Preparation of complexes 
The analytical data shown in Table 1 and the spec- 

troscopic data to be presented later, are consistent with 
the formation of four series of p-0x0, di-p-oxo, p-oxo- 

CL-sulphido and di-Cc.-sulphido tungsten(V) complexes. 
The preparative procedures described in the Experimen- 
tal Section are simple. 

If we start from Na2W04.2Hz0 solution and make it 
react with a solution of the ligand in water, and reduce 
W(VI) to W(V) with sodium dithionite, such reactions 
precipitate complexes of dimeric structure in an acid 
medium. 

If we effect the precipitation at pH = 5, with acetic 
acid, the complexes obtained present a monoxo bridge, 
the thoichiometry is 2: 1 and the tungsten is six-coor- 
dinated. The formula which most closely fits the analyses 
is W203(LL)+ We suggest that the structure for these 
complexes should be as follows: 

However, if we precipitate the complexes at pH = 2, 
the stoichiometry of the compounds is 1: 1, the tungsten 
is five-coordinated and these complexes present a dioxo 
bridge. The formula which we assign to these complexes 
is W,OJLL), and we suggest that the compounds 

/\ /\ 

R R’ R R’ 
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Table 4. Electronic absorption spectra of tungsten(V) oxo-complexes 

A (nm) : (kk) E (M 
-lcm-l) Transition 

W203 (S2CNC7H14) 4 

N204 (S2CNC8Hlo)2 

1v204 qx7Hlr)* 

712 (sh) 14.0 10 2B2+2E(I) 
598 (sh) 16.8 21 2B2+2B3 
470 21.3 183 Charge-transfer 
425 23.5 6497 Charge-transfer 
347 28.8 8042 Intraligand 
296 (sh) 33.8 16760 Intraligand 
264 37.9 21924 Intraligand 

715 (sh) 13.9 12 2B2+2E(I) 
582 (sh) 17.2 22 2B2+2B1 
470 21.3 197 Charge-transfer 
410 24.4 6320 Charge-transfer 
339 29.5 8121 Intraligand 
298 (sh) 33.6 16421 Intraligand 
266 37.6 20020 Intraligand 

637 (sh) 15.7 
553 (sh) 18.1 
470 21.3 
425 23.5 
348 28.7 
300 (shl 33.3 
267 37.5 

:: 
260 

6574 
8996 
16807 
22349 

2B2+2E(I) 
2B2+2B1 
Charge-transfer 
Charge-transfer 
Intraligand 
Intraligand 
Intraligand 

628 (sh) 15.9 18 
560 (sh) 17.9 45 
482 20.7 296 
421 23.8 7644 
340 29.4 9916 
295 (sh) 33.9 18437 
265 37.7 24041 

Charge-transfer 
Charge-transfer 
Intraligand 
Intraligand 
Intraligand 

647 (sh) 15.5 
566 (sh) 17.7 
475 21.1 
452 (sh) 22.1 
421 23.8 
345 29.0 
301 (sh) 33.2 
268 37.3 

19 

4512" 
4584 
8126 

11121 
17650 
23174 

*Bz+*E(I) 
'B2+'B1 
Charge-transfer 
Charge-transfer 
Charge-transfer 
Intraligand 
Intralioand 
Intraligand 

655 (sh) 15.3 
561 (sh) 17.8 
476 21.0 
449 (sh) 22.3 
419 23.9 
343 29.2 
298 (sh) 33.6 
264 37.9 

24 

562: 
5067 

10724 
12961 
19418 
25976 

'B2+'E(I) 
'Bz+*BI 
Charge-transfer 
Charge-transfer 
Charge-transfer 
Intraligand 
Intraligand 
Intraligand 

650 (sh) 15.4 17 *B2+'EU) 
563 (ah) 17.8 39 'B~+*BI 
470 21.3 370 Charge-transfer 
440 (sh) 22.7 4313 Charge-transfer 
420 23.8 7182 Charge-transfer 
342 29.2 10213 Intralioand 
295 (sh) 33.9 16342 Intraligand 
263 38.0 22640 Intraligand 

650 (sh) 15.4 20 
584 (sh) 17.1 48 
465 21.5 465 
438 (sh) 22.8 4812 
425 23.5 9243 
342 29.2 11418 
297 (sh) 33.7 18137 
270 37.0 24128 

Ch&ge&ansfer 
Charge-transfer 
Charqe-transfer 
Intraligand 
Intraligand 
Intraligand 

present the following structure: dinated. The union between two atoms of tungsten is 
made by means of a disulphido bridge. The formula 

R, /s,!,o\!/s\ /d 
which we assign to these complexes is W,0zSz(LL)2, and 
the structure should be as follows: 

RV’ N-C\s/W\o/W\s/C-N\R 

The complexes obtained when bubbling HS upon the R\ 

solution of Na2W04.2H20 and the ligand in water, 
present a stoichiometry 1: 1, the tungsten being S-coor- R” 
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The complexes synthesized when bubbling H,S into 
Na2W04.2H20 in dilute hydrochloric acid, followed by 
addition of the ligand, present a oxo-sulphido bridge, the 
stoichiometry is 1: 1 and the tungsten is 5-coordinated. 
The formula which most closely fits the analyses is 
W203S(LL)2 and we suggest that the structure for these 
complexes should be as follows: 

Magnetic properties 
The low values of magnetic susceptibilities and mag- 

netic moments, suggest the presence of dimeric species 
for these complexes. 

The complexes of formula W203(LL)4 gave values for 
the magnetic moments of 0.58 B.M. and 0.55 B.M. (see 
Table 2) respectively for the complexes with monoxo 
bridge and N-ethylanilindithiocarbamate and N,N- 
methylcyclohexyldithiocarbamate as ligands. These low 
magnetic moments then arise by interaction through the 
oxide bridge. Similar behaviour occurred in molyb- 
denum(V) oxo-complexes with a monoxo bridge.Z-4 

The magnetic moments found for the complexes of 
formulas WZO~(LL)~, W,O#Q(LL)~ and W203S(LL)z, 
which present a dimeric structure with dioxo bridge, 
disulphido bridge and oxo-sulphido bridge respectively, 
0.25 B.M.-0.01 B.M. (see Table 2), are lower than the 
magnetic moments of the dimeric complexes with a 
monoxo bridge. This is due to the possible formation of a 
direct metal-metal bond, which is more favorable to the 
dioxo, disulphido and oxo-sulphido bridge than to the 
monoxo bridge, due to the shorter bond length between 
the tungsten atoms, as it has been proved for molyb- 
denum(V) oxo-complexes6 

IR spectra 
The IR spectra of the four different kinds of com- 

plexes studied, exhibit a very strong band in the range 
940-952 cm-‘, which we attribute to the vibration of the 
symmetric stretching mode of the terminal W=O bond. 
The antisymmetric stretching mode has not been detec- 
ted. However, the appearance of the symmetric stretch- 
ing mode, is sufficient to designate, in the dimeric com- 
plexes, a cis disposition of the two terminal W=0.6 

Although the terminal oxygen-metal bonds are very 
sensitive to the variations produced in the metal donor 
atom, as it is habitual in all oxocation complexes of 
metal-ox0 group, we have not observed any particular 
change for the frequency of the W=O terminal bonds. 
The IR spectra of the complexes with monoxo bridge, 
dioxo bridge and oxo-sulphido bridge, exhibit two bands 
between 815 and 440cm-‘, which we attribute to the 
vibration of the antisymmetric and symmetric stretching 
mode, respectively, of the W-O bridge bond. 

Upon comparing the IR spectra of the complexes with 
monoxo bridge and the IR spectra of the complexes with 
dioxo bridge, one observes no differences for the vibra- 
tion frequency of the antisymmetric stretching mode in 
contrast to what was claimed by other workers,’ who 
tried to solve the problem of differentiating the monoxo 
and dioxo bridge by means of the IR spectra. 

The IR spectra of the complexes with disulphido and 
oxo-sulphido bridge, show two bands over 470 and 
365 cm-‘, which we attribute to the vibration of the 

antisymmetric and symmetric stretching mode, respec- 
tively, of the W-S bridge bond. 

If we compare the IR spectra of tungsten(V) dithio- 
carbamates complexes with the IR spectra of sodium 
dithiocarbamates, we observe that tungsten(V) com- 
plexes exhibit in the IR spectra the band of the stretching 
mode of the C-N bond displaced to higher frequencies 
than sodium dithiocarbamates. The IR spectra of tung- 
sten(V) complexes exhibit this band in the range 1527- 
1512 cm-’ (see Table 3), while the IR spectra of sodium 
N-ethylanilindithiocarbamate and sodium N,N-methyl- 
cyclohexyldithiocarbamate exhibit this band at 1460 and 
1445 cm-’ respectively. This difference may be attributed 
to a substantial contribution of resonance form: 

R\ /s- 

R’/ N+=C\S- 
(A) 

Fig. I. Resonance form A. 

in tungsten(V) dithiocarbamates complexes, while in 
sodium dithiocarbamates, the following resonance forms 
take place:’ 

R, R 
N-C 

NS - As- 
‘/ 

R 
\s_ - 

R 
,;N-C 

\S 

\ R\ 2,- 
- ‘/ 

N-C’:- 

R 
\s’_. 

(B) 

Fig. 2. Resonance forms B. 

Consequently, the frequencies of the stretching mode 
of the C-S bond must be lower in tungsten(V) dithiocar- 
bamates complexes than in sodium salts, because the 
C-S bond is not so strong in tungsten(V) complexes due 
to the stronger C-N bond. The IR spectra of tungsten(V) 
dithiocarbamates complexes exhibit the band of the C-S 
stretching mode in the range 1137-l 119 cm-’ while in the 
IR spectra of sodium N-ethylanilindithiocarbamate and 
sodium N,N-methylcyclohexyldithiocarbamate, this 
band appears at 1145 and 1170 cm-‘, respectively. 

The IR spectra of all dithiocarbamate complexes show 
also other absorptions, over 335-345 cm-‘, attributed to 
tungsten-sulphur frequencies. The results of the present 
work are in good agreement with the assignments repor- 
ted by Nieuwpoort and Steggerda’ for eight-coordinated 
l,l-dithio ligand complexes of W(IV). 

Electronic spectra 
The electronic spectra of the dimeric complexes with 

monoxo bridge and formula W20,(LL), exhibit two 
bands in the 715-590nm region, which we attribute to 
d-d transitions ‘B’+ 2E(I) and ‘Bz+ *B, respectively, 
according to the Balhausen-Gray scheme” for an octa- 
hedral structure. These complexes exhibit two other 
bands in the 470-420nm region which we assign to a 
charge-transfer of the ligand-to-metal. 

In the electronic spectra of the dimeric complexes with 
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dioxo bridge, oxo-sulphido bridge and disulphido bridge, 
we cannot observe appreciable differences between 
them, and that is why we propose the same structure for 
all these complexes. These complexes exhibit two bands 
over 640 and 560 nm that we attribute to 2B2+2E(I) and 
‘B+ ‘B, ~ansitions, respectively, for a possible square- 
pyramidal structure.” 

In the visible region, we can detect two other bands 
over 470-420nm, which we attribute to charge-transfer 
transitions. 

The dimeric complexes with disulphido and oxo-sul- 
phido bridges, present another transition over 4% 
440 nm which we assign to a charge-~ansfer as we have 
observed in similar complexes of moly~enum(V).‘2,‘3 

On comparing the visible spectra of the dimeric com- 
plexes with monoxo-, dioxo, disulphido and oxo-sulphido 
bridges, one observes that the change produced in the 
d-d transitions on varying the coordination and passing 
from an octahedral structure for the six-coordinated 
complexes with monoxo bridge, to a square pyr~idal 
structure for the complexes with koordination and 
dioxo, disuiphido and oxo-sulphido bridges. 

The electronic spectra of tungsten(V) dithiocarbamate 
complexes, prepared in this study, show, in the 
ultraviolet region, three bands over 340, 300 and 260 nm. 
The electronic spectra of the sodium di~ioc~bamates 

exhibit also three bands at the same wavelength. The 
differences are not significant. We attribute these bands 
to intraligand transitions. The first to a n + T* transition, 
the second to a P -P # transition and the last to a n --f u* 
transition. 
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MULTINUCLEAR MAGNETIC RESONANCE AND 
RELATED STUDIES ON SOME ORGANOTIN(IV) 

COMPLEXES OF DITHIOCARBAZATES 
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(Received 11 May 1982) 

Ah&act-Synthesis, characterization and geometrical features of pentacoordinated dibutyltin(IV) dithiocarbazate 
complexes of the type n-Bu#n L {(where L = dianion of S-methyl-B-N (2-hydroxy-phenyl) methylene and methyl 
dithiocarbazate} are described. These are obtained as viscous oils from the reactions of a-Bu2SnO with equimolar 
proportions of the ligands in benzene. On the basis of UV, IR, NMR (‘H, “C, ’ t9Sn) spectra along with the mass 
spectral fragmentation pattern a trigonal bipyramidal geometry is proposed. The N atom probably occupies the 
axial site, while the remaining two donor atoms 0 and S and the dibutyl groups rest in an equatorial plane. These 
complexes are active against P.388 Lymphocyte leukaemia system. 

The number and diversity of S N chelating agents used to 
prepare new coordination and organometallic compounds 
has increased rapidly during the past few years. The 
pronounced biological activity’.’ of the metal complexes 
of ligands derived from dithiocarbazic acids has created 
considerable interest in their coordination chemistry. 
Complexes of dithiocarbazates with many different 
transition metal ion? have been studied extensively 
over the last years and only limited information on the 
bonding and structural features is available for the 
tin(W) complexes.’ Our continuing interest in chelated 
tin(W) derivatives6 has led us to describe the synthetic and 
stereochemical features of some dibutyltin(IV) dithiocar- 
bazate complexes. 

EXPERIMENTAL 

Materials and methods. Chemicals and solvents used were 
dried and purified by standard methods, and moisture was 
excluded from the glass anoaratus using CaCI, drying tubes. The 
ligands were prepared by-the literature-method.’ The complexes 
were prepared, purified and analyzed by methods similar to those 
reported in our earlier publications.’ 

Spectral tieasuremenfs. The electronic spectra were recorded 
in methanol on a Pye-Unicam-SP-8-100 spectrophtometer. In- 
frared spectra were obtained on a Perkin-Elmer 577 grating 
spectrophotometer an Nujol mulls or in benzene solution. ‘H 
NMR spectra were recorded on a Perkin-Elmer RB-12 spec- 
trometer in CDC13 using TMS as an internal standard at 90 MHz. 
“C NMR spectra were recorded on Bruker HFX-90 spec- 
trometer in CHCI, using TMS as internal standard at 25.15 MHz. 
Counline constants were obtained from between 1008 and 12OMt 
p&s aid the assignments are based on off-resonance decoup- 
hng and satellite peaks. “‘%n NMR spectra were recorded on a 
Bruker HFX-90 soectrometer in CHCI, using TMT as external 
standard at 22.7 MHz. Mass spectra -were-recorded on VG 
Micromass- F spectrometer at 70 eV with ionization cham- 
ber at 220°C and calibrated using perfluorokerosene. 

RESULTS ANDDISCUSSION 
The reactions of dibutyl tin oxide with the ligands 

proceed smoothly with the elimination of water, which 

*Author to whom correspondence should be addressed. 
tPresent address: School of Molecular Sciences, University of 

Sussex, Brighton BNI !3QJ, England. 

was removed azeotropically with benzene: 

Bu,SnO + H2L + Bu,SnL t H,O. (1) 

The derivatives so isolated are highly viscous oils, 
miscible with most organic solvents and hydrolyzable in 
nature. 

In the electronic spectra of the ligands? a band at cc. 
216 nm is observed which may be assigned to ‘B band of 
the phenyl ring. This shifts to higher wave length on 
complexation and is observed at cu. 222 nm in the com- 
plexes. Also the ligand chromophore >C=N, which ab- 
sorbs at cu. 290 nm, shifts to a higher wavelength and is 
observed at cu. 298 nm in the complexes. Three sharp 
bands are observed in the region, 250-270 nm and assigned 
as change transfer bands, suggesting the formation of 
u-bondsY and (p + d) bonds”’ between p-orbitals of 0 and 
S and vacant Sd orbitals of tin. 

The IR spectra of the ligands” show a broad and 
strong band in the region, 3300-2850 cm-’ attributable to 
v(OH) and v(NH) modes and no band is observed at co. 
257Ocm-‘, showing the absence of v(SH). However, it 
does appear in the solution spectra with the disap- 
pearance of v(NH) and v(C=S) bands. This suggests the 
existence of a tautomeric equilibrium’* between the two 
forms of ligand as shown below: 

OH 

2 
F=N-NH-C 

R 
\ 

SCH, 

tthionr) 

a OH 

s 0 /SH 
C=N-N=C 

k ‘SCH, 

In the IR spectra of the complexes, all vOH or vSH 
bands are absent, showing the bonding of oxygen and 

443 
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sulphur to the metal by the loss of thiolic and phenolic 
protons of the ligands. A band of medium intensity at cu. 
1585 cm-’ in the complexes may be assigned to v(C=N) 
vibration, and which originally appears in the ligand at 
ca. 1605 cm-’ in both the solution and solid states. The 
shift of this band to the lower energy indicates the coor- 
dination of the azomethine nitrogen to the tin aton? 
Two bands at cu. 600 and 510 cm-’ are also obser- 
ved and which may be assigned to (Sri-C) asymmetric 
and symmetric modes respectively and thus indicating the 
presence of a bent C-Sri--- moiety.14 

Besides this, several new bands observed at cu. 565, 
425 and 325 cm-’ in the complexes may be assigned to 
v(Sn-0), v(Sn-0) and v(Sn-S), respectively and thus 
lending support to the proposed coordination in the 
complexes. 

In the ‘H NMR spectra, a broad signal at 8 7.15 ppm is 
observed in all the complexes owing to the phenyl pro- 
tons of the salicylaldehyde and o-hydroxyacetophenone 
residues. A further sharp signal is observed at 82.50 ppm 
attributable to the -CH3 protons of dithiocarbazate 
moiety, In the complexes, the disappearance of the sig- 
nals at ca. 811.20, 4.35 and 10.05 ppm assigned to OH, 
SH and NH protons, respectively, in the spectra of the 
ligands clearly indicates their deprotonation. Signals at 
S8.7ppm in complex (I) and 82.8 ppm in complex (II) 
occur owing to the -CH and -CH, protons, respectively. 
These are shifted downfield as compared to their posi- 
tions in the ligands owing to the coordination of C=N 
group with the metal atom. The complexes show ad- 
ditional signals at S 0.7-1.8 ppm owing to the protons of 
butyl group. 

The mass spectral fragmentation scheme of the com- 
pound Bu2Sn[OC6H,.C(CH,): N.N.CS(SCH,)] is shown 
in Fig. 1. The molecular ion peak due to ‘19Sn isotope is 
observed at m/e 471. The peaks at m t 1 and m - 1 have 
also been observed due to the presence of “*Sn and 
‘*‘Sn isotopes. The fragmentation starts with the simple 
cleavage of Sn-Bu bond eliminating Bu of 57 a.m.u. 
leading to the formation of a three coordinate Sn frag- 
ment ion15. The base peak is observed at m/e 352. 
However, the Sn-S bond is more readily cleaved than the 
Sn-0 bond. Some low abundance ions containing Sn-S 
at m/e 151 are also obtained by the processes not involv- 
ing cleavage of bonds16. The last step in the frag- 
mentation is the removal of HCN molecule, which is 
characteristic of the Schiff base complexes.” 

“C NMR data have been recorded for both the ligands 

_ 
y m/e 91 !? m/e 118 f m/e 237 

Fig. 1. Mass spectrum of C1sH2&NZOSn. 

Bu 

Bu 

Fig. 2. Structure of organotin complex. 

and the complexes. The shifts in carbons attached to 0, 
S and N indicate the involvement of 0, S and N atoms in 
coordination. The a(C) shifts and ‘J(‘19Sn-‘3C) values of 
555 and 561 Hz indicates the five coordination around the 
tin atom in these complexes. Domazetis et ~1.” have 
reported a value of 56OHz for Bu,Sn complexes of 
thioamino acids and which are further supported by 
Mitchell ef (11.‘~ 

These complexes give sharp signals at S-130.4 and 
- 156.7 ppm in ‘19Sn NMR spectra and which strongly 
support the five coordination around tin in a trigonal 

Table 1. Analysis and physical characteristics of complex 

Compound state Yield Color Mol. wt. Analysis g --- 

% 
Found 
(Calcd.) 

Sn 5 c H 
Found Found Found Found 
(Calc .) (Cslc .) (CdlC .) (Calc .) 

(C4H9)2Sn(C9HgN2S20) Oily 95 Green 441.00 25.85 12.92 42.05 6.23 
liquid 456.98 26.03 14.00 44.54 5.68 

(C4H9)2Sn(C10H1$12S20) Oily 92 Yellow 453.00 24.92 12.23 43.92 5.13 
liquid brown 470.98 25.26 13.58 45.86 5.94 



Multinuclear magnetic resonance 

Table 2. ‘H and ‘19Sn NMR data (8 ppm) of ligands and complexes 
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Ligands and complexes -OH -C6H4* -C-R -NT?! n-C H "'Sn 
R= -H 

-CH3 49 

= -CH3 

OH.C6H4.CH:N.NH.C:S.S.CH3 11.20 7.20 a.52 9.95 2.45 - 

(C4H9)2Sn(0.C6H4.CH:N.N:C.S:SCH3) - 7.11 8.70 - 2.50 0.70-l .a2 -130.4 

0H.C6H4.C(CH3):N.NH.C:S.SCH3 12.52 7.10 2.55 10.05 2.48 - 

(C4H9),Sn(0.C6H4.C(CH3):N.N:C.S.SCH3) - 7.16 2.82 - 2.57 0.62-1.80 -156.7 

l = Centre of multiplet. 

Table 3. ‘%Z NMR data of ligands and their organotin complex 
I_--- 

Structure Chemical shift in km 
1 2 3 4 5 6 7 a 9 

z 
3 

4 158.67 12G.36 133.53 121.09 123.45 117.92 146.6:: 13a.6L 18.~4 

- ---~~_- 
'J (l19S"- 13C) = 561 Hz structure 1: 6 - _a Y . s 

2J (119Sn- 13C) = 32 Hz Structure 2: 26.3 27.5 26.5 13.5 

3J (l19Sn - 13C) = 89 Hz 

bipyramidal geometry. Vahtes20 for similar five-coor- 
dinated Bu,Sn(IV) complexes have been reported in the 
range of S - 128 to - 165 ppm. 

On the basis of the foregoing spectral evidences, tlte 
following geometry (Fig. 2) may be assigned to these 
complexes: 

Acknowledgements-We are thankful to Prof. T. N. Mitchell (W. 
Germany) for kindly recording the ‘C and “9Sa NMR spectra. 
Thanks are also due Dr. S. Dua-Bhabha Atomic 
Centre, Bombay recording the spectra. One us (A.S.) 

thanks the New Delhi the award a Senior 
Fellowship. 

REFERENCES 

‘S. Kiischner, Y. K. Wei, D. Francis and J. G. Bergman, 1. 
Med Chem. 1966,9,369. 

2S. E. Livingstone and M. Das, kit. J. Cancer 1978,37,466. 
‘M. Das and S. E. Livingstone, Inorg. Chim. Acta 1976,19,5. 
‘M. A Ali, S. E. Livingstone and D. J. Philips, Inotg. Chim. 
Acta 1971,5, 119. 

‘A. Saxena, J. K. Koacher and J. P. Tandon, 1x0~ Nucl Chem. 
L.&t. 1981,17,229. 

6A. Saxena, J. P. Tandon, K. C. Molloy and J. J. Zuckerman, 
Inooo. Chim. Acta 1982.63.71. 

‘M. A. Ah, S. E. Livin&ne~and D. J. Philips, Inorg. Chim. 
Acta 1973.7. 179. 

*S. A. Pardiej, S. &pinathan and C. Gopinathan, Ind. L Chem., 
Sect. A, 1980,19,130. 

9M. A. Ali and S. E. Livingstone, Coonl. Chum. Reo. 1974, 13, 
101. 

“A Saxena. J. K. Koacher and I. P. Tandon, J Jnorg Nucl. 
CiienL 1981,43,3091. 

“M. A. Ali and R. Bose, 1. Inorg. Nucl Chem. 1977,39,265. 
‘*M. A. Ali, S. E. Livingstone and D. J. Philips, Inorg Chim. 

Acta, 1972,6, 11. 



446 A. SAXENA and J. P. TANDGN 

“R. H. Helm, G. V. Everett, Jr. and A. Chakravorty, Prog. Znorg. “J. M. Femandezg, E. Cortes and J. G. Larra, I. Znorg. Nucl. 
Chem. 1966,7, 161. Chim. 1975,37, 1385. 

14W D Honnick and J. J. Zuckerman, J. Organomef. Chem. 1979, 
178, i33. 

‘sG Domazetis, R. J. Magee and B. D. James, Z. Organomet. 
hem. 1978,148,339. 

“J. K. Terlouw, W. Heerma, P. C. M. Frintrop, G. Dijkstra and ‘9. N. Mitchell, 1. Orgenomer. C/tern. 1974,71,39. 
H. A. Meinema, J. Organomer. Chem. 1974,64,205. *‘A G. Davies, P. G. Harrison, J. D. Kennedy, R. I. Puddephatt, 

16D B Chambers and F. Glocking, Znorg. Chimica, Ado. 1970,4, 
150.. 

T: N. Mitchell and W. McFarlane, /. Chem. Sot. C, 1136 (1%9). 



Polyhedron Vol. 2. No. 6, pp. 447453, 1983 
Printed in Great Brilain. 

@277-5367/83/06044747$03.~/0 
Pergamon Press Ltd. 

CONDENSATION OF p,S-TRIKETONE DERIVED FROM 
DEHYDROACETIC ACID WITH ALIPHATIC AMINES AND 

COPPER(H) COMPLEXES OF THE SCHIFF BASES 

V.DREVENKAR,A. Dmhw andz.b'~F&N~C* 
Department of Chemistry, Faculty of Science, University of Zagreb, Strossmayerov trg 14, YU-41008 Zagreb, 

Yugoslavia 

and 

J. SEIBL 
Department of Organic Chemistry, Swiss Federal Institute of Technology, Zurich, Switzerland 

(Received 1 June 1982; accepted I9 September 1982) 

Abstract-The condensation of ethyl-2-hydroxy-4oxo4(~hydroxy-6-methyl-2-pyrone-3-yl~2-butenoate with pri- 
mary aliphatic monoamines occurs at Chydroxy group of the pyrone ring according to ‘H NMR and mass 
spectrometric data. The ketamine tautomeric form of the prepared Schiff bases is predominantly present in 
chloroform solutions. Isolated crude copper(H) complexes of the condensation products are shown to be 
mononuclear with the I : 2 metal to ligand ratio. 

Several possibilities of applying ethyl - 2 - hydroxy - 4 - 
0x0 - 4 - (4 - hydroxy - 6 - methyl - 2 - pyrone - 3 - yl) - 2 
- butenoate as an analytical reagent have been reported 
previously. ‘-i Chelate complexes with numerous cations 
are formed owing to the predominantly present bisenolic 
form of this f3,S-tricarbonyl compound.4 Generally, the 
Schiff bases prepared by condensation of f%hydroxy-, 
/3-di- and p-tri-ketones with mono- or diamines act as 
potentially di-, tri- or polydentate ligands, so that the 
preparation plays a distinctive role in the specific design 
of new complexing agents.’ Considering such an ap- 
proach for the oddly substituted tricarbonyl system of 
the reagent we performed the condensation with primary 
aliphatic monoamines and studied the structural charac- 
teristics as well as the complexation behaviour of the 
obtained Schiff bases using copper(H) complexes as a 
model system. 

Apparatus 
EXPERIMENTAL 

The UV/VIS spectrophotometer Varian Techtron Series 635D 
was used throughout the experiments. The IR spectra were taken 
in KBr pellets with a Perkin-Elmer model 257 or 167 Grating 
spectrophotometer. The ‘H-NMR spectra were recorded on a 
Varian A-60 or EM-390 9OMHz spectrometer in CD& with 
TMS as internal standard. The mass spectra were taken on a 
Varian MAT CH7 or a CEC 21-IIOC instrument. 

Marerials 
Dehydroacetic acid, purum 98%, cyclohexylamine p.a. and 

n-hexylamine, puriss. were purchased from FLUKA AG (Buchs, 
Switzerland) while dimethyloxalate, purum, was obtained from 
the same firm as a gift gratefully appreciated by the authors. 

2,2 - Dimethylthio - 1 - amino - ethane was prepared following 
the procedure described previously.6 

All other chemicals and solvents were p.a. products of Kemika 
(Zagreb, Yugoslavia). 

Procedures 
Preparation of dehydroacetic acid derfuatiues. Ethyl - 2 - 

hydroxy - 4 - 0x0 - 4 - (4 - hydroxy - 6 - methyl - 2 - pyrone - 3 - 
yl) - 2 - butenoate (I) was prepared elsewhere by condensation of 

*Author to whom correspondence should be addressed. 

3-acetyl-4-hydroxy-6methyl-2-pyrone (dehydroacetic acid) with 
diethyloxalate in the presence of sodium ethoxide as catalyst. 
The raw product kindly donated by the authors’ was purified by 
recrystallisation from ethanol, dried at room temperature and 
checked by IR, ‘H NMR and mass spectra.4 

Methyl - 2 - hydroxy - 4 - 0x0 - 4 - (4 - hydroxy - 6 - methyl - 2 
- pyrone - 3 - yl) - 2 - butenoate (II) was obtained by the 
following procedure. 

A suspension of 6.72g (0.04mole) of dehydroacetic acid in 
I5 cm’ of tetrahydrofuran followed bj a solution of 4.72g 
(0.04 mole) of dimethyl oxalate in 20 cm of tetrahydrofuran was 
slowly added from the separatory funnel to sodium methoxide 
prepared from 2g of metallic sodium and 3.2cm’ of absolute 
methanol in 25 cm’ of tetrahydrofuran. 

The mixture was stirred over a period of 24 hr. The pre- 
cipitated sodium salt was sucked off, dried in the air and then 
dissolved in deionized water. The water solution, mixed on a 
magnetic stirrer, was acidified by addition of Amberlite IR-120 
ion exchanger until a yellow precipitate appeared. The solution 
was filtered and methyl - 2 - hydroxy - 4 - 0x0 - 4 - (4 - hydroxy - 
6 - methyl - 2 - pyrone - 3 - yl) - 2 - butenoate was separated from 
ion exchanger beads by dissolution in hot ethanol. 

For purification the crude product was recrystallized from 
ethanol. 

Compound II, CiiHi”07. yellow powder, m.p. 137-139°C. 
Found (Calc.): C 51.93 (51.98): H 4.54 (3.97)%. IR-spectrum, 
icm-’ rel. intensity: 3440 b, 3140 w, 2960 w, 1740 vs; 1710 s, 
1650 s, 1625 s. 1615 s. I585 s. I550 sh. 1540 s. 1455 m. 1430 m. 
1250 s, 1230 s, II20 ~,‘I000 m: ‘H NMR spectrum, 8 ppm (multi: 
plicity, comprised H): 2.30 (singl. 3H), 3.90 (singl. 3H), 5.90 
(singl. lH), 7.75 (singl. IH), 13.00 (broad, lH), 15.23 (singl. IH). 
Mass spectrum, m/e (rel. intensity, %): 254 (9). 239 (4) 212 (IS), 
197 (6), I95 (39). I66 (5), 153 (IOO), 126 (4) Ill (11). 85 (23) 69 
(38), 43 (50). 

Preparation of Schiff bases. An equimolar quantity of the 
aliphatic amine was added to a solution of compound I 
(0.006mole) in abs. ethanol (5Ocm’). refluxed on a water-bath 
during 3 hr whereby the reaction course was pursued by thin- 
layer chromatography using chloroform/ether (1: 1) as mobile 
phase. 

The solvent was evaporated to 25 cm’, the precipitate formed 
by cooling down the solution was separated and recrystallized 
from ethanol. The following condensations were performed: 
compound I with n-hexylamine afforded a yellow woollen pre- 
cipitate (HI) (Rj 0.55, yield 44%) and with cyclohexylamine 
yellow crystals IV (RI 0.53. yield 30%); according to thin-layer 
chromatograms (CHCI3 as mobile phase) two products were 
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Table I. Characteristic IR absorption bands in 1800-1500 cm-’ region 

Compound 
Assignment 

yC=O Lactone 
two bands yC=O Ester YC,=C, yC:C Chelate yC,=C, Reference 

-i; cm -1 

Dehydroacetic 1730 ; 1715 1640 1610 1550 6 
acid 

Ethyl 
diacetoacetate 1710 1560 9 

Compound I 1740 1710 1655 1615; 1585 1550 sh;1525 4 

Compound II 1740 1710 1650 1620; 1565 1540 

Table 2. ‘H NMR spectroscopic data 

Compound 
Pyrone ASS+llt n 

-CH2CH3 C-6-CH3 -COCH3 -COOCH3 -COOCFi2-CH3 PyroneC-5 H &elate-CH- 0 0 Reference 

chemical shift 6 ppn 
Multiolicitv (included H) 

Dehydrmcetic 
acid 2.25 

s(x) 

Ethyl 1.57 
diacetoacetate t(3H) 

Compound I 1.39 2.35 
t(3H) st3H) 

Compound II 2.30 
6Cl.H) 

2.63 
s(3H) 

2.63 4.57 
s(6H) q (2H) 

4.38 
q (2H) 

3.65 
s(3H) 

5.93 16.6 8 
s(lH) s(l.H) 

18.55 9 
SUH) 

5.99 
SUHH) 

5.90 
s(lHl 

7.62 13.06i15.22 1, 
sU-0 bUH);s(lH) 

7.62 13.00;15.20 
s(lH) b(ll4);sU.H) 

Table 3. ‘H NMR spectroscopic evidence for ketaminoform of compounds III, IV, V and VI 

N-a&y1 
substituent 

UXlnpound) 

Chemical shift, 6 ppn WJ_tiplicity of si.gnal;Irrluded H) 
Coupling constants J, Hz 

Amino won N-inethylene (methyne) ptona 

n-Hexyl 
WI) 

10.73 &oad) 3.34 
(app. quartet ; 2H 
triplet split to doublets) 

JCH2-CH2N JCH2NH 6Hz 

Cyclohexyl 10.5 (doublet) 3.52 (bread IH) Jcml 6Hz 
(IW 

2,2-Dimethylthioethyl 
W) 

9.97 3.52-3.84 
(rmltiplet 2 10 lines ; l.H)* 

n-Hexyl 
WI) 

10.2 (triplet) 3.32 
(app. quartet ; 2H J 

triplet split to doublets) 
CH2-CH2N JCH2NH 6Hz 

* Ob.kusly mt AB2 (8 lines) but AB2X spin system imanpletely resolved. 

bounded enolic proton are reduced by 0.25, 0.20 and 
2.82 ppm, respectively. The unambiguous evidence for 
the ketamine tautomeric form resulted from the presence 
of a bonded amino-proton signal (S = 13.78 ppm) and 
from the observed coupling with alkyl substituents13 as 
well as from the correlation of the associated coupling 
constant (J = 5.00 Hz) with that for the N-methyl group 
in N-methylacetamide.‘4 

Analogously the predominant presence of the 

ketamine form can be deduced for the Schiff bases of 
triketones I and II (Table 3). As far as the central 
carbonyl group as condensation site is concerned the 
changes of spectroscopic data accompanying the con- 
version of triketones I and II are not in conformity with 
those occurring along with the condensation of dehy- 
droacetic acid. Thus apart from incomplete splitting of 
the lower band (overlapping with ester carbonyl) there is 
no remarkable change in lactone carbonyl band position 
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and the wavenumber of vc + vibrations is increased 
by not more than 10-15 cm-! Moreover, the increase of 
C-5 proton chemical shift amounts to 0.592 A8 2 
0.50 ppm, an increment suiting better the replacement of 
substituent in greater proximity. 

Additions evidence excluding as the condensation site 
not only the central carbonyl but also the one next to the 
ester group has been derived from the mass spectros- 
copic fragmentation scheme. The base peak m/e 153 
corresponding to 3-carbonyl-4-hydroxy-6-methyl-a- 
pyrone cation characteristic of’ the mass spectra of 
triketones I and II is reduced to a much smatler share in 
the case of Schiff bases and appears as attendant of the 
more pronounced m/e 152 fragment. This fact eliminates 
the condensation with amines at the ester terminus of the 
triketo system because in such a case the fragment m/e 
153 should be abound and m/e 152 ion absent. The series 
of fragments m/e 194, 152 and 84 might come from the 
fragmen~tion of molecular ions if condensation at either 

C-3 carbonyl or C-4 hydroxyl group on a-pyrone nucleus 
is proposed (Scheme I). However, fragment m/e 168 in 
the mass spectrum of compound JII can be explained 
anly by fragmentation of the species that arises from 
condensation at hydroxyl group on n-pyrone ring. The 
more so as the measured mass 168.13% is cogent with 
elemental formula C,,H,,ON. Ethoxy rearrangement as 
inother explanation for the origin of ion m/e 168 
:Scheme II) has been eliminated by synthesizing the 
nethyl ester (II) and its Schiff base (VI). The presence of 
m/e 168 in the mass spectrum of compound VI is a 
definite proof that condensation occurs at a-pyrone 
hydroxyl group. Co~esponde~t fragment m/e 166 is 
present in the mass spectrum of condensation product IV 
[Scheme III). 

Fragments with unbroken (unimpaired) pyrone ring 
still bearing a carbonyl group and an N-alkyl substituent 
sre also recorded as ions m/e 236 for compounds III and 
VI and m/e 234 for compound IV. More aboundant ions 

R : -CH2CH3 COMPOUND I 

Ethyl 2-~~47uo-4-(4-~~6-mct~l-2-~-3-y~~-2-buteno8te 

R:- CH3 COMPOUND II 

COMPOUND iii R :-CH2CH3 R’:-(CW2)5 CH3 

COMPOUND IV R: -CH2 CH3 RI:-CH(CH2)5 

COMPOUND V R:-CH2CH3 R”:-CHpCH(SCH3)2 

Ethyl 2-hyd~4-am-4- [4-(2’,2*-bimaethyltti~ethyl,amim-6~thyl-2-~~3-y~ 1 - 
-2-t~temate 

COMPOUND VI R: -CH3 R’:-fCH2)5CH3 

Methyl 2-hydmty-4-osw-4-(4-hexyldmiw6-methyl-2-p~3-yl)-2-tut~te 

Scheme 1. 



Condensation of /3,&triketone 451 

m/e.168 / 

‘10 “lSNo 
Scheme II. 

/ 
R’ 

HN 

/WI5 CH3 

COMPOUND III 

I COMPOUND VI 
mje 236 

COMPOUND IV mje 234 

Scheme III. 

3 

m/e 168 

m/e 166 

m/e 238 and m/e 237 in the mass spectrum of Schii base 
VI corresponding to m/e 252 and m/e 251 of SchitI base 
III very probably have origin in the N-alkyl residue 
cleavage from molecular ion. 

Apart from the different ester groups, Schiff bases III 
and VI have the same structures affording a series of 
fragments exactly alike, with m/e values less than 200. 

In the case of compound V primary fragmentation is 
predetermined by the -CH(SCH& group mass 107), 
leading at first to fragments m/e 280 (M’- 107) and m/e 
107 (M’ - 280). From here the origin of the base peak 
m/e 138 can very well be documented by metastable ion 

--1.x? 

m* 68.0. The transition 280 - 138 can be interpreted 
m* 

as the cleavage of the whole ketoester residue accom- 
panied by H-rearrangement to the pyrone ring sub- 
stituted with N-methylene but not hydroxyl group. 

The ligand-to-metal ratios of the species present in 
ethanolic solutions pursued by UV/VIS spectropho- 
tometric measurements and continuous variation method 
with Schiff bases III, IV and V used as ligands did not 
afford regularly shaped curves thus indicating the simul- 
taneous presence of more than one species. 

Crude copper(H) complexes however, isolated from 

Table 4. Characteristic absorption bands in 1500-1600 cm-’ region of IR spectra recorded for mononuclear copper 
complexes and associated ligands 

Compound $ cm -1 Reference 

Z-Acetoacetyl phenol 1560 17 

(2-Acetoacetylphenol)2Cu 1560 1570 1515 17 

Compound 1 1565 8 1525 "8 I) 

(Compound I)2Cu 1560 sh 1550"s 1510 "S 4 

Compound 111 1595 m 1530 "6 

(Compound III)2Cu 1600 "s 1530 sh 1500 ""S 

Compound IV 1600 m 1530 "S 

(Compound IV)2Cu 1595 8 1525 sh 1500 ""S 

Compound V 1590 s 1520 s 

(Compound V)2Cu 1565 "S 1535 sh 1505 ""S 
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I I I 
600 400 200 

WAVENUMBER (cm-‘) 

Fig. 1. Lower frequency region 600-2OOcm-’ of IR spectra of crystalline species in KBr pellets recorded on a 
Perkin-Elmer Model 58OB spectrometer: (A) compound III (curve a) and corresponding Cu(II) complex (curve b); 
(B) compound IV (curve c) and corresponding Cu(II) complex (curve d); (C) compound V (curve e) and 

corresponding Cu(I1) complex (curve f). 

the ethanolic medium at room temperature and at 40°C The distinction of the pointed out bands from ester and 
steadily have given identical elemental analyses and IR a-pyrone vcXo or vcXc bands of the latter moiety is not 
spectra. possible in the IR spectra of copper complexes with Schiff 

Mononuclear complexes of compounds III, IV and V bases III, IV and V. 
isolated from ethanolic solutions in crude form are con- 
formable to the 2: 1 ligand-to-metal ratio as confirmed by 

More convincing is the comparison with copper com- 

the presence in field desorption mass spectra of ions m/e 
plexes of triketones (Scheme IV) justified by the follow- 

763, m/e 759 and m/e 835, respectively. The coordination 
ing facts. Copper is coordinated to oxygen in synthesized 

site of copper in complexes with acyclic Schiff bases 
acyclic Schiff bases and to nitrogen and oxygen only if 

derived from triketones has been characterized by the 
the acyclic complexes are obtained by hydrolysis of the 

presence or absence of definite absorption bands.“‘” 
initially cyclic ligands.” Electronic spectra of prepared 
complexes in chloroform solution show low intensity 
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attempts to prepare crystalline forms appropriate for 
X-ray analysis have been unsuccessful so far. 

Acknowledgement-The authors wish to express their thanks to 
Professor H. J. Veith, Institut fiir Organische Chemie, Tech- 
nische Hochschule, Darmstadt, Ge~any, for taking the field 
desorption mass spectra. 
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Ahsbmet-The pyrolysis products of bi-, tri- and poly-cyclic methylsiloxane oligomers were studkd using gas 
chromatography; it was concluded that reverst%k eliiation and addition of dimetbylsiknone groups led to the 
observed product distribution. Polycyclic siloxane oliiomers were pyrolysed together with cyclic dimethylsiloxanes 
in order to investigate the addition reactions. The splitting of the polycycks into bicycles containing only two 
branching points was observed as a consequence of dimethylsiloxane addition above 500°C. 

Thermal decomposition of branched-chain methylsiloxane 
polymers results in a series of cyclic, bicyclic and poly- 
cyclic volatile products. For the better understanding of 
the processes taking place in polysiloxanes at high tem- 
perature we have studied the thermal decomposition of 
bicyclic and polycyclic methylsiloxane oliiomers. In our 
previous work’ a series of compounds with ‘two cyclo- 
siloxane units separated by a dimethylsiloxane chain were 
pyrolysed. The following general mechanism of eliiina- 
tion and addition of a dimethylsilanone intermediate was 
proposed to explain the distribution of the pyrolysis 
products: 

T,D,z=T,D.-, t x[D] (n = 6,7,. . .x = 1,2,. . . ) (1) 

where T = CH3SiOl., (methylsilsesquioxy group) and D = 
(CH&SiO (dimethylsiloxy group). Similar reactions were 
described by other authors dealing with the pyrolysis of 
cyclosiloxane oligomers,2*3 such as: 

D,G= D,-1 t [D] = (n = 4,5). (2) 

In the present work we have extended the investigations to 
fused-ring bicyclic derivatives and to tricyclosiloxanes 
and polycyclosiloxanes as well. 

RIISULTS ANU DISCUSSION 
Decomposition products of bicyclic siloxanes 

According to the thermal decomposition mechanism of 
the cyclosiloxane units separated by a dimethylsiloxane 
chain (reaction l), a series of new bicycles is formed 
under pyrolysis. At higher degradation conversions the 
cyclosiloxanes and fused-ring bicyclosiloxanes of lower 
molecular mass predominate in the pyrolysates. We 
observed’ that the relative amounts of the cumuh&d 
bicyclic products are roughly the same when pyrolysing 
any kind of dimethylsiloxane chain linked cyclosiloxanes 
at a given temperature. 

*Author to whom correspondence should be addressed. 

If the pyrolysis is carried out in the inert gas stream of 
a pyrolyser coupled to gas chromatograph, a low con- 
version of decomposition is observed only, because the 
largest portion of the investigated sample has evaporated 
from the heated boat prior to decomposition. Neverthe- 
less, we can elucidate the primary decomposition 
products: they are T2D3 and T2D4 of structure (III) and (V), 
respectively, shown in Fig. 1. Both compounds contain 
cycles of four siloxane members only. Pie 1 illustrates all 
the reactions of elimination and addition of [D] dimethyl- 
&none intermediate leading from the primary products(m 
frame) to the quasi-equilibrium of product distribution 
found in the pyrolysates. 

In the scheme of Fii. 1, the contribution of T2D2 
molecule is assumed, although it could not be identified 
directly due its instability. If the pyrolysis is carried out 
on line with a gas chromatograph, a product appears with 
the retention expected for T2D2. 

Thermal decomposition of fused-ring bicycles 
The mechanism given in Fig. 1 is confirmed by pyro- 

lysing the fused-ring bicyclosiloxanes of structure (III) 
and (V). The distribution of fused-ring bicyclic products 
is given in Table 1. The first and second columns refer to 
pyrolystates of compounds with two cyclosiloxane units 
separated by a dimethylsiloxane chain. The product dis- 

&P 
ii ,, W”) 

‘, 

Pig. 1. Scheme of fD] elimination and addition reactions under 
pyrolysis of cunmhtted bicyclosiloxanes (starting compounds are 

in frame). 
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tribution of TzD, (structure V) is similar to these, although 
the amount of the pyrolysed compound remained yet 
higher than the other products after 10 min. pyrolysis at 
560°C. Pyrolysing T,D, (structure III) together with D6 
cyclosiloxane, the decay of the pyrolysed bicyclic com- 
pound takes place faster, the distribution of the resulting 
fused-ring bicycles becomes similar to the above (see 
Table 1). 

Thermal decomposiGon of rricyclic methylsiloxanes 
The molecule of the methylsiloxane oligomers con- 

taining four branching points (T groups), which form 
three separated cycles, splits into two bicyclic parts 
under pyrolysis above 500°C. Further decomposition fol- 
lows according to the reactions of the bicyclosiloxanes. 
Thus the product distribution of T& [lJ-bis(hep- 
tamethylcyclotetrasiloxy) hexamethylcyclotetrasiloxane: 

D/D\ /D\ /D\ 
\ D /T-T\ /T-T\ /D D D 1 

and T~14(1,5-bis[(heptamethylcyclotetrasiloxy) hex- 
amethyltrisiloxy] hexamethylcyclotetrasiloxane: 

D’D\T-D,-T’D\T_D,_T’D\D 
\D/ \D/ \D/ > 

is similar to that of T2DJ(heptamethylcyclotetrasiloxy) 
heptamethylcyclotetrasiloxane] and T2D9 [ l,S-bis(hep- 

T’ T’ 
(Ix) 

Fig. 2. Scheme of [D] elimination and addition reactions under 
pyrolysis of T,D, (structure X, in frame). 

In consequence of [D] addition, the fused-ring tricyclo- 
siloxane molecules may reach a size that is able to split 
into two stable bicyclosiloxanes, as follows: 

TdD, t y[D] = TZD, + TZD. 
(3) 

(x=2,3 ,...; y=4,5 ,...; z=3,4 ,...; u=3,4 ,... ;). 

This reaction proved to be reversible; some tricyclo- 
siloxanes appear in the pyrolysates of TzD3 and of T,D4 
although they are minor products. 

If the pyrolysis of T4D3 is carried out in the presence 
of Da, the possibility for [D] addition-consequently for 
reaction (3)-increases. That is why the amount of tri- 
cyclosiloxane pyrolysis products decreases considerably 
and the distribution of the fused-ring bicyclosiloxanes 
produced becomes similar to that of T2D4, demonstrated 
in Fig. 3 (see also Table 1). 

We pyrolysed T8 as well, in the presence of D6, in 
order to see whether [D] addition could occur onto a 
polycyclosiloxane built up of T groups only. A process 
similar to reaction (3) takes place after the addition of at 
least four D groups, i.e. then the molecule splits into two 

Table 1. Relative amounts of fused-ring bicyclic products of pyrolysis at 560°C for 10 min 

Pyrolysed 
compound(s) TzD9 TZD6 T2D4 T2D3+D6 T4D14 T4D8 

Product 

No T Symbol 

L T2D2 0 0 2 0.5 0 0 

2. T2D3 22 27 21 22 22 21 

I& T2D3 5 5 5 8 5 5 

& T2D4 13 11 7 8 12 12 

k T2D4 24 21 35 27 23 21 

XL TzD4 10 8 11 15 11 11 

JzT2D5 26 28 18 20 27 29 

T4D3 

0 

55 

15 

5 

15 

8 

2 

T: (CH3) Si 01.5 ; D: (CH3)2 Si 0 
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0 s 10 15 20 mm 

Fig. 3. Schematic chromatogram of pyrolysate of D6-T4D3 (structure X), mixture of equal weights, and that of T2D4 
(structure V) on OV-101 coated capillary column. Pyrolysis: 560°C 20 min (numbers labeling the products refer to 

those given in Figs. I and 2). 

parts. A possible scheme for this reaction is given in Fig. 
4. Nevertheless, the thermal decomposition does not stop 
at D4T2, but in the presence of cyclosiloxanes, reaction 
(3) leads to the same fused-ring bicyclosiloxanes as 
found in the pyrolysates analysed so far and the dis- 
tributions of which are given in Table 1. 

CONCLUSION 

Results of pyrolysis experiments on different methyl- 
siloxane oligomers containing branching groups show 
that the decomposition process involves elimination and 
addition of dimethylsiloxane groups. The pyrolysed oli- 
gomer gradually releases its D content until the residue 
becomes a fused-ring compound. The eliminated [D] 
intermediates partly form cyclosiloxanes, and is partly 
incorporated into other molecules. The [D] addition to 
cumulated polycyclosiloxanes results in compounds of 
larger cycles. When the cycles become large enough, the 
polycyclosiloxane may split into two stable parts both 
containing branching points. 

Summarizing the observed processes, the separation of 
D and T units takes place under pyrolysis of the bran- 
ched methylsiloxane oligomers. The D content of the 
molecule is eliminated to form cyclosiloxanes while the 
fusion of T units results in polycyclosiloxanes. However, 
these processes may be reversed by introducing an 
excess of cyclosiloxanes into the system. In this case [D] 

Fig. 4. An example of’ the splitting of Ts polycyclosiloxane into 
two tricyclosiloxanes after [D] addition. 

addition expands the fused-ring polycyclosiloxanes so 
much that they split into smaller products containing less 
T and more D in their molecules. 

EXPERIMENTAL 

Starting materials 
I,5 - bis(heptamethylcyclotetrasiloxy)hexamethylt~siloxane 

(T,Do) and (heotamethvlcyclotetrasiloxy)heptamethylcyclo- 
tetrasiloxane (T&f were prepared and analysed according to 
published methods. .4 

Octamethylbicyclo [3.3.3]-pentasiloxane (T~DI, structure III.) 
and decamethylbicyclo [5.5.\]-hexasiloxane fl,D,, structure V) 
and decamethyltricyclo [5.5.1.33~~-hexasiloxane (TlD3, structure 
X) were isolated from the pyrolysate of a branched chain 
methylsiloxane polymer by preparative scale gas chromato- 
graphy and analysed by mass spectrometry’ and “Si NMR 
spectroscopy.6 The structures of the first two compounds were 
confirmed by X-ray diffraction’ and by electron diffraction* as 
well. 

Synthesis of l,S-bis(heptamethylcyclotetrasiloxy)hexamethyl- 
cyclotetrasiloxane ( T4D8) 

3.37 g (0.010 mol) of 1, S-dichlorohexamethylcyclotetrasiloxane 
in 50cm’ dry diethyl ether was added with stirring to 7.45 g 
(0.025 mol) of hydroxyheptamethylcyclotetrasiloxane and 2.02 g 
(0.020mol) of triethylamine in IOOcm dry diethyl ether at 20- 
22°C. Stirring was continued for several hours, then the triethyl- 
amine hydrochloride filtered off. The solution was washed with 
water, distilled at 0.25 mbar to yield 5.3g (61.6%) of an oily 
liquid at l37-138°C (n$ = 1.4090, &‘= 1.0620, MW = 861.7). 
Found: C, 28.41; H, 7.00; Si, 38.95; Calc. for C2aH&ir20r4: C, 
27.88; H, 7.01; Si, 39.12%. 

Synthesis of l,S-bis[(hep!amethylryclotetrasiloxy)hexamethyl- 
trisiloxy]hexamethylcyclatetrasiloxane ( T,D,,) 

The synthesis was carried out according to the aboves, starting 
from I-hydroxy-5-(heptamethylcyclotetrasiloxy) hexamethyl- 
cyclotrisiloxane. After filtration the solution was boiled for 5 hr, 
then washed with water and distilled. The b.p. of the yielding oil 
(53.5%) was 2lO-215°C at 0.1 mbar (n$‘= 1.4080, d?‘= 1.0319, 
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MW: 1306.6). Found: C, 29.72; H, 7.40; Si, 38.08; Calc. for -3.5 m, 2 mm i.d packed column; support: 80-lOOmesh 
C32H96Si1s020: C, 29, 29.41; H, 7.39; Si, 38.70%. Chromosorb G; phase: 5% OV-17; temperature program from 40 to 

For 1 - hydroxy - 5 - (heptamethylcyclotetrasiloxy)hexamethyl- 280°C at 6.5lmin. 
trisiloxane synthesis 13.60 g (0.043 q ol) of beptamethylcbloro- 
cyclotetrasiloxane’ in IMI cm3 dry diethyl ether was added with 
stirring to 15.6 g (0.065 mol) of l,S-dihydroxyhexamethyl- 
trisiloxane and 6.05 g (0.065 mol) of aniline in 100 cm’ dry diethyl 
ether at 5-8”C. When the reaction was completed aniline hydro- 
chloride was removed. Tbe solution was washed with wate; and 
distilled at 13 mbar yielding 9.1 g (40.7%) of 1-bydroxy-5-(hep- 
tamethylcyclotetrasioxy) hexamethyltrisiioxane at 9@-100°C. 

Synthesis of octamethyloc~asilsesquioxane (TJ 
The method of Barry ef al? was used. Found: C, 18.04; H, 

4.54; Si, 41.82; Calc. for CsHZlSis0,2: C, 17.89; H, 4.50; Si, 
41.851, MW: 536. 

Pyrolysis 
The pyrolysis experiments were performed in the temperature 

range of 460-560°C for 5-60 min in evacuated and sealed quartz 
tubes. The sample weight was l-5mg, the volume of the tube 
0.17 cm3. Additional pyrolyses were also carried out for 10-30 s 
in a tantalum boat and open quartz tube in a Bowing inert 
atmosphere, on tine with the gas chromatograph. 

Analysis of the pyrolysis products 
Product analysis was performed on a Perkin-Elmer gas 

chromatograph with Flame Ionization Detector and a PE D-26 
Electronic Integrator. The products were identified by com- 
parison of retention time on three different columns with 
authentic samples. The following columns were used: 

-20 m, 0.2 mm i.d. fused silica capillary column, coated with 
OV-101 phase; temperature program from 50 to 300°C at 6”/min. 

-20 m, 0.2 mm i.d. glass capiiary column, coated with OV-225 
phase; temperature program from 50 to 220°C at B/min. 

Acknowledgement-The authors thank Dr. G. Garzd for provi- 
ding generously the authentic standards of bicycle- and tricyclo- 
siloxanes. 
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Ah&act-The stability constants and the electronic spectra of four molecular chlorocomplexes formed in acetic 
acid solutions have been calculated. The spectrophotometric measurements were performed at wavelengths ranging 
from 260 to 5OOnm and, in the near IR from 600 to 14OOnm. The matrix rank treatment of more than 1000 
spectrophotometric data demonstrates a minimum of five absorbing species: the solvated copper acetate and 
four chlorocomplexes. The overall stability constants of Cu(OAc)CI, CuCl,, LiCuC& and LiCuC1, are respectively: 
log /3, = 3.38; log B2 = 5.57; log & = 7.36; log p4 = 7.83. The structure of the monochlorocuprate with the Cu-OAc 
bonding in the primary coordination sphere is supported by near-IR evidence. The bathochromic shift of the 
absorption maxima of the d-d transition bands indicates structural changes of the complexes with a square planar 
configuration for Cu(OAc)Cl promoted to a flattened tetrahedron for Li2CuCl.+ 

An exhaustive study of the copper(H) chloride com- 
plexes in aqueous solution was carried out by Schwing 
and Khan’,’ who concluded the presence of four 
mononuclear successive complexes, calculated their 
equilibrium constants and discussed briefly 
the structure of the CuC&*- ion in aqueous solu- 
tion. The emphasis now seems to have shifted to the 
study of these copper chlorocomplexes in nonaqueous 
solutions. This is mainly because of very small values of 
the overall equilibrium constants, &, in water, in contrast 
to their very high values in nonaqueous solvents. 
Moreover in water there is an overlapping of the charac- 
teristic bands of the complexes, which are well separated 
in the latter solvents. 

Furlani and Morpurgo3 suggest a flattened tetrahedral 
(D2d symmetry) structure for tetrachlorocuprates after 
studies in solid state and such organic solvents as 
acetonitrile, nitromethane, ethylalcohol, dimethylfor- 
mamide (DMF) and dimethylsulphoxide (Me2SO). 
Manahan and Iwamoto4 have proposed very high values 
for the equilibrium constants of CuCl’ and CuC12 in 
acetonitrile. 

Gutman et al. have shown spectrophotometricaliy the 
existence of four chlorocomplexes in DMF5 in acetoni- 
trile and in trimethylphosphate6 at the same time pos- 
tulating a very small equilibrium constant for CuCL On 
the other hand Courtot ef al? using potentiometric and 
spectrophotometric means propose three copper(I1) 
chlorocomplexes, CuCl’, CuCl,, CuCI,- in Me2S0. 
Schartf as also proposed the existence of these com- 
plexes in propylene carbonate.’ 

Very recent work published from our laboratory 
confirms the presence of three complexes postulated by 
Gutman et al. in DMF but with CuCI’, CuCI,- and 
CUC&‘-.~. The absence of the dichlorocomplex in this 
model is due to similar solvent and ligand donor num- 
bers, inducing dissociation of CuCl, and autocomplex 
formation of CuCI’ and CuCl,-.‘” The same [l, 3, 41 
model, i.e. CuCI’, CuCI,- and CUCI.,~- is found in 

*Author to whom correspondence should be addressed. 

Me2S0 instead df [l-3], i.e. CuCl’, CuC12 and CuCl,- 
suggested in Ref.‘, but the [l-4] model, i.e. CuCl’, 
CuC12, CuCl,- CuC&*- is clearly established in propy- 
lene carbonate” against the unsatisfactory [l-3] pro- 
posed in the same medium by Scha& 

Beside these dissociating solvents, the non-dissociating 
acetic acid has also been used for the study of the 
copper@) chlorocomplexes. Eswein et al.” suggest an 
equilibrium between the D4,, (square planar) and DZd 
symmetry species for the tetrachlorocomplex in acetic 
acid, assigning the peak at 450nm to D2* and that at 
375 nm to D4,, con&ration. They identify the absorp- 
tion maximum at 670 nm as that of cupric acetate in 
acetic acid but it is surprising that they do not observe 
any isosbestic point. 

Sawada et al. have studied in detail the equilibria of 
copper(U) acetate in acetic acid with perchloric acid and 
lithium acetateI and with hydrochloric acid and cop- 
per(I1) chloride.14 They suggest that the characteristic 
absorption maximum of copper acetate in acetic acid is 
at 685 nm and observe isosbestic points at 360 and 
440nm and postulate the presence of tri- and tetra- 
chlorocomplexes. However their work is limited to the 
interpretation of data obtained only at two wavelengths. 

This work pertains to the formation of copper 
chlorocomplexes in acetic acid at 25°C. The number of 
complexes present in the solution and their equilibrium 
constants were determined after a spectrophotometric 
study in the UV and visible region, from 270 to 5OOnm 
and in the near-IR from 600 to 1400 nm. A quantitative 
interpretation of the whole spectrum (UV, vis., IR) was 
undertaken. All data were taken into account to calculate 
the equilibrium constants and the variation of the 
extinction coefficients of the individual copper(H) 
chlorocomplexes. Tests for different models of com- 
plexes present in the solution were performed in ac- 
cordance with the results of the matrix rank method, 
mentioned in our discussion. 

EXPERIMENTAL 

Anhydrous acetic acid, pro analysis (Merck) was used after 
adding calculated amount of acetic anhydride, p.a. (Merck), with 
the addition of three drops of 0.001 M perchloric acid, 70% p.a. 
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(Merck) and letting the solution stand overnight.” Copper solu- 
tions were prepared from a stock solution of copper(H) acetate, 
p.a. (Merck). Lithium chloride p.a., (Merck) was used without 
any purification. 

The final analytical concentration of copper was 5 X low4 M for 
measurements in UV-vis. and 3.75 x lo-’ M in IR region. In these 
spectrum regions chloride concentrations were varied from 5~ 
10e4 to I M, with I= 0.5 cm, and from 2.5 x IO-’ to I M, with 
I= 2 cm, respectively. 

Acetic acid was the spectrophotometric reference solution. The 
final solutions of copper and chloride were prepared just before 
the measurements. The optical densities were-obtaiied with a 
CARY l7D instrument with digital interfacing and a Periferic Zip 
30 rapid printer and puncher. The numerical analysis was per- 
formed on a UNIVAC II10 computer. 

RESULTS AND DISCUSSION 
Acetic acid is a molecular solvent, its dielectric con- 

stant being 6.2, and therefore non-ionic in character. 
However two series of measurements were carried out. 
One with lithium perchlorate to keep the molecular 
environment constant and equal to 1 M and the other, 
without lithium perchlorate. The absorption spectra of 
the two series in UV, visible and IR being identical, the 
simpler of the two equilibria, i.e. the direct mixing of 
copper(H) acetate and lithium chloride solutions was 
retained for the study. 

(a) Spectra of copper(H) chloride in acetic acid 
When chloride is added to the copper(H) solution in 

acetic acid the colour changes from blue to greenish 
yellow, and eventually to bright yellow with the increase 
in chloride concentration. The absorption variations with 
respect to the chloride concentration in UV, visible and 
IR are presented in Fig. 1. 

The free solvated copper(H) acetate has an absorption 
maximum at about 252 nm. The addition of chloride 
shows the formation of a peak at 300nm which under- 
goes a hypsochromic effect as the chloride concentration 
increases with a shift to 280nm. This maximum is not 

Gaussian suggesting a superposition of two maxima. For 
chloride concentrations much higher than 0.02M there 
appears a maximum at 445 nm and for concentrations 
higher than 0.05 M another at 380 nm. These two maxima 
coalesce at 385 nm at still higher concentrations. Three 
isobestic points are observed at 302, 357 and 437 nm. 
Sawada et ~1.‘~ have reported only two isobestic points at 
360 and 440nm whereas the work of Eswein et al. is 
conspicuous by its statement that “no isobestic points are 
observed”. It is to be remarked that this latter work was 
carried out by preparing chloride solutions by dissolving 
the chloride salt first in small quantity of water before 
adjusting the volume with acetic acid. In our case it was 
observed that the addition of small quantities of water has a 
profound effect on the complexation, a few drops being 
sufficient to render the solution colourless from greenish 
yellow or bright yellow. This aquation effect has also been 
noted by Sawada and Tanaka.16 

In the IR region the characteristic maximum of cop- 
per(I1) acetate in acetic acid is observed at 680nm 
(198 M-’ cm-‘). This peak which has been variously 
reported at 650”, 670’* and 685nm14 disappears as the 
chloride concentration increases and shifts to 1060nm. 
This shift of 380 nm of the solvated copper(I1) ion in acetic 
acid, from 680 to 106Onm, is remarkably similar to the 
bathochromic shift in DMF,9 propylene carbonate and 
Me$O.” 

(b) Equilibrium in solution 
Copper(I1) acetate in acetic acid has been reported to 

have a maximum at 365 nm which has been ascribed to 
copper-copper bond by Yamada et al.” and Martin and 
Whitley,” indicating that the salt is dimerised in solution. 
This is confirmed by Sawada’” who has located this max- 
imum at 370nm. This maximum although not visible in 
our work because of low copper concentration in UV- 
visible, appears distinctly at 375 nm with copper concen- 
tration 3.75 x 10d3 M. In view of this and the fact that 
acetic acid being a non-dissociating solvent, molecular 

Fig. 1. Experimental spectra of copper(I1) chloride solutions: spectrum/IO’ x [Cl-],..+ W-visible: [CU(OAC)&~,. = 
5 = 10m4M; I = 0.5 cm I/O, 2/0.5, 3/l, 4/2, 513, 6/5, 7/10, 8/30, 9/70, 10/300, 11/700, 12/1000, 13/1300. near-IR: 

Ku(OAc)zl Bnal = 3.75 x 10~‘M; I = 2cm l/O, 2/2.5,3/5,4/10, S/20,6/40,7/200, 8/1000. 
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association occurs and the following equilibria are pro- 
posed: 

CU~(OAC)~ t ZLiClz$ZCuCl(OAc), 2LiOAC 
Cu2(OAc)., t 4LiCl$2CuC12, 4LiOAc 
CU~(OAC)~ t 6LiCl$ZCuCbLi, 4LiOAc 
CU~(OAC)~ t ILiC1$2CuCLLi,, 4LiOAc. 

The copper(I1) acetate has a dimeric structure in acetic 
acid but the copper(I1) chlorocomplexes are 
monomeric.‘4 The formulation of the monochlorocom- 
plex as Cu(OAc)Cl is supported by the near-IR evidence 
and is discussed further on. 

(c) Experimental data and numerical analysis 
The optical density variations as a function of chloride 

concentration were plotted from 260 to 500 nm, at inter- 
vals of 10 nm. These plots were used to obtain N optical 
density values for each selected wavelength for com- 
putation. Eventually a set of 24 wavelengths in the 
UV-visible range with N = 28 for each wavelength were 
considered. In the near IR region 20 wavelengths, from 
600 to 1400 nm, at intervals of 40 mn, with N = 24 for 
each wavelength, were taken into account. 

A matrix rank treatment method was performed for 
determining the minimum number of absorbing species 
present in the solution” which requires a set of N x L 
data, where N is the number of solutions and L the 
number of wavelengths, with N imperatively greater than 
L. The interpretation of 1152 spectrophotometric data 
indicated a minimum of four species: the solvated cop- 
per(H) acetate and at least three copper(H) chlorocom- 
plexis. 

(d) Calculated models and equilibrium constants 
The theoretical expressions and the mathematical 

treatment has been explained in our earlier publication.’ 
The computation was performed at three different 
mononuclear complexes models: the [l-3], the [l, 3, 41 
and the [ld] model in accordance with the matrix rank 
analysis results. Table 1 summarises the results of the 
numerical analysis of the three different models: 

The quadratic mean, g, for the first two models has a 
value of 0.128 and 0.130 respectively. On the other hand 
a far better value of (T = 0.054 is obtained for the model 
[l-4]. Consequently the existence of four mononuclear 
successive complexes is proposed in acetic acid for 
copper chloride solutions. 

The stability of the complexes is much higher than in 
water but comparable to that found in other solvents 
such as DMF9 or Me$O:” despite the different asso- 
ciative property of these solvents this is particularly true 
for the overall stability constant of the monochlorocom- 

plex and the stepwise formation constant of the tetra- 
chlorocomplex. On the contrary, very higher /.?;s were 
calculated in the propylene carbonate solutions for an 
identical [14] model: the associative solvent effect, 
predicted by the very low dielectric constant of acetic 
acid (e = 6) compared to that of propylene carbonate 
(E =69) should be one of the’ factors which supports 
these stability differences. 

Incomplete formation for each of the four species, 
represented in Fig. 3, is found in the acetic acid system, 
which render impossible the pi determination of one 
separated species and explain the drastic higher value 
found by Sawada et al. for CuCl* (log /3* = 15.2).14 These 
authors used data at 300nm where they do not observe 
any further shit of the absorption with ligand concen- 
tration increase: consequently they postulate the unique 
presence of Cu(OAc)Cl and CuCl,. As a matter a fact, at 
300nm the absorption maximum does not change with 
higher chloride concentration as seen in our experimental 
spectra of Fig. 1. But other absorption maxima appear, 
particularly at 280 and 385 nm with chloride ligand in 
crease, which is obviously consistent with the presence 
of one or two other complexes. The individual electronic 
spectra calculation shown next in Fig. 2 indicate clearly 
that the extinction coefficients of LiCuC& and Li,CuC& 
cannot be neglected at 300 nm. 

On the other hand, we found stepwise formation con- 
stants K, and Kq very similar (1.78 and 0.45) to those 
calculated by Sawada et a1.l4 (1.68 and -0.15) using data 
at 385 and 450 MI: at those wavelengths the absorption 
due to Cu(OAc)Cl and CuC& are effectively neglegeable 
compared to those of LiCuC1, (Fig. 2). Another evidence 
for the unique presence of the latter complexes involves 
the presence of isobestic points at 302, 357 and 437 nm. 
But once again, the discussion shows the necessity to use 
absorption data over the whole wavelengths range for a 
precise determination of the best model and accurate 
stability constants values. 

(e) Electronic spectra of the copper chlorocomplexes 
in acetic acid 

The electronic spectra of the individual chlorocom- 
plexes for the [l-4] model in the UV, visible and the near 
IR are presented in Fig. 2. 

Monochlorocomplex, CuCI(OAc). In the near IR there 
is a peak at 680 (1970 M-’ cm-‘) which is obviously due 
to the acetate ion associated with the complex. This 
transition is clearly characteristic of the copper-acetate 
bond as it is located at the same wavelength as that 
observed for the copper(I1) acetate solution, with a 
comparable extinction coefficient (680 nm- 
198 M-’ cm-‘; spectrum l-Fig. 1). Therefore the for- 
mulation of the monochlorocomplex is proposed as 

Table 1. Results of the numerical analysis of the theoretical models for the acetic acid-copper(H) chloride 
solutions 

t1.2.31 Il,3,41 I1,2.3.41 

log 8, 3.20 8.97 3.30 

lee e2 5.66 5.57 

log 83 1.46 14.26 7.36 

log 64 15.93 7.03 

o(uv-vis) 0.128 0.130 0.054 
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Fig. 2. Calculated electronic spectra of the copper chlorocomplexes in acetic acid. 

CuCl(OAc). This complex may also present a maximum 
at 260 nm as in water’ and DMF.9 Unfortunately this 
absorption maximum could not be ascertained because 
of absorption interference due to solvent below 270 nm. 

It may be pointed out here that copper acetate was 
used instead of copper perchlorate because with the 
latter, at copper concentrations greater than 10m3 M pre- 
cipitation occurs for higher chloride concentration, 
especially in the presence of lithium perchlorate. Had 
copper perchlorate been used it would have rendered 
difficult the exploration of the spectrum in the near IR 
region where, for copper concentration less than 10m3 M 
the absorption is very low. 

Dichhcomplex, CuC12. The absorption maximum of 
this complex is centred at 300 nm (455 M’ cm-‘) in the 
UV region and can be compared to that at 315 nm in 
propylene carbonate. In the IR, CuCl, has a A,., = 
800 nm (65 M’ cm-‘). 

Trichlofocomplex, CuCbLi. It presents three maxima, 

one each in UV, visible and IR, at 300 (3150M’ cm-‘), 
450 (900 M-’ cm-‘) and 910 mn (85 M-’ cm-‘). The peaks 
in UV and visible are comparable to those in DMF and 
Me2S0, but differ by 20~1 from those in propylene 
carbonate. 

Tetrachlorocomplex, CuCLLi2. The tetrachlorocom- 
plex has an intense absorption maximum at 280nm 
(5160 M-’ cm-‘) and another at 388 nm (2170 M-’ cm-‘). 
These two bands, with slight differences, have been 
widely reported in many previous works. It is probable 
that the differences in the position of these bands are due 
to different solvents used in each work. There seems to 
be another hidden band of feeble intensity at 490nm 
(180 M’ cm-‘). In the IR the tetrachlorocomplex peaks 
out at 1080 nm (120 M-’ cm-‘). 

(f) Zsosbestic poinfs 
A very good harmony is noted between experimental 

and calculated isosbestic points. 

0.2. 

* i 
-3 -2 -1 ologc 

Fig. 3. Formation curves of the copper(U) chlorocomplexes in acetic acid. 
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(9) Formation and structure 
Figure 3 represents the formation curves of the four 

copper(I1) chlorocomplexes showing a very different 
pattern than either in water or in propylene carbonate. It 
is seen that for dilute solutions, chloride concentrations 
as low as 0.025 M, the fourth complex begins to form in 
appreciable quantities. 

It is proposed that the tetrachlorocomplex has a Dzr 
symmetry in acetic acid. This can be. inferred by the 
presence of a probable charge transfer band at 490nm 
and the absence of any d-d transition band below 
1OOOnm. It is recalled that the ion of D,,, symmetry 
presents normally two bands in this region, one between 
700 and 8OOnm and the other between 900 and 95Onm 
whereas the conhguration Dzd presents absorption max- 
ima at 1100 nm and above.2’ The presence of a band at 
108Onm and the absence of any band between 700 and 
950nm are favorable arguments for a D2r structure of 
the tetrachlorocomplex in acetic acid. 
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REACTIONS OF DIIODO(NITROSYL){TRIS(3,5-DIMETHYL- 
PYRAZOLYL)BORATO}MOLYBDENUM 

WITH o-DISUBSTITUTED BENZENES CONTAINING 
OH, SH AND/OR NH2 GROUPS, THE FORMATION OF MONO-ARYLAMIDO 

AND MONO-THIOLATO COMPLEXES, AND THE STRUCTURE OF 
[Mo(N0)(3,5-MezCsHNzH)s(OzC6H4)]Is, THE PRODUCT OF A 

DEBORONATION REACTION 
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(Received 20 Jufy 1982) 

Abstract-Reactions of Mo(HB(Me~pyz)&NO)I, {HB(Mezpyz)s = HB(3,5-Me+Z,HN&} with ~-C&(NH~)Z, o- 
C,H,(NHJ(OH), o-C,H,(NHJ(SH) and 3,4-C6H$ie(SH)2 lorded the non-substituted species 
Mo{HB(Me2pyz)&NO)IX where X = NHC,H,NH,, NHC6H,0H, NH&H,SH and SC6H,Me(SH). Reaction of the 
diiodo complex with o-C&(OH)2 afforded [Mo(NO~C~HMe2N2H),(O&H&, whose structure was established 
by X-ray crystallography. 

We have previously described the reactions of 
Mo(HB(Me2pzy),)(NO)12 mB(Mezpyz), = HB(3,5-Me2- 
C,H * N&; (1, X = Y = I)} with thiophenol’ and with 
aniline and phenol derivatives’ in which complexes of 
the type (1, X = I, Y = SPh), (1; X = I, Y = NHAr) and (1, 
X = I, Y = OAr) were formed. In some cases we were 
able to remove the second I atom, aftording species such 
as (1, X = Y = SPh), and (1, X = OR, Y = NHAr; R = 
alkyl). It occurred to us that we might induce (1; X = Y = 
I) to react with o-disubstituted benzenes such as o- 
phenylenediamine, catechol or toluene3,CdithioL form- 
ing complexes where the &and was bidentate towards 
the metal, both I atoms having been displaced. Such 
reactions would parallel that of [Mo($-C,H,)(NO)IJ2 
with toluene-3,4_dithiol, in which [Mo(q’GH,)(NO) 
(S2CaH,Me)12 is formed.3 

Synthetic studies 
Reaction of o-phenylenediamine and o-aminophenol 

with (1; X = Y = I) afforded the brown or black mono- 
iodo complexes 1; X = I, Y = o-NHCsH4NH2 or o- 
NHGH40H (analytical data, Table 1). NHGH.+SH 
and SCd-LMeSH complexes were prepared in 

*Authors to whom correspondence should be addressed. 
tPresent address: Department of Chemistry, University of 

Birmingham, P.O. Box 363, Birmingham B15 2TI’, England. 

refluxing solutions, but in no case was there any evi- 
dence of removal of the second I atom, to tiord chelated 
species e.g. Iko{HB(Me2pyz),}(NO)NHC6H&. Treat- 
ment of the reaction mixture containing (1; X = Y = I), 
CsHJMe(SH)* and Ag(OAc) afIorded a green powder, 
but we were unable to characterise this compound satis- 
factorily. From the method of synthesis which we have 
used to make (1. X = Y = SR)‘. the colour of the com- 
pound and thd value of ’ &NO), we think that 
h;ro~B(Me2pyz)&NO)SC&Me$ may have been 
produced, but in such an impure form that we could not 
characterise it effectively by elemental analyses. 

The reaction with o-catechol followed a d8erent 
course. In conditions under which we successfully pre- 
pared (1; X = I, Y = OPh) and (1; X = Y = OPh), and even 
in refluxing benzene, we observed no reaction between 
C6H,(OH)2 and (1; X= Y =I). However, overnight in 
boiling toluene, a red-brown solution was formed 
from which we ultimately obtained [Mo(NO) 
(CsHMe2N2H)s(02C6H,)]13. This reaction had clearly 
resulted in the sequestration of the B atom, presumably 
as B2(02C6H& or [B(02C&.&- and, since the complex 
was obtained in good yields, we presume it was isolated 
as a mixture of mono- and t&iodide salts. The complex 
was actually characterised lirst by crystallographic 
methods but finally reasonably good elemental analytical 
and spectroscopic data were obtained. 

Table 1. Elemental analytical data obtained from the molybdenum complexes 

Complex Analytical data: Found(Calc.)% 
C H N S I 

MojHB(Me2C1HNt)&NO)I(NHChH,NH2) 3W38.2) 4.q4.6) 19.5(19.2) - 19.0(19.3) 
M~B(Me2C,HN*)3XNO)I(NHC6H,0H) 37.5Q8.4) 4.6(4.3) 16.1(17.0) 20.0(19.3) 
Mo{HBMe$,HN&(NO)I(NHCs4sH) 37.1(37.4) 4.5(4.2) 16.q16.6) 4.5k.8) 19.q18.8) 
Mo{HB(Me+Z,HN&(NO)I(SC6H,MeSH) 37.3(37.5) 4.1(4.1) 13.8(13.9) 9.5(9.1) 18.4(18.0) 
MoWXMe~C~HN2H)~)(02C6H3Ps 28.2(27.9) 2.q3.1) 10.9(10.9) - 29.1(42.2)t 

tThe inaccuracy of this determination may have been due to insufficient degradation of the IS- ion. 
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Spectroscopic studies The NO stretching frequencies of those complexes 
The IR spectra of the tris(pyrazolyl)borate complexes containing NHAr groups occurred in the range normally 

exhibited (Table 2) the expected absorptions due to the observed for this class of compound, i.e. 16% 
HB(Me2pyz)J ligand [cd. 2500 cm-’ due to v(BH) and ca. 1675 cm-‘, and that for (1; X = I, Y = S&H,MeSH) in 
1400 cm-’ associated with the pyrazolyl ring]. The com- the range for mono-arylthiolato species, i.e. cc. 
plex (1; X = I, Y = o-NHCsH,NH2) exhibited three 16!9Ocm-’ (Ref. 1). 
v(NH) bands, at 3280, 3390 and 349Ocm-‘, (due to NH The complex [Mo(NO)(CsHMe2NH)J(OZCsH4)119 does 
and NH*) while (1; X = I, Y = o-NHGH,OH) contained not, of course, exhibit v(BH), but the NO stretching 
two absorptions, at 32OOcm-’ [probably v(NH)I, and frequency is not substantially different from that of (1; 
35OOcm-’ (broad) [probably v(OH)l. We were unable to X = Y = OPh).* 
detect v(SH) in (1; X = I, Y = SCd-LMeSH). The ‘H NMR spectra of (1; X= I, Y = o- 

Table 2. IR and ‘H NMR spectral studies 

Complex 
“(No) (cm-‘) 

KBr cHc13 

1675 

1670 

1668 

1684 

1671 

1675 

1676 

1664 

1687 

1669 

6(RAja 
‘H t+lR Spectra 

assignment 

3.24(l) 5; NEC6H4NH2 

7.25(4) m; NHC&NH2 

C3$e2N2 

3.38(2) s; NHC6H4% 

2.69 

2.53 

2.47 
C3H(C13)2N2 

2.35 

2.0 

lot measured 

L2.90(1) s; NyC6H45H 

6.70(4) m; NHC&+SH 

C$Me2N2 

3.60(l) br; NHC6H4Sy 

2.471 5.1 

2.30 

2.35 
C3H(CE3j2N2 

2.01 

6.90(3) brm; SCg3MeSH 

C$Me2N2 

5.81(l) s 

2.18(3) s; SC6H3W3SH 

11.05(3) 

7.00(4) 

6.11(l) 

S-92(2) f 

2.63(3) 

2.58(3) 

2.52(3) 

2.38(3) 

2.27(6) 

br; C3HNe2N$ 

w O2c& 
S 

S 1 
Cee2N2H 

S 

S 

S C3H(Ct+3)2N2H 

S 

S 

a Spectrum measured in COC13 (THS internal standard); relative areas of peaks in 

parentheses. 
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NH&H.,NHJ, and (1; X = I, Y = SC6H3MeSH) contain 
the expected three signals due to the inequivalent C(4)_H 
protons of the pyrazolyl ring. The fact that these signals 
in the spectra of (1; X = I, Y = o-NHC6H4SH) appear as 
two lines of relative intensity 2: 1 is probably due to 
accidental degeneracy. All complexes exhibit resonances 
due to the methyl groups of the pyrazolyl rings, and we 
were also able to observe signals due to NH2 and SH in 
those complexes containing these groups, and in these 
complexes with NHAr groups. S(NH) of the amido 
group appeared in the range 12.90-13.24 ppm, consistent 
with previous observations. 

It is quite clear from the combined spectroscopic data, 
and from a comparison of complexes of the type (1; 
X = I, Y = NHAr), (1; X = OR, Y = NHAr) and (1; X = 
NHAr, Y = SR), that none of the foregoing species 
actually contains a chelated ligand, i.e. that species of the 
type [8o{HB(Me~pyz)JotO)QC~H&Hl” (Q = 0, E = N; 
O=E=S or N: x=0. z=O. x=1. z= tl) are not 
formed, confirming our synthetic findings. 

The ‘H NMR spectrum of [Mo(NO) 
(C~HMe2NH)9(0&H,)]’ was consistent with the struc- 
ture in the solid state. Thus, it is clear from the C(4)-H 
resonances that one pyrazolyl ring is magnetically in- 
equivalent to the other two. The signals due to the NH 
protons appeared as a broad signal at S = 11.05. 

Crystallographic studies 
The structure of the cation is illustrated in the Fig. 1 

with the atom labelling used in the corresponding tables. 
Important bond lengths and angles (together with esti- 
mated standard deviations) are given in Table 3. Tables 
comprising all bond lengths and angles with estimated 
standard deviations and details of planar fragments have 
been deposited. 

The cation possesses a distorted octahedral geometry 
about the molybdenum with three unidentate dimethyl- 
pyrazole ligands in a meridional arrangement, the 
remaining sites being occupied by a nitrosyl and a biden- 

c II) 

Fig. I. Structure of the cation [Mo(N0)(3,5-Me*C,HN*H)J 
(O&H,)I+ showing the atom labelling. 

tate catecholate ligand. The three dimethylpyrazole 
Iigands have similar and conventional geometries, al- 
though it is perhaps worth noting that the external bond 
angles at the donor nitrogen atoms are very different, 
Mo-N-C being some 20” greater than Mo-N-N. The 
three molybdenum-nitrogen(yrazole) bond lengths are 
similar, with those to the mutually tram ligands being 
marginally (2.5~) shorter than that to the pyrazole which 
is trans to an oxygen of the catecholate ligand. The 
planes of two of the pyrazole rings are each ap- 
proximately perpendicular to the meridional plane; the 
third pyrazole is inclined at 74”: thus, the three pyrazole 
planes each approximately eclipse the nitrosyl group. 
Each pyrazole ring is closely planar with coplanar methyl 
substituents; the molybdenum atom lying to varying 
extents (up to 0.2& out of the mean planes. The cate- 
cholate ligand is also closely planar with the molyb- 
denum atom lying in the mean plane. The two molyb- 
denum-oxygen bonds differ greatly in length, that trans 

Table 3. Bond lengths (A) and bond angles (‘) with estimated standard 
deviations in parentheses 

wtw 
W-1(3) 
Mo(lW(2) 
WlW(3) 
Mo(lW(l) 
WlW(2) 
Mo(lW(4) 
WlW(6) 

0(2kWlW(3) 
0(2)_MoWW 
OWMoWW) 
O(2)_Mo(lWW 
0(2)_WWW) 
OW-MdlW(I) 
OW-WWW 
O(3)-MOWN(~) 
0(3Wo(lPJ(6) 
N(lkMo(lPU2) 
N(WMo(W(4) 
W-MOWN(~) 
N(2)_Mo(W(4) 
N(2kMo(lW(6) 
N(4Wo(lkN(6) 

2.843(2) 
3.017(2) 
2.093(8) 
I .933(9) 
1.771(13) 
2.140(12) 
2.169(11) 
2.143(11) 

79.5(3) 
172.3(j) 
84.8(4) 
87.6(4) 
84.9(4) 
92.8(5) 
95.1(4) 

166.7(4) 
92.3(4) 
95.4(5) 

100.2(5) 
%.1(S) 
86.7(4) 

K&.0(4) 
83.5(4) 

W-W 
W-W) 
0(3)-c(2l) 
C(l6Wl7) 
C(l7Wl8) 
C(l8Wl9) 
C(WC(20) 
c(2o)-Wl) 
C(2lPJl6) 

I(l)_W-l(3) 
Mo(lW(lW(l) 
WlW(2W(l6) 
Mo(WO(3W(2l) 
0(2)_C(l6kC(l7) 
O(2Wl6KW 
U2lWl6W(l7) 
C(l6J-c(17)-W8) 
C(l7Wl8kC(l9) 

l.l88(18) 
1.356(15) 
1.346(15) 
1.384(19) 
1.385(21) 
I .405(22) 
I .359(22) 
1.389(19) 
1.401(18) 

176.23(6) 
173.3(12) 
I I I .8(7) 
ll7.0(8) 
124.2(12) 
ll5.1(11) 
120.6(12) 
ll8.3(13) 
121.3(14) 
ll9.9(14) 
120.0(14) 
120.0(12) 
ll6.5(11) 
123.5(12) 
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to the nitrosyl ligand being 0.16 A longer than that trans 
to pyrazole, reflecting the much greater competitive ?r- 
accepting capacity of nitrosyl for the available a-eiec- 
trons. The molybdenum-nitrosyl system is essentially 
linear. The triiodide anion is also linear but the bond 
lengths differ markedly (by 0.17& approx. 1000) al- 
though there are no particularly short interactions to the 
cation. 

Conclusion 
It appears that the diiodo complex, (1; X = Y = I)& 

unwilling to form chelated complexes of the type Mo- 
m. On the basis of our earlier inability to synthesise 
complexes of the type (1; X = Y = NHR), we were not 
wholly surprised at our failure to prepare o-phenylenedi- 
imine complexes. However, we have obtained mixed 
complexes of the type (1; X = OR, Y = NHR) and (1; 
X = SR, Y = NHR). It has to be said, however, that none of 
these mixed species contained NHAr substituents. These 
observations may be related to the overall mechanism of 
reaction for the formation of these complexes. We have 
proposed’ that the first step in the formation of (1; X = Y, 
Y = NHR) from (1; X = Y = I) is the one-electron reduc- 
tion of the latter, giving [( 1; X = Y = I)]- (and of course, 
RNH*+‘). This paramagnetic species dissociates giving 11; 
X = 1, Y = solvent] and I-, and the solvated species is be- 
lieved to react with NHR (from RNH2++ RNH’ + H’) or 
NHR*, giving the amido complex. If this mechanism is 
generally applicable, then a second substitution involving a 
prior electron transfer will involve reduction of (1; X = I, 
Y = NHR). We know from other studies, that the one- 
electron reduction of (1; X = 1, Y = NHAr) is much more 
difficult to achieve than that of (1; X = Y = I) (ca. -2.OV vs 
+O.llV),’ and this probably cannot be achieved by ROH, 
RSH or RNH,. Consequently, the inability to effect 
removal of both I atoms, without the assistance of Ag+, is 
perhaps not so surprising. 

The reaction with catechol took a different course, 
presumably because of the affinity of boron for catecholate 
ligands. Indeed, sequestration of the B atom in 
HB(Megyz)3 complexes of MO has been noted by us 
before, in the reaction between (1; X = Y = I) and acetone 
or diacetone alcohol.6 Fragments of this reaction, in 
particular the bicyclic salt which must be derived from 
pyrazole, can presumably only be produced after removal 
of the B atom, presumably by the bidentate O-O’ ligand 
diacetone alcohol. 

EXPERIMENTAL 

The complex Mo{HB(Me~pyz)p}(NO)12 was predared as des- 
cribed previously.’ All reactions were carried out under N2 in 
thoroughly degassed solvents. All yields are quoted relative to 
the metal-containing starting material. IR and ‘H NMR spectra 
were measured using PE 197, PE I80 and PE R34 instruments. 

MolHB(Me2uvz)~XNO)I(NHC~H~NH& (1: X = I. Y = o- -. _ .-. 
NHCiH,NH,). To a solution of Mo{HB(Me;pyz)S)(Nd)Iz (0.5 g) 
in dichloromethane (20 cm3 was added o-phenylenediamine 
(0.15 g). The mixture was stirred at room temperature for 2 h 
during which time a brown solution formed. The solvent was 
reduced in uacuo to cn. 5 cm’, diethylether was added causing 
precipitation of a white solid (probably C6HI(NH2)2HI), and the 
filtrate partially evaporated in UIICUO. On standing at -5”, the 
complex formed as black microcrystals (0.31 g, 63%). 

tCopies are available on request from the Editor. Atomic 
co-ordinates have also been deposited at the Cambridge Crystal- 
lographic Data Centre. 

Mo{HB(Me2pyz),)(NO)I(SC~HtieOH); (1; X = 1, Y = o- 
NH&&OH). This complex was prepared in the same way as its 
o-phenylenediamido analogue above, affording a green-brown 
solution in dichloromethane, from which the complex was isolated 
as a brown powder (0.22 g, 45%). 

MoIHB(Me*pyz)~HNO)I(NHC6H40H); (1; X = I, Y = o- 
NHG,H&H). A mixture of Mo@B(Me2pyz)3J(NO)Ig (0.3g, o- 
aminothiophenol(10 drops) and silver acetate (0.1 g) was refluxed 
in n-heptane (4Ocm’) overnight. The purple solution which had 
formed was cooled and filteied, a black powder being collected. 
This was dissolved in chloroform, filtered. and to the filtrate 
n-hexane was added. The mixture was slowly evaporated in 
uacuo until crystallisation apparently began. The complex was 
obtained as a dark purple powder (0.15 g, 4&G). 

M~HB(Me2pyz)~)(NO)I(SC~H~MeSH); (1; X = I, Y = o- 
SGHjMeSH). A mixture of Mo(HB(Mezpyz)x} (NO& (0.5 g) and 
toluene-3,4_dithiol (0.2 g) was refluxed overnight in n-heptane 
(30 cm3). The purple solution which had formed was cooled, filtered 
and a black powder collected. This was washed with methanol and 
n-pentane, affording the complex (0.39 g, 74%). 

[Mo(NOXMezCBNzH)3(OzC6HdlI3. A mixture of 
Mo(HB(Mezpyz)&NO)12(0.5 g) and o-catechol (0.1 g) was 
refluxed overnight in toluene (30cm’). The red-brown solution 
which formed was then evaporated in vacua, the residual oil 
being dissolved in dichloromethane. Addition of n-hexane to the 
solution caused preciptation of a red-brown oil which slowly 
crystallised over three days, giving the complex as black needles 
(0.40 g, 62%). 

Crystallographic studies 
Crystal data. 

‘&HzaI&ioN703; 
IMo(NO)(C~HMe~N~H)~(O~~o~)‘~I~l~; 

M =903.11, crystallises dl- 
chloromethane/hexane as black, elongated plates; crystal dimen- 
sions 0.40 x 0.05 x 0.18 mm. Triclinic a = 10.276(2), b = 10.814(3), 
c = 15.948(4)& a = 106.14(2), fi =86.88$2), y = 113.14(2)“, U =_ 
1562.3(7) A’, D,,, = 1.90, D, = 1.920 g cm- , Z = 2, space group P I 
(assumed and confirmed by the analysis), MO K. radiation (i = 
0.71069 A), ~(Mo K.) = 33.74 cm-‘, F(OO0) = 856. 

Three-dimensional X-ray diffraction data were collected in the 
range 3.5 < 28 < 50” on a Nicolet/Syntex R3 diffractometer by the 
omega-scan method. 2437 Independent reflections for which 
I/u(I) > 3.0 were corrected for Lorentz and polarisation effects. 
Th; .structure was solved by superpositibn, Patterson and 
Fourier methods and refined by block-diagonal least-squares. 
Hydrogen atoms were detected and were placed in calculated 
positions (C-H 0.97, N-H 0.92%r, C-C-H(methyl) 112”); their 
contributions were included in structure factor calculations (B = 
8.0 A’) but no refinement of positional parameters was permitted. 
Refinement converged at R=O.o443 with allowance for anisotropic 
thermal motion of all non-hydrogen atoms and for the anomalous 
scattering of iodine and molybdenum. Tables of atomic positional 
parameters and anisotropic thermal vibrational parameters each 
with estimated standard deviations, predicted hydrogen atom 
positional parameters and observed structure amplitudes and 
calculated structure factors have been dep0sited.t Scattering 
factors were taken from Ref. 8; unit weights were used 
throughout the refinement; computer programs formed part of 
the Sheffield X-ray system. 
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ZINC(II), CADMIUM(H) AND MERCURY(I1) COMPLEXES OF 
4,6-DIMETHYL-PYRIMIDINE_2(1H)-ONE 
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Abstract-The following zinc@), cadmium(H) and mercury(H) complexes of 4,6-dimethylpyrimidine-2(1H)-one (L) 
have been prepared and investigated by conductometric, IR and Raman methods: MX2L2 (M = Zn, X = Cl, 
Br(CHCl3, l(CHClj), CF$OO; M = Cd, X = Cl, Br, CF$OO; M = Hg, X = Cl, CSCOO), Cd&L3, Hg&Lz 
(X = Cl, Br), H&X&4 (X = Br, I), MX2L4.6H20 (M = Zn, Cd, X = ClO4, BF4; M = Hg, X = C104). The ligand is 
principally bonded through the unprotonated nitrogen atom and in some complexes also through the carbonylic 
oxygen atom. The zinc halide complexes are tetrahedrally coordinated, the trifluoroacetate ion is coordinated as a 
monodentate ligand. 

A problem relating to the binding of metal ions to nucleic 
acid components’.’ is concerned with the coordination by 
exocyclic atoms of derivatives of the base pyrimidine. In 
previous work we have shown that in most of the 
zinc(H), cadmium(I1) and mercury(I1) complexes of neu- 
tral and deprotonated 4,6 - dimethylpyrimidine - 2(1H) - 
thione,3 the l&and is strongly bonded through the un- 
protonated nitrogen atom and more weakly bonded 
through the exocyclic sulphur atom. In all the in- 
vestigated copper(I) and copper(U) complexes of 4,6 - 
dimethylpyrimidine - 2(1H) - one4 the ligand is bonded 
through the unprotonated nitrogen atom and the car- 
boxylic oxygen atom. Only two zinc and two cadmium 
complexes of this last ligand have been previously des- 
cribed and partially investigated by IR spectroscopy.5 
We were interested in investigating more systematically, 
by IR and Raman spectroscopy and conductometric 
methods, the complexes of this ligand with zinc(U), 
cadmium(I1) and mercury(I1) ions. 

EXPERIMENTAL 
The ligand 4,6 - dimethylpyrimidine - 2(1Hh - one (L) was 

prepared by the method previously reported. The complexes 
were prepared as follows: 

ZnC& and ZnX2L2.CHCI, (X = Br, I). A solution of the 
metal halide (4 mmol) in acetone (3 ml) was added with stirring to 
a suspension of 8 mmole of the ligand in 15 ml of CHCls and 3 ml 
of acetone. The products precipitated on standing overnight and 
were washed with CHClJacetone (3: 1). 

CdX& (X = Cl, Br) and Cd21&. The solid metal halide 
(2.5 mmol) in 10 ml of Hz0 (chloride) or EtOH (bromide) was 
added with stirring to a concentrated aqueous solution (10 ml) of L 
(5 mmol). The compounds precipitated immediately and, after 
standing for 2 hr, were washed with EtOH and ethyl ether. 

Hg&,L2 (X = Cl, Br). A solution of the metal halide 
(2.5 mmol) in IO ml of Hz0 (chloride) or EtOH (bromide) was 
slowly added to a stirred aqueous solution @ml) of the ligand 
(5 mmol). The products precipitated after standing overnight and 
were washed with Hz0 and EtOH. 

Hgcl~L.2 and Hg3Br&. An ethanolic solution (5ml) of the 
metal halide (2.5 mmol) was added to a stirred solution of L 
(5 mmol) in 1: 1 acetone + CHCl3 (20 ml) and the products were 
washed with the same mixture. 

Hg316L.4. The solid ligand (5 mmol) was dissolved in a solution 
of Hglz (2.5 mmol) in 30 ml of acetone. The resulting solution was 

*Author to whom correspondence should be addressed. 

concentrated to a small volume (10 ml) in uacuo and the light 
yellow product was washed with EtOH. 

MX2L4.6H2O (M = Zn, Cd, X = C104, BR; M = Hg, X = 
Clod) and M(CF3COO)& (M = Zn, Cd, Hg). An acetone solu- 
tion (5 ml) of the metal salt (2 mmol) was added to a hot solution 
of 8 mmol of L (4 mmol for the trifluoroacetates) in 20 ml of 1: 1 
acetone t CHCls. Upon concentrating or cooling the solutions the 
products crystallized and were washed with 1: 3 acetone t CHCIJ. 

All the complexes are white or slightly yellow. They were 
dried in uacuo over KOH. The analyses of the metal ions were 
carried out by complexometric titration of EDTA6 and for car- 
bon, hydrogen and nitrogen by microanalysis. Conductivitv 
measurements were performed in freshly prepared DMF sol;- 
tions with a WTW conductivitv bridee tvne L.B.B. flable 1). 

Infrared spectra were recorded on”& lolids as Nujol mulls or 
KBr disks (4ooO-250 cm-‘) and on polythene (600-60 cm-‘) with a 
Perkin-Elmer 180 spectrophotometer. Raman spectra (20- 
6OOcm-‘) were recorded on the solids with a Jobin Yvon 
Ramanor HGZS spectrometer equipped with a Spectra-Physics 
165 argon ion laser (514.5 nm line) using a rapidly rotating sample 
holder. The spectra were calibrated by means of the plasma lines 
of the laser. Satisfactory Raman spectra could not be obtained 
for the perchlorates, for all the mercury complexes, and for the 
zinc fluoroborate complex because these compounds were un- 
stable or highly fluorescent under the laser beam. The spectra are 
reported in Table 2. 

The molecular weights of the halide and trifluoracetate com- 
plexes could not be determined because of their very low solu- 
bility or insolubility in all the solvents suitable for cryoscopic or 
osmometric measurements. 

RESULTS AND DISCUSSION 

The molar conductivities indicate that the halide com- 
plexes behave as non-electrolytes in DMF solution, 
excepting the zinc iodide complex which has a 1:l elec- 
trolyte conductivity (A, = 65-!%I),’ probably due to sol- 
volysis. The molar conductivity of the Hg,BrsL4 com- 
plex (AM = 40) excludes an ionic constitution such as 
[HgL.,](Hg,BrJ or [HgzBr~L.JHgBr,l. The molar con- 
ductivities of Cd&L, (AM = 40) and of the trifloroacetate 
complexes (AM = Q-60), just under the lower limit of the 
1: 1 electrolyte conductivities, may indicate a partial sol- 
volysis. The perchlorate and fluoroborate complexes 
have molar conductivities (AM = 133-158) corresponding 
to those of 1: 2 electrolytes (A, = 130-170).’ 

In the IR spectra of the ZnX2L2.CHClp (X=Br, I) 
complexes, two very strong bands at 758 and 750cm-’ 
may be assigned to the chloroform deformation mode 
(~5, El.’ 
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Table 1. Analytical data, found % (calcd.%) and molar conductivities h&I-’ mol-’ cm’) in lo-’ M DMF solution 
at 25°C of the 4,6-dimethylpyrimidine-2(lH)-one (L) complexes 

M C H N A 
M 

ZnCl L 
22 

17.01(17.00) 37.23c37.44) 4.23c4.19) 14.44(14.56) 6 

ZnBr2L2.CHC1 
3 

ll.Ol(11.03) 26.29c26.31) 2.89(2.89) 9.45(9.44) 11 

Zn12L2.CHC1 
3 

9.50(9.52) 22.75t22.71) 2.51(2.50) 6.19(6.15) 92 

Zn(CF3C00)2L2 12.09(12.11) 35.56t35.56) 3.06l2.99) 10.31(10.37) 61 

ZII(BF~)~L~.~H~O 7.75C7.75) 34.09c34.14) 5.3Ot5.26) 13.25(13.26) 135 

Zn(C104)2L4.6H20 7.5117.52) 33.1Oc33.15) 5.OBt5.10) 12.69(12.69) 144 

CdCl L 
22 

25.96c26.04) 33.30(33.36) 3.71t3.73) 12.89(12.97) 17 

CdBr2L2 21.6Ot21.59) 27.7Ot27.66) 3.10(3.09) 10.60(10.76) 18 

Cd214L3 
20.36t20.36) 19.57(19.55) 2.19(2.19) 7.6Oc7.60) 40 

Cd(CF3C00)2L2 19.15(19.15) 32.71c32.72) 2.76c2.75) 9.56c9.54) 55 

Cd(BF4)2L4.6H20 12.62c12.62) 32.27c32.34) 4.9Ot4.98) 12.56t12.58) 154 

Cd(C104)2L4.6H20 12.15112.27) 31.46(31.44) 4.76t4.84) 12.14c12.23) 156 

HgC12L2 38.34(36.59) 27.55t27.70) 3.09t3.10) 10.43c10.77) 6 

Q3C16L2 56.49c56.62) 13.45l13.55) 1.47(1.52) 5.16c5.27) 15 

Hg Br L 
3 62 

45.19t45.26) 10.89(10.83) 1.24c1.21) 4.17c4.21) 11 

Hg Br L 
3 64 

37.96t36.14) lE.ll(16.25) 2.02t2.04) 7.03C7.09) 40 

He;16L4 32.29l32.33) 15.44C15.47) 1.74(1.73) 5.9Oc6.02) 14 

HB(CF,COO)~L~ 29.66t29.72) 28.27c28.45) 2.43c2.39) 6.16(6.29) 54 

HdC104)2L4.6H20 19.71(19.66) 26.64(26.66) 4.34c4.41) 11.06(11.16) 133 

In the 1750-1600 cm-’ region the l&and and its L.HCI 
derivative show several bands which are more distinct 
for the spectra recorded in Nujol mulls and in CHCl, 
solution than those recorded in KBr disks. Only the 
frequencies recorded in Nujol mulls will be considered 
for the ligand and its complexes: 

L (CHCla solution) 1720 m, 
L (Nujol mulls) 1738 m, 
L. HCI (Nujol mulls) 1740 vvs. 

In the ZnX2L2 complexes, which are tetrahedral, the 
ligand is certainly monodentate. These complexes clearly 
show a blue shit of the l&and band at 1667 cm-’ to 
1685-1675cm-’ and a red shift of the ligand band at 
1628 cm-’ to 1620-1610 cm-‘. These frequency shifts agree 
well with an electronic shit such as that resulting from the 
following resonance forms: 

in which the coordination of the unprotonated nitrogen 
atom gives an increased C=O and a decreased C=N 
double bond character. In the pyrimidine - 2 - one 

hydrochloride the protonation of the unprotonated ring- 
nitrogen atom gives rise to a shortening of the C=O and 
an elongation of both the C-N=C bonds.“” 

Consequently a predominantly v(C=O) character may 
be assigned to the band at 1667 cm-’ and a pre- 
dominantly v(C=N) character to the band at 1628 cm-‘, 

1680 ms, 1655 vvs, 1625 vvs cm-’ 
1692 m, 1667 vvs, 1628 vvs 
1715 s, 1682 ms, 1625 vvs. 

even if this mode is coupled with other ring vibration 
modes. 

A red shift is observed for the band at 1628cm-’ for 
all the complexes of this series. A blue shift of the band 
at 1667 cm-’ is observed for all the zinc complexes, 
while for the cadmium complexes and the mercury 
perchlorate, fluoroborate, and trifluoroacetate complexes 
two very strong bands appear at 1687-1660 and 1670- 
1650 cm-‘. 

In the far IR spectra of the complexes new mostly 
strong bands are observed in the 320-270cm-’ region. 
Similar freqeuncies were observed for the v(MN) bands 
of the 4,6 - dimethylpyrimidine - 2(1H) - thione com- 
plexes of zinc (II), cadmium(H) and mercury(H) ions’ 
and other cations”“’ and also for the Cu(I) and Cu(I1) 
complexes of 4,6 - dimethylpyrimidine - 2(1H) - one.4 

Halide complexes 
The ZnX2L2 (X = Cl, Br, I) complexes show two 

v(ZnN) and two v(ZnX) bands, all IR and Raman active, 
supporting a (2N, 2X) tetrahedral coordination. The 
uJvc, (0.83-078) and uI/vcl (0.67-0.65) ratios are almost 
in the range accepted for complexes having similar 
coordination environments.13 The u(ZnBr) and v(ZnI) 
frequencies are close to many other literature values 
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Table 2. Principal for IR and Raman (R) bands (cm-‘) of the 4,6-dimetbylpyrimidine-2(1H)-one (L) complexes 

v(ML) v(MX) 

ZnCl L 
22 

326m.3036 272vs,256vs 

R 322vw,304vw 276vw.258mw 

ZnEIr2L2.CHC1 
3 

3OOm,26Oms 225vs,201vs 

R 296vw,285wm 229w.205mw 

Zn12L2.CHC1 
3 

297mw,279sm 183vs,167vs 

R 287wm.202~ 182vw.168~~ 

Zn(C104)2L4.6H20 302sh,295m,240ms,203m 

Zn(BF4)2L4.6H20 301sh,292mw,238ms,202ms 

Zn(CF3C00)2L2 307~6,275~~ 21ovs,195vs 

R 307w,283wm 213vw,18Bmv 

CdC12L2 3008,245~s 245vs.238~~ 

R 300w,249m 249m.238m 

CdBr2L2 3005,249ms 2OOVS.182VS 

R 302w,252wm 194mw.183~ 

Cd I L 
243 

295ms,259ms 17os,155vs 

R 3OOv.258wm 179m,158s 

Cd(C104)2L4.6H20 298ms,273sm,255mw,223m 

Cd(BF4)2L4.6H20 295ms,267ms,254mw,223ms 

R 295wb,266wm 

Cd(CF3C00)2L2 301vs,273vs,254mw 185sh.168~8 

R 303w,280w,258mw l%Wn,158VW 

HgCl L 
22 

302ms 239vs.221vs 

Hs3c16L2 
305sh 32Ovs,224s,2068 

Rg3Br6L2 294m 248vs,227vs.l74m 

u3Br6L4 
295ms 25om,219vs 

H83T6L4 
291m 193ms.lOlvs 

Hg(C104)2L4.6H20 295m,274m,255mw,207mb 

Hg(CF3COO)2L2 301ms.27Ovs 211sm,160s 

L IR 264s,282mw,227wm,21Om,197sh,%ms 

R 353mw,252w.22Cv,187mw.l33wm,109s,96wm 

L.HCl IR 34Ovs,293w,213sm,145vs,124vs,9&s 

while the v(ZnC1) frequencies are slightly lower than 
most of those reported in the literature, and this explains 
the rather high ux/vcl ratios. However, v(ZnC1) 
frequencies close to the present values are also reported 
in the literature: 270,266 cm-’ I4 and 276,264 cm-‘.” 

The CdX2L2 (X = Cl, Br) and Cd&L, complexes show 
two v(CdN) and two V(CdX) bands, all IR and Raman 
active, with v(CdX) frequencies in agreement with many 
other literature values for terminal Cd-X bonds. The 
r&~c, (0.82-0.76) and vI/vcl (0.72-0.65) ratios are in an 
acceptable range for similar coordination environments. 
A substantially tetrahedral coordination may therefore 
be assigned to these complexes. However, because of 
the tendency of cadmium ion to adopt six coordination, a 
flattened 2N, 2X tetrahedron with axial interactions may 
also be possible for the CdX2L2 complexes. The 
dinuclear Cd&L3 complex has terminal Cd-I bonds and 
probable (N, 0)-bridging ligand molecules. The fact that in 

clod- 

BF,- 

Zn 1125 sh, lllOvs, 
Cd 1095 vs, (910 mb), 
Hg 109; ;;, (915 sh), 

:: 109Os,’ 
765 wm 

1054 vs, 

these complexes the ligand v (CO) band at 1667 cm-’ gives 
rise to two very strong bands, one of which is at a lower 
frequency, indicates that the carbonyl oxygen atom is 
involved in the coordination. 

The HgClzL2 complex shows one v(HgN) band cor- 
responding to trans-coordinated ligand molecules and 
two v(HgC1) bands whose low frequency values cor- 
respond to bridging metal-chloride bonds. For the 
Hg,XsLz (X = Cl, Br) and Hg,X6L., (X= Br, I) com- 
plexes an ionic constitution may be excluded on the basis 
of their molar conductivities. 

Perchlorate, jhoroborate and trijluoroacetate complexes 
Some of the IR bands of the perchlorate, fluoroborate 

and trifluoroacetate ions, and particularly the V, band of 
the perchlorate ion, are superimposed on ligand bands 
and may only tentatively be assigned: 

1065 vs, (927 ms), 623 vs cm-’ 
623 vs 

622 vs 

1025 s, 760 w. 518m 
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Zn 1715 vs, 1700 vs, 1437 s, 1425 sm, A(COJ = 278,275 
Cd 1745 sh, 1687 vs. 1444s 301.243 
Hg 1745 sm, 1430 sm 

The slight distortion from Td symmetry for the perch- 
lorate and floroborate ionsI may be attributed to 
hydrogen bonds. The A(COJ separations for the 
trifluoroacetate ions correspond to unidentate 
behaviour.” 

The MX2L4.6H20 (X = Clod, BF,) complexes show at 
3500-3400 cm-’ a medium strong broad band associated 
with v(OH) modes of lattice water. No characteristic 
bands of coordinated water could be recognized in the 
88&500 cm-’ region.‘* These complexes show four new 
bands attributable to v(ML) modes, the anions and the 
water molecules being very likely not coordinated. 
Probably some of the ligand molecules are bonded 
through the ring nitrogen and the carbonylic oxygen 
atoms. This point of view is supported by the fact that in 
the cadmium and mercury complexes the v(C0) band at 
1667 cm-’ gives rise to two very strong bands instead of 
one. 

In the M(CF,COO)L2 (M = Zn, Cd, Hg) complexes 
the anion is coordinated in a monodentate fashion. The 
very strong band at about 275 cm-’ may be superim- 
posed in the zinc and cadmium complexes on the 
medium or weak band of the trifluoro-acetate anion ap- 
pearing in the 27&280cm-’ region” which is distinctly 
observed at 277 cm-’ in the mercury complex. Two 
v(MN) and two v(MO) bands, all IR and Raman active, 
indicate a tetrahedral (2N, 20)-coordination for the zinc 
trifluoroacetate complex, for which bridging ligand 
molecules may be excluded because a single very strong 
v(CO) band is observed at 1673 cm-‘. For the cadmium 
trifluoroacetate complex, three bands assignable to 
metal-ligand stretching modes, all IR and Raman active, 
indicate that the carbonyl oxygen atom is also involved 
in the coordination. This probably occurs also for the 
mercury_ trifluoroacetate complex. For both these com- 
plexes, indeed, the v(C0) band at 1667 cm-’ gives rise to 
two very strong bands at 1687 and 1670cm-’ for the 
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cadmium and at 1680 and 1652cm-’ for the mercury 
complex. 

The ligand acts therefore preferably as N-monodentate 
for the zinc ion and more frequently as N,O-bidentate 
for the cadmium and mercury(I1) ions. 
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Ahatraet-The following copper(I) and silver(I) complexes of 2-amino-1,3,4_thmdiazole (atz) and 2_ethylamino- 
1,3,4&iadiazole (e&z) have been prepared and studied by conductometric, IR and Raman methods: CuXL(X = 
Cl, Br, I; L = atz, eatz), CuXLs(X = CIO,, NO,; L = ntz, e&z), AgC104=1.5atz1/3 EtOH, AgNOJ.2.Jatz, 
AgC10,.3eatz, AgNOa.eatz. The liiands are bonded through the amine nitrogen atoms with V(MN) bands in the 
520410cm-’ region. The CuXL complexes have a trigonal (N,2X,) coordination with a probable weaker axial 
interaction. The CuXL8 and AgC10,*3eatz complexes probably have a trigonal pyramidal (3N, 0) coordination. In 
the atz complexes of silver perchlorate and nitrate some ligand molecules are bridging. The AgNOyZ.Satz complex 
is likely to have a dimeric structure with tetrahedral coordination of the silver ion. 

The copper(I) and silver(I) complexes of 2-amino-1,3,4- 
thiadiazole (atz) and 2-ethylamino-1,3,4_thiazole (eatz) 
have been prepared and studied in order to compare the 
coordination behaviour of these ligands which diier 
from each other only by the presence of an ethyl sub- 
stituent in the amine group. 

EXPERIMENTAL 

The rinds atz (Fhika), eatz (Eastman Kodak) and the other 
reagents were of the best commercial grade. The compounds 
were prepared as follows. 

CuXL(X = Cl, Br; L = atz, eatz) 
A warm solution of CuC12.2H20 (or CuBrJ (0.5 q mol) in 

EtOH (2 cm3) was slowly added to a warm solution of L (3 mmol) 
and hydroquinone (3 mmol) in EtOH (8 cm’). The compounds 
precipitated instantaneously and were stirred in their mother 
&h&n for about 1 hr. Then they were filtered and washed with 
EtOH and dried in uacuo on KOH. 

CuIL and CuClO,L,(L = atz, eatz) 
A solution of Cu(N0,),*3H20 (0.5 mmol) or Cu(C10&6H20 

(0.5 mmol) respectively, in H20 (1 cm3) was slowly added, with 
stirring, to a solution of L (3 mmol) and KI (0.5 mmol) (for the 
iodides) or NaClO, (0.5 mmol) (for the perchorates) and 
hydroquinone (0.5 mmol) in EtOH (2 cm’) and H20 (8 cm3). The 
instantaneous precipitates were stirred for some time in their 
mother solution, filtered and washed with a mixture of EtOH and 
H20 (1: 4) and EtOH. 

CuNO, L, (L = atz, eatz) 
A solution of Cu(N0&3H20 (1 mmol) in EtOH (5 cm’) was 

added, with stirring, to a solution of L (1 mmol) and 
hydroquinone (2 mmol) in EtOH (8 cm3). The instantaneous pre- 
cipitates were stirred for some time in their mother solution, 
filtered and washed with EtOH. 

AgNO,*2.5atz, AgClO,*l.Satz, AgNO,*eatz, AgCI04*3catz 
A solution of the silver salt (0.5 q mol) in EtOH (3 cd) was 

added to a warm solution of L (1.5 mmoi) in EtOH (3 cm3). The 
instantaneous precipitates were stirred for some time in their 
mother solution, filtered and washed with EtOH. The compounds 

could not be recrystallized but they appeared as homogeneous 
and pure crystals under the microscope. 

The compounds are white excepting the cooper iodide and the 
silver perchlorate complexes which are lit brown. Any attempt 
to prepare the solid silver halide complexes was unsuccessful. 
The silver halides dissolve in a DMF solution of the liinds, 
indicating that complexes are formed in solution, but are repre- 
cipitated by other solvents such CHCl8, C6H18, or C,H,. 

The compounds were analysed by standard methods (Table 1). 
Molar conductivities were determined with a WTW conductivity 
bridge. IR spectra (Table 2) were recorded in KBr disks (4000- 
250 cm-‘) and as Nujol mulls on polythene (600-60 cm-‘) with a 
Perkin-Elmer 180 spectrophotometer. The IR spectra of the 
silver complexes were also recorded in the 4000-250 cm-’ region 
as Nujol mulls on KBr disks in order to avoid any reaction of the 
silver ion with potassium bromide. The Raman spectra were 
recorded with a Jobin-Yvon Ramanor HG2S spectrometer 
equipped with a Spectrophysics 165 argon ion laser using the 
514.5 nm line. 

RKSULTS AND DDICU!I!IION 
The v(NH) bands shown by the ligands in CHCI, 

solution in the 3440-3210cm-’ region are shifted to 
lower frequencies for the &z-(337&3150 cm-‘) and eatz- 
complexes (324fL3100 cm-‘). 

The very strong band at 1507cm-’ for atz and 
1517 cm-’ for eatz is assignable to ring vibration modes 
with a high v(C = N) contribution’. This band appears at 
lSltL1505cm-’ for the otz copper halides and at 1527- 
1514cm-’ for the other atz complexes and shifts to 
15%1550 cm-’ for the eotz complexes. 

A u(C-NHR) contribution may be assigned’ to the e&z 
band at 1198 cm-’ which shifts to lower frequencies 
(1160-l 148 cm-‘) in its complexes. 

An important v(C-S) contribution may be attributed* to 
the bands appearing at 680 and 610cm-’ for otz and 
610 cm-’ for eutz. They show increased frequencies in the 
otz (7W95 and 640-626 cm-‘) and eatz (640-622 cm-‘) 
complexes. 

Ail these frequency shifts agree well with the elec- 
tronic shifts: 

IN- 

H-l 
$2 
C--N-_M 

*Author to whom correspondence should be addressed. 
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Table 1. Analytical data, found % (cak. %) and molar conductivities A&-’ mol-’ cm’) at 24°C in lo-’ M DMF 
solution of the ofz and eatz complexes 

N C H 
AM 

11.94(12.00) 1.39(1.51) 46 CuCl.atz - 

CuBr.atz - 

cu1.atz - 

CuNO . 3atz 
3- 

CUCIO . 3atz 
4- 

&NO3 _ . 2.5atz 

AgClO 
4 
. 1.5atz .l 

cuc1.eatz - 

CuRr.catz 

CuI.eatz 

CuNO . 3eatz 
3- 

CuClO . 3eatz 
4- 

AgP103. eatz 

AgClO4.3eatz 

20.58(20.99) 

17.15(17.18) 

14.36C14.41) 

32.12(32.6!,) 

27.31(27.03) 

27.86(28.17) 

/3EtOH 16.82(16.84) 

18.42t18.42) 

15.23(15.41) 

13.00(13.15) 

27.06c27.30) 

22.82C22.90) 

18.66c18.73) 

21.44(21.19) 

9.85C9.82) l.lO(1.24) ins. 

8.60(8.24) 0.90(1.04) 29 

16.92t16.80) Z.lO(2.11) 53 

15.76c15.45) l.EE(1.95) 94 

14.32(14.21) 1.72c1.79) 60 

11.73C11.77) 1.68c1.75) 62 

21.39(21.05) 3.05c3.09) 36 

17.93(17.62) 2.56t2.59) 36 

15.12(15.03) 2.14c2.21) ins. 

27.97(28.09) 4.22c4.13) 63 

26.26t26.18) 3.96(3.84) 70 

16.08(16.07) 2.29(2.36) 62 

24.46c24.23) 3.6Oc3.56) 42 

Table 2. Principal IR and Raman (R) bands (cm-‘) of the ab and eatz complexes 

CuCl.atz 426 vs - 

cuElr.atz 425sh - 

CuI.atz 462s" - 

R 

CuClO .3atz 
4- 

(a) 466 vsb,llEvs 

CuNO . 3atz 
3- 

(b) 511s,423s 

R 420ms 

AgCIOd. l.Sa&. 1/3EtOH (c) 456 ,ns 

201"s,186wm 

145s,133w 

132 n.lO3mw 

138 sh,lO'lvs 

172 s 

180 s 

185sh 

166 8 

AgN03.2.5G 

CuCl.eatz - 

CuEw.eatz 

CuI.eatz - 

cuc104.3 eat2 - 

CuN03.3 eatz - 

AgC104.3 eatz 

(d) 

(e) 

(f) 

(8) 

(h) 

506 s.406~ 

447 s 

R 449ms 

443 s 

R 445ms 

441s 

R 442111s 

446 vs 

446 vs 

R 447m 

520 5.442~ 

448 s 

R 450m 

161s 

224 ms.204vs 

225wb,203wm 

161vs.158~ 

169 6.158s 

149 vs.125wm 

141 8 

183111s 

183 sm 

185sh 

(175vs.169vs) 

AgNO .eatz 
3- 

Cl04 bands: (a) 1140 vs.1110vs.1082vs,940w.622 s.466 vsb 

(c) 1140s,1105sh,1085vs,940w.626 sm 

(e) 1154 s,1105s.1087 vs.930 sm.623 vs 

(e) 1155s.1105s.1086 vs,928mw,625 ~6,460~ 

NO; bands: (b) 1290sh.828w.715sh (d) 828wm.710v 

(f) 1495wm,1290w,850sb,71Ssh 

(h) 1290vs.1017s.840m.720mu 

Llgands bands< 500 cm 
-1 

atz : 41Ovs,279 w,E66mw,225 w.177mb.130vs - 

eatz : 401s,339v,278wb. 243wm.l78m,149w,126 wb,ll'lwb - 
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due to a RON-coordination of the ligand to the metal. 
Some new bands appearing at 511-425 and 52O- 

442cm’ for the afz and eatz complexes, respectively, 
may be assigned to Y(MN) modes in agreement with the 
frequency values reported for an amine ~t~gen coor- 
dination3 and for the complexes of similar Iigands.4-7 

and Raman active, corresponds to the bond of the silver 
ion with the aminic nitrogen atom. No bands could be 
identified corresponding to bonds of the silver ion either 
with a ring nitrogen atom of a bridging ligand molecule or 
with the nitrate ion which may act as mono- or bidentate. 

Both ligands form CuXL(X = Cl, Br, 1; L = atz, e&z) 
complexes behaving as non-electrolytes in DMF solu- 
tion.8 Their v(CuX) frequencies are in the range of 
values given for bridging CuX bond?’ with vB,lvci 
(0.78472) and vllvcl (0.67-0.56) ratios in the range given 
for complexes with similar coordination environments’Z. 
A single v(CuN) and two v(CUX& bands, IR and Raman 
active (when observed in the Raman s~c~um) indicate 
for these complexes a trigonal (N,2Xb) coordination, 
with a probable longer axial interaction as frequently 
occurs in cuprous complexes. 

The atz complexes of silver per&orate and nitrate 
have a fractional number of ligand molecules per silver 
ion. The AgN03.2.5alz complex is likely to have a 
dimeric (LZAgNOJ2L structure with a bridging ligand 
molecule and tetrahedral coordination of the silver ion. 
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Abstract-Polarograms recorded of Sn(IV) chloride in acetonitrile in the presence of controlled quantities of each 
of nine substituted pyridine N-oxide liiands demonstrated the formation of stable and soluble complexes with a 
stoichiometry dependent upon the nature and position of the ring substituent. The polarographic data associated 
with each complex and the free liiands are used to substantiate a proposed bonding model which explains the 
dependency of the complex formula on the ligand structure. 

The salt SnCl,3H,O was employed as a source of Sn(lV) and the complete polarographic behaviour of this salt 
in acetonitrile is described as a basis for the interpretation of complex reduction behaviour. 

Results of IR and proton magnetic resonance studies of 
complexes of substituted pyridine N-oxides with SnCl, 
in acetonitrile (ACN) solution have recently been repor- 
ted.’ Two types of behaviour were noted. Pyridine N- 
oxide donors containing electron releasing substituents 
were generally found to form strong complexes with 
SnC& and exhibited maxima in continuous variation 
plots at a 2: 1 ligand-to-metal ratio. Pyridine N-oxide 
donors containing electron neutral to electron withdraw- 
ing substituents were found to form generally weaker 
complexes with SnCI, and exhibited maxima in con- 
tinuous variation plots at a 1: 1 ligand-to-metal ratio. 
Evidence for multi-nuclear and 2: 1 or higher complexes 
was discussed and the results were rationalized in terms 
of an equilibrium model for this system. 

The essential elements of the model include the 
assumption of octahedral geometry for all complexes of 
sterically unhindered N-oxide ligands and a con- 
sideration of the contribution of dapr backbonding to 
the coordinate bond and the effect of this bonding on the 
possible cis-tram isomerism in these complexes. The 
importance of d?rp?r backbonding in these complexes 
should be dependent upon the degree of orbital energy 
matching between the d-orbitals of tin and the lowest 
unoccupied r* orbital of the ligand. Electron releasing 
substituents on a pyridine N-oxide ring are expected to 
raise the energy of this ?r* orbital so that it is too high in 
energy for effective overlap and, therefore, diminish the 
importance of drp?r bonding in SnCh complexes of 
these ligands. Complexes containing pyridine N-oxide 
ligands with electron releasing substituents were then 
expected to form stable, ~rans-2: 1 complexes resulting 
in maxima in continuous variation plots at a 2: 1 ligand- 
to-metal ratio. 

Electron withdrawing substituents on a pyridme N- 
oxide ring are expected to lower the energy of the lowest 
unoccupied r* orbital and enhance dlrpr backbonding. 
Assuming this backbonding is an important component 
of the coordinate bond, these ligands would be expected 
to form cis-2: 1 complexes which were postulated sub- 
sequently to form stable, oxygen bridged dimers in solu- 

*Author to whom correspondence should be addressed. 
tRobert A. Welch Foundation Undergraduate Scholars. 

tion. This would result in the observed maxima in con- 
tinuous variation plots at a 1: 1 ligand-to-metal ratio for 
these complexes. 

Previously published UV spectrophotometric and 
electrochemical data demonstrate that tin (IV) chloride, 
SnCl, is a nonelectrolyte in ACN and that in this solvent 
the neutral complex acts as the Lewis acceptor.* The 
electrochemical reduction of SnCh occurs oia irrever- 
sible steps, not allowing the application of standard 
methods to the determination of thermodynamic proper- 
ties. However, the polarographic studies have previously 
been shown to provide a straightforward means of spe- 
cifying the electrolyte properties and stoichiometry of 
FcJ$nd Sn(IV) complexes in the low basicity solvent 

In an attempt to co&m the results of the IR and 
proton magnetic studies and to further test the proposed 
bonding model extensive polarographic data have been 
taken on solutions of SnCI, in ACN containing con- 
trolled quantities of a series of substituted pyridine N- 
oxides. The polarographic behaviour of a metal complex 
is frequently dictated by properties of the metal moiety.5 
In contrast, the data leading to the previously postulated 
bonding model are derived from physical properties 
directly associated with the ligand in complexed and 
noncomplexed states. 

Polarographic data presented herein support the pre- 
viously presented IR and proton magnetic data and the 
resulting conclusions and bonding model. Various sub- 
stituted pyridine N-oxides are found to form complexes 
with SnCL, in ACN in a l&and-to-metal coordination 
ratio dependent on the electronic nature of the ring 
substituent. The polarographic test solutions were pre- 
pared from the solid pentahydrate of SnCI, as opposed 
to the liquid anhydrous form. The polarographic charac- 
teristics of the pentahydrate salt in ACN, not previously 
reported, are discussed in detail as a basis for inter- 
pretation of polarographic data relating to the complex- 
ation chemistry of Sn(IV) chloride acting as a Lewis 
acceptor. 

EXPERIMENTAL 
Chemicals. AU pyridine N-oxide liiands (Aldrich Chemical 

Co.) were puritied by sublimation or vacuum distillation before 
use. SQ4H20 (Pfaltz and Bauer) was utilized without 
purification following confirmatory quantitative analysis. Spec- 
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troquality acetomtrile containing less than 0.03% water (Aldrich 
Chemical Co.), polarographic-grade tetrapropylammonium 
perchlorate and tetramethylammonium chloride (Southwestern 
Analytical Chemicals) were employed throughout. The support- 
ing electrolyte, tetrapropylammonium perchlorate, was recrys- 
tallized from acetonitrile-water solutions and vacuum dried 
before use. All solutions were prepared and transferred under a 
nitrogen atmosphere. 

Apparatus. The polarographic cell was of conventional design 
and has been described previously.” The polarograms were 
recorded on a Houston Instruments Omnigraphic 2000 X-Y 
plotter using a Princeton Applied Research Model 173 poten- 
tiostat and Exact Model 7050 wave form generator for potential 
control. 

RESULTS 

Polarography of Sn(IV) chloride pentahydrate in ACN 
Polarographic test solutions of ACN, containing 1.0 

mM SnCL prepared from the pentahydrate salt, 
SnCL,*SH,O and 1.0 M tetrapropylammonium perch- 
lorate, exhibited two well-defined reduction current pla- 
teaus, Fig. l(a). The lower potential plateau exhibiting a 
half-wave potential of -0.08 V vs saturated calomel 
(s.c.e.) does not exhibit the distortion or the maximum 
noted in the corresponding wave of similar test solutions 
prepared from anhydrous SnCL.2 The higher potential 
wave is very broad and preceded by an adsorption 
maximum. The half-wave potential of the wave appears 
near 1 V vs s.c.e. The ratio of the total current of both 
waves to the square root of the corrected mercury 
column head height is constant signifying diffusion con- 
trol. The current constants (Id) of the low and high 
potential waves measured at 25°C and at l.OmM con- 

3 
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Fig. 1. Polarogram of (a) 1.0 mM SnCl.,4Hz0 in ACN (b) 1.0 mM 
SnC&~5H20 in ACN containing l.OmM pno (c) l.OmM 

SnCl,4H20 in ACN containing 2.0 mM pno. 

centration are 4.01 and 9.43 respectively (DME charac- 
teristics at open circuit and 50cm Hg head: m = 
0.049 mg/sec, f = 6.50 set). Both currents are apparently 
the result of irreversible electrochemical processes 
(slope of log[(id - i)/ij vs EDME for wave appearing at 
- 0.08 V is 120 mV). 

Addition of measured quantities of noncomplexed 
chloride ion in the form of tetramethylammonium 
chloride (TMACl) to the polarographic test solution 
resulted in a behaviour analogous to that exhibited by 
SnClz and SnCI, solutions prepared from the anhydrous 
form of each.z*3 Increasing quantities of chloride up to 
2.0mM decreased the plateau current of the lower 
potential wave. The total polarographic current is un- 
altered. The lower potential wave is no longer detectable 
at concentrations of added chloride exceeding a ratio of 
2: 1 with respect to the metal. Only at concentrations of 
added chloride exceeding the 2: 1 ratio is the charac- 
teristic oxidation of chloride observed at positive drop- 
ping mercury electrode potentials. 

The observed behaviour of polarographic test solu- 
tions prepared from SnCL,.5H20 in the presence of ad- 
ded chloride is consistent with the behaviour demon- 
strated by solutions prepared from anhydrous SnCL 
even though the half-wave potential at the lower poten- 
tial wave is significantly more negative and is not dis- 
torted. These data are consistent with an electrode 
reduction mechanism in which a water complex of SnC4 
is reduced at the lirst polarographic wave, releasing free 
chloride thereby controlling the wave current by dis- 
placement of water and subsequent production of the 
hexachloro complex SnCl,*-, a species reducible only at 
potentials of the second polarographic wave.2-4 This 
sequence of events may be represented in the following 
manner: 

Lower potential wave 

SnC&(H20)2 t Hg t 4e- + Sn(Hg) t 2H20 t 4Cl 
SnCl.,(H20)2 + 2Cll+ SnCli- t 2H20. 

Higher potential wave 

SnCIi- t Hg + 4e-+ Sn(Hg) t 6Cl. 

Polarography of Sn(IV) chloride pyridine N-oxide com- 
plexes 

The stable physical properties of the pentahydrate 
form of Sn(IV) chloride and the lack of distortions in its 
polarograms in ACN made it a desirable source of the 
salt for polarographic studies dealing with the Lewis 
acceptor properties of SnC4 in a weakly coordinating 
solvent. Consistent with previous studies,’ the effects of 
adding controlled quantities of substituted pyridine N- 
oxides to polarographic test solutions prepared from 
SnCl,.5H20 in ACN containing TRAP supporting elec- 
trolyte reveal the production of complexes with stoi- 
chiometries that are dependent upon the nature and 
position of ring substituents. 

Addition of the ligands pyridine N-oxide (pno), 3- 
pyridine methanol N-oxide (3-pmno), 2-picoline N-oxide 
(Zpicno), Cphenylpyridine N-oxide (4-phenpno), 3- 
picoline N-oxide (fpicno) and 4-picoline N-oxide (4- 
picno) in sufficient quantities to bring test solutions of 
1.0 mM SnC&-5H20 to ligand-to-metal ratios of 1: 2, 1: 1, 
2: 1 and 2.5: 1 bring about very similar changes in the 
structure of the resulting polarograms. Polarograms 
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recorded in solutions containing 0.5 mM &and (1: 2 
ratio) exhibit pronounced splitting of the lower potential 
wave resulting in a new polarographic plateau appearing 
near - 0.3 V vs s.c.e., Figs. 1 and 2. It is reasonable to 
assume that the appearance of this wave signifies the 
existence and subsequent reduction of a S&l,-pyridine 
N-oxide complex. Increasing ligand to metal ratios bring 
about an increase in this complex reduction plateau 
current at the direct expense of the plateau current 
attributable to the reduction of the substrate complex, 
SnCL*2H20, Fig. 2. The ratio of the complex wave 
current to the metal chloride substrate wave current is 
1.0 at a hgand-to-metal ratio of 1.0, Fig. 2. The plateau 
current associated with Ihe reduction of SnC&.2H20 is 
not detectable at a organic ligand to metal ratio of 2: 1 or 
greater, Fig. 2. These data obviously suggest the for- 
mation of a stable SnCl -pno adduct with the stoi- 
chiometry SnCL.2L. 

The properties of the polarographic wave associated 
with the reduction of each SnCL.2L complex are 
equivalent but at variance with those of the reduction 
wave of SnC12*2H20. The polarographic Et,z of the 
reduction plateau of each complex is observed to be 
- 0.33 V vs s.c.e. The complex wave deviates slightly 
from diffusion controlled behaviour and is significantly 
broadened relative to that of the Sn(IV) chloride reduc- 
tion, Fig. 2. The current constant (Id) is found to be 3.64. 
The plateau current associated with the reduction of the 
SnCl;* complex is unperturbed by addition of organic 
ligands and subsequent complex formation, Fig. 1. 

E vs KE. 

Fig. 2. Polarograms showing only lowest potential cathodic 
waves (expanded scale) of ACN solutions containing (a) 1.0 mM 
SnCL+H20 (b) 1.0 mM SnCL.5H20 and 1.0 mM pno (c) 1.0 mM 

SnCL*5H20 and 2.0 mM pno. 

Addition of the ligands 2,6_lutidine N-oxide (Ino), 2- 
pyridinemethanol N-oxide (2-pmno) and 4chloropyridine 
N-oxide (4Clpno) in suthcient quantities to bring test 
solutions of 1.0 mM SnCl.,*5H20 to a ligand-to-metal 
ratio of 0.5: 1 splits the lower potential polarographic 
plateau into two waves of equal current. Increasing the 
organic @and-to-metal ratio to 1: 1 brings about the 
complete replacement of the lower potential plateau by 
the complex reduction plateau suggesting the formation 
of a stable complex with the stoichiometry SnC&*L. 

The characteristics of the plateau current associated with 
the reduction of each SnCl.+.L complex are equivalent. 
The polarographic E1,2 is observed to be -0.29 V vs 
s.c.e. The wave is broadened relative to that of the 
reduction of SnCLSH20 and the observed current con- 
stant (Id) value of 3.26 is less than that of SnCL,*2H,O 
and the SnCL,.2L complexes. The wave attributable to 
the reduction of SnClz- is characteristically unaltered. 

Addition of noncomplexed chloride in the form of 
tetramethylammonium chloride (TMACl) to test solu- 
tions containing ligand enhances the plateau current 
resulting from the reduction of SnClf at the direct 
expense of the wave attributable to the reduction of the 
complex. For example, see Fig. 3. The complex reduc- 
tion current is not detectable in test solutions containing 
equal molar volumes of pyridine N-oxide ligand TMACl. 
The characteristic wave associated with the oxidation of 
chloride is observed only in test solutions containing 
TMACl in excess of the Sn(IV) chloride substrate. 

Each of the nine substituted pyridine N-oxide ligands 
described herein exhibits a characteristic polarographic 
reduction plateau at potentials negative of the plateau 

-.I -1.0 -20 

E vs SCE 

Fii. 3. Polarograms of (a) l.OmM SnCL.SH*O in ACN and (b) 
1.0 mM SnCi,,-5H20 in ACN containing 2.0 mM pno and 2.0 mM 

TMACI (reduced scale). 
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currents associated with the reduction of all Sn(IV) 
species produced and described in ACN, Fig. 3. The 
compounds pno, 4-Clpno, 2-, 3- and 4-picno, Ino and 
4-phenpno each exhibit reversible one-electron reduction 
plateaus at -2.26, - 1.88, - 2.33, -2.30, -2.30, -2.43 
and - 2.OOV respectively. The compounds 2- and 3- 
methanolpyridine N-oxide exhibit a two-wave reduction 
process probably resulting from the reduction of the 
methanolic hydrogen and the subsequent reduction of 
the anion product. 

The reduction plateau characteristic of each N-oxide is 
observed to be superimposed on the total current resul- 
ting from the reduction of all Sn(IV) species. The current 
associated with the reduction of the noncomplexed l&and 
varies in proportion to the concentration in the range 
OS-10 mM. 

DIMXJSSION 
Data have been presented which demonstrate that in 

ACN the salt SnCl.&H20 is reduced in two electro- 
chemical steps resulting in well-defined polarographic 
current plateaus via a mechanism analogous to that pre- 
viously reported for anhydrous SnCL.* This information 
has been used as a basis for a polarographic study of 
S&b-pno complex formation in ACN. Addition of each 
of the six ligands pno, 3-pmno, 2-picno, 4-phenpno, 3- 
picno and 4-picno to test solutions containing SnCb in a 
ligand to metal ratio of 2: 1 brings about the replacement 
of the plateau associated with the reduction of the water 
complex of SnCb with a current plateau that may be 
reasonably associated with the reduction of a pyridine 
N-oxide SnCb adduct’ having the formula SnCbe2L. 
Similarly conducted experiments employing the ligands 
Ino, 2-pmno and 4-Clpno reveal analogous behaviour but 
with the formation of adducts apparently having the 
forlula SnCL.L. The polarographic reduction current 
associated with the reduction of the stable SnCli- com- 
plex is unperturbed in all polarographic experiments 
conducted in this study. 

The polarographic wave associated with the reduction 
of each 2: 1 complex appears at an Elf2 of - 0.33 V and 
is irreversible. According to conventional criteria the 
wave current deviates slightly from diffusion control 
behaviour and the measured current constant value of 
3.64 is small in comparison to most four-electron pro- 
cesses. Similar observations related to SnCI, electro- 
chemistry have been discussed previously.2.7.8 

The polarographic wave associated with the reduction 
of each of the three 1: 1 complexes studied appears at an 
El/2 of - 0.29 V and is irreversible. The measured cur- 
rent deviates slightly from diffusion controlled behaviour 
and the current constant value of 3.26 is suppressed 
relative to that of SnCb*2H20 as well as that of the 2: 1 
complexes. 

The destruction of the 2: 1 and the 1: 1 complex 
reduction wave as well as that of Sn%2H,O by the 
addition of TMACI and the concurrent enhancement of 
the wave associated with the reduction of the SnCI:- 
complex ion demonstrates the great stability of the hex- 
achloro anion relative to each of the other complexes of 
Sn(IV). The unperturbable current wave and the pre- 
dictably large current constant of the four-electron 
reduction of the SnClz- anion also signitIes its great 
stability and diffusion controlled reduction. 

These observations may be summarized with the fol- 

lowing set of reactions: 
Fist Cathodic Wave (Lowest Cathodic Potential) 

SnCL*2H,O(s) + Hg t 4e- + Sn(Hg) t 4Cl-(s) t 2H20 

SnCb.2HtO(s) t ZCl-(s)#SnCI~-(s) t 2Hz0. 

Second Cathodic Wave (Complex Reduction) 

SnCLnL(s) t Hg t 4e- + Sn(Hg) t 4(X(s) t nL(s) 

SnCbnL(s) t 2Cl-(s)#SnClk(s) t nL(s). 

Third Cathodic Wave 

SnClz-(s) t Hg t 4e- + Sn(Hg) t 6CI-(s). 

Fourth Cathodic Wave (Highest Cathodic Potential) 

L t e_FtL:. 

Where L is pno, 2, 3, and 4-picno, 4-phenpno and 
CClpno. 

In addition to these reactions describing the elec- 
trochemistry of SnCb species in ACN and the current 
ratios which define the formulas of stable adducts, two 
other polarographic observations are central to the pos- 
tulated bonding model’ and its relationship to the nature 
of ring substituents. These are the polarographic E,,* 
values of the noncomplexed ligands and the diminished 
currents of the reduction waves of the 1: 1 complexes 
relative to those of the 2: 1 complexes and the 
SnCL~2H20 complex. 

It is postulated that the increased matching of metal 
d-orbitals with lowest rr* ligand orbitals through lower- 
ing of the rr* energy as a result of the electronic and 
mesomeric effects of electron withdrawing substituents 
enhances drplr backbonding promoting the formation of 
stable 1: 1 complexes at the expense of the 2: 1 form. 
The reported polarographic E,,1 values of those ligands 
which undergo reversible one-electron reductions are, 
with the exception of Ino’, clearly consistent with the 
postulated substituent effect on the lowest r* orbital. As 
an example, the E1j2 values of 4-picno (2: 1 complex) and 
4-Clpno (1: 1 complex) are - 2.30 and - 1.878 V respec- 
tively. It is well known that the value of the polaro- 
graphic Euz for a reversible electrochemical reaction is 
proportional to the Htickel (HMO) value of the lowest 
IT* energy.‘,“.” Employing the calculations of Streit- 
wieser” in which the E1,2 values of fifty aromatic sub- 
stances undergoing reversible one-electron additions in 
aqueous dioxane (the dielectric effects of the solvent are 
found to be small) are correlated with the HMO value of 
the lowest P* orbital, the difference in the E,,* between 
4-picno and 4-Clpno corresponds to a lowest ?r* energy 
lowering by Cl-substitution of approx. 0.38 eV. 

This observed sensitivity of the lowest ?r* orbital of 
pyridine N-oxide to substituents in the 2- and 4-position 
is predicted by HMO calculations using generally ac- 
cepted heteroatom parameters for nitrogen and oxygen 
exchange and Coulomb integrals.‘* Treating both 2- and 
4-position substituents as Coulomb perturbations by 
varying the Coulomb parameter, h, of the 2- or 4-carbon 
in the conventional manner” over a range of 2.0 shifts 
the lowest rr* energy of 4-substituted pyridine N-oxides 
by 0.44 &, units and of 2-substituted pyridine N-oxides 
by 0.67 fro units. Treating a 3-position substituent per- 
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turbation in a similar manner does not alter the lowest B* financial support of the Robert A. Welch Foundation [R. J. 
energy. The highest bonding r-orbital energy is unaltered Wiiiams (AO-557), J. W. Rogers (AO-33711. 
by substitution in all calculations. 

Empirical evidence presented in previous studies’ in 
support of the proposed existence of 1: 1 complexes in 
an oxygen-bridged dimeric form is indirect at best. Con- 
sequently the diminution of the 1: 1 complex reduction 
current relative to that of the 2: 1 complex reduction 
current appears to be quite significant but must be inter- 
preted with caution owing to the complex nature of the 
electrochemical processes controlling the wave current. 
All polarographic wave currents are found to be propor- 
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PHOTOSUBSTITUTION IN SOME CYANIDE COMPLEXES 
OF CHROMIUM(II1)’ 

ADAM MARCHAJ and ZOFIA STASICKA* 
Institute of Chemistry, Jagiellonian University, Karasia 3,30&O Krakbw, Poland 

(Receiued 19 August 1982) 

Abstract-Photosubstitution bv OH- liuand was concluded from a photochemical study of the [Cr(CN)$ and 
[Cr(CN)50H13- complexes in alkaline medium. Photoaccelerated aquation was found to proceed in the case of 
aquocyanochromates(II1): [Cr(CN)5H20]2- and [Cr(CN),(H,O),]. 

Ligand-field photochemistry of hexacyanochromate(II1) 
has heen studied repeatedly?-” It was concluded that 
the only photochemical mode arising from continuous 
irradiation was photosolvation of one CN- ligand 

[Cr(CN)J- $ [Cr(CN),S]*- t CN- (1) 

where S = H20,4.5*e” DMF,7.9 or DMS0.6 Photochemi- 
cal solvation was reported to be followed by secondary 
processes leading in aqueous solutions to aquation of 
further CN- ions by thermal5 or photochemical routes. 

The photochemical. behavior of aquocyanochro- 
mates(II1) was not studied in detail except for the 
[Cr(CN)(H,O)$ complex. In this case photoaquation of 
the CN- ligand 

[Cr(CN)(H20)5]2’ 3 [Cr(H20&.]” + CN- (2) 

was reported to proceed with a relatively high quantum 
yield.‘* 

In this paper the photochemical study of the 
[Cr(CN)6]3- complex has been extended to strongly al- 
kaline solution. To solve the problem of secondary pro- 
cesses, the photochemical behaviour of hexacyanochro- 
mate(III) and some relatively stable cyanochro- 
mates(II1) substituted by Hz0 or OH- ligands, was 
followed using both continuous illumination and flash 
photolysis techniques. 

RESULTS AND DISCUSSION 

In all systems studied no transient species could be 
observed upon flashing at delay times longer than 10 ps. 

The only product observed in flash photolyzed solu- 
tions of hexacyanochromate(II1) was the aquopentacy- 
anochromate(II1) complex, except when pH was too 
high. Then, the [Cr(CN),0H13- complex was recorded 
with delay times between microseconds and seconds 
The results obtained at lower pH values were consistent 

*Author to whom correspondence should be addressed. 
tOnly the first result4 provides an exception, presumably due 

to inadequacies in the analytical method used. 
SThese complexes were also never isolated by other authors. 

For a more detailed discussion concerning the [Cr(CN)4(H20)J 
species see Ref. 13. 

with the reported earlier photoaquation (eqn 1) following 
the reactive decay of the quartet excited stateYm9 

In strongly alkaline medium, the photosubstitution by 
OH- ligand 

[Cr(CN)J3- 2 [Cr(CN),0H13- + CN- (3) 

or rapid deprotonation of the aquopentacyanoch- 
romate(II1) complex was considered. The latter path is 
supported by the value of the protonation constant of 
[Cr(CN)50H]3-, reportedI to be about 109. However, 
unlike the thermal aquation,14 the photosubstitution was 
found to be accelerated by an increase in pH. The 
photosubstitution quantum yield values measured in this 
as well as in other studies (Table 1) increase nearly 
linearly with an increase in pHt. The correlation stron- 
gly suggests that the photosubstitution by OH- ligand (eqn 
3) is effectively competing with photoaquation in alkaline 
solutions of the hexacyanochromate(II1) complex. 

From the data presented in Table 1 the influence of 
spectral range on the photosubstitution quantum yield 
can also be followed. In accordance with the previous 
report’ this seems to be insignificant although its im- 
portance seems greater at higher pH. Moreover, in al- 
kaline solutions of hexacyanochromate(II1) in the 
presence of oxygen, a quite new photochemical model5 
was found to accompany the photosubstitution upon 
exposure to radiation with f > 33 x lo3 cm-‘. 

Prolonged irradiation of the [Cr(CN),]‘- solution leads 
to a substitution of further CN- ligands by Hz0 mole- 
cules or OH- ions, depending on pH. To solve the 
problem of secondary processes, thermal and photo- 
chemical behaviour of the [Cr(CN],H,O]‘- and 
[Cr(CN)50H]‘- complexes has been compared. Thermal 
substitution of the latter complex was found to proceed 
slightly more slowly than that of the aquo-complex. For 
both complexes substitution was shown to be consider- 
ably photoaccelerated, as illustrated in Fig. 1. However, 
in both cases, the tirst possible substitution product, 
[Cr(CN)4(H20)J or [Cr(CN),(OH),]“-, was never 
observed.4 Instead, [CI(CN)~(H~O)~] was the first 
product recorded both in thermal and photochemical 
aquation of aquopentacyanochromate(III), while a mix- 
ture of hydroxocyanochromates(II1) was observed upon 
exposure of the [Cr(CN)50Hl’- complex. Due to lack of 
any transient species even at 20 ps upon flashing, no 
suggestions about the detailed mechanism could be 
made. In alkaline medium, an additional difficulty arose 
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Table 1. Photosubstitution quantum yields 

a [nm] (‘j X 10’3 [om”l) 

436 405 366 313 280 265 

r22.g (24.5) (27.4) (31.9) (35.7) (37.7) 

0.1 0.1 0.1 

0.10 

0.119 
b 

0. logb 0.12b 

20.003 to.003 to.01 

O.lG 0. ltl 

0.14 0.118 0.125 0.111 

o.14gb O.llSb 

20.0 10 +0.003 

0 .045a 

Lo .004 

0.091 a,b 0.074~‘~ 0.063~~~ 

‘0 .oo6 +0.015 zo.005 

0.07a 0.02a 

lo.01 fo.007 

a from substrate aualyds ; b from product &ialysi. 

(a) t [mini 04 t [minl (cl t hid 

Fig. I. Absorption changes recorded at i,,,, of substrates (upper curves) and products (lower curves) during 
photochemical (-) and thermal (---) reactions proceeding in 5 x 10m3 M solutions of: (a) [Cr(CN),H,O]*- in 

acetate buffer at pH 5.8, (b) [Cr(CN)sOH]‘- in I M KOH, (c) [Cr(CNMH20)31 in acetate buffer at pH 5.8. 
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from fast thermal reactions of the [Cr(CN)s_,(OH),]3- 
complexes (where x > 1) leading within a few hours to 
the complete substitution of all the CN- ligands. 

The photosubstitution quantum yield (Table I) was found 
to be relatively low in the case of the [Cr(CN)~H20]‘- 
complex, but considerably higher for the hydroxo-com- 
plex. This suggests again the direct photosubstitution by 
OH- ligand proceeding in alkaline solutions. The 
influence of spectral range on the @ values could be 

followed only in the case of the [Cr(CN)50H]3- complex 
and appeared to be more sign&ant than that for hex- 
acyanochromate(II1). Similarly to the alkaline solutions 
of [Cr(CN)s]3-, photosubstitution of the [Cr(CN)sOH]3- 
complex was accompanied by another photochemical 
reaction upon exposure to radiation from CT bands in 
the presence of oxygen.” 

Continuous irradiation with polychromatic light of the 
[Cr(CN),H,O]‘- complex led to the generation of a mix- 
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ture of the [Cr(CN)6_,(H20),]‘-’ complexes (where 3 d 
x d 6), with the aqua-complex of chromium(W) as major 
pr0duct.t The same products were found to be generated 
in thermal or photochemical aquation of the 
[Cr(CN),(H,O),] complex. In this case, the increased 
rate of thermal aquation made it difficult to determine 
accurate values of quantum yield. Nevertheless, the 
effect of photoacceleration was evidently observed [see 
Fig. l(c) and Table 1). Despite fast thermal substitution, 
the effect of photoacceleration was also noticed for the 
[Cr(CN)6_,(0H),]3- complexes, where x > 1. 

EXPERIMENTAL 

Materials. Potassium hexacyanochromate(III), K#XCN)J, 
was prepared according to the literature method” and recrystal- 
lized several times from aqueous solution. Its purity was checked 
by chemical analysis and infrared and ultraviolet spectros- 
copy. The aquocyanochromates(III), [Cr(CN),H,O]‘- and 
[Cr(CN)3(H20)J]. were obtained in aqueous solution following 
the procedure of Schapp et alI4 For further experiments only 
thosk samples were us&i whose electronic spectra fitted those 
reoorted earlier.‘4.‘” The hydroxopentacyanochromate(III), 
[Cr(CN),OH]‘-, was obtained from its parent aquo-complex by 
deprotonation in 1 M KOH solution. Its purity was tested spec- 
&ally.” Other chemicals were best available commercial reagents 
used without further purification. 

Apparatus and procedure. Flash photolysis apparatus was that 
described earlier.19 Continuous irradiations were carried out 
using a high-pressure (HBO 200, Narva, DDR) or a medium- 
pressure (ASH 400) mercury lamp. For quantum yield measure- 
ments, glass filters (Schott, Jena, DDR) were used to isolate 436, 
366 and 313 nm wavelengths, and an interference filter (KIF 265, 
C. Zeiss, Jena, DDR) for 265 nm radiation. Irradiations were 
performed in a thermostated rectangular quartz cell (d = I cm) at 
295 f 0.5 K with a continuous flow of nitrogen. The reaction 
progress was followed by means of a Specord UV-VIS or VSU 
2P spectrophotometer (both C. Zeiss, Jena, DDR). Concen- 
trations were chosen to assure a large excess over the minima 
required for >99% absorption of light at the desired wavelengths. 
Irradiations were limited to less than 10% conversion. Due to 
considerable contributions from thermal processes, the pho- 
toreaction progress was calculated from differences in optical 
density between the irradiated sample and one kept in the dark 
under precisely the same conditions. Moreover, quantum yield 
values were corrected’ for inner filter effect.s.20 Actinometry was 
carried out with trisoxalatoferrate(III)?’ 

tin acetate buffer solution, anation by the CH$OO- liind16 
was also observed. 
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M-The preparation of a series of six and seven coordinate manganese(H) complexes [Mnoo(L)Xj’, 
and [Mn’“‘(L)X2]2- (X = halide, water, triphenylphosphine oxide, imidazole, i-methyl imidazole and 
pyridine) incorporating the pentadentate planar macrocylic ligand L is described. Cyclic voltammetry of these 
complexes in acetonitrile each shows a reversible one-electron reduction wave near - 1.4 V vs a AglAgNOs ref- 
erence electrode. Quantitative reduction of these complexes by controlled potential electrolysis at a platinum gauze at 
- 1.4 V yields the corresponding oneclectron reduction products which have been shown by ESR spectroscopy to 
be manganese(IIbligand radical species, the electron being thought to reside on the di-imino pyridine moiety of the 
macrocyclic ligand. No metal reduced species could be isolated even in the presence of r-acceptor ligands such as 
CO or phosphines. 

We have recently reported work on the redox properties 
of nickel(II)’ and cobalt(H)’ complexes of the pentaden- 
tate unsaturated macrocyclic ligand L and in particular 
the electrochemical reduction of these complexes to give 
univalent metal species. We now wish to report, as a 
continuation or our previous studies on manganese(H) 
complexes of L,)*4 the electrochemical redox behaviour 
of pentagonal pyramidal and pentagonal bipyramidal 
manganese0 macrocyclic complexes of L. 

(L) 

The reduction of transition metal complexes of poten- 
tial ?r-acceptor macrocyclic ligands such as L is of 
interest because of the possibility of forming either metal 
reduced species, e.g. metal(I) or metal(O), or metal 
stabilised lid radical species in which the electron 
resides mainly on the macrocyclic ligand. We and 
others’.2.5-‘o have previously shown that the redox pro- 
perties of macrocyclic complexes may be highly depen- 
dent on the axial ligation, net r-acceptor axial ligands 
stabilising metal reduced species. We have therefore 
carried out studies on the redox chemistry of man- 
ganese(H) complexes of L in the presence of a series of 

axial ligands to determine whether variations in redox 
properties might be observed. 

RRSULTS AND DISCUSSION 

The manganese(II) macrocyclic complex [Mn”“- 
(L)Cl]’ was prepared by condensation of 2, 9di(N- 
methyl)hydrazino-l,lO-phenanthroline with 2,bdiacetyl 
pyrklme in the presence of manganese(U) dichloride in 
retluxing water.‘” Halide coordination could be varied 
by changing the manganese halide starting material. 
Treatment of [Mn(“‘(L)C1]’ in refluxing water with 
AgBF4, tiltration and addition of NaBF4 yielded the 
pentagonal pyramidal aquo complex [Mn”‘(L)H2012+. 
The IR spectrum of this product showed a band near 
3400 cm-’ assigned to the O-H stretching vibration, %.H, 
of the coordinated water molecule. This complex was 
used as the starting material for the synthesis of a series 
of axially substituted adducts. Solutions of [Mn”“- 
(L)H2012’ were treated with excess of axial liiand X in 
refluxing methanol to give products [Mn”“(L)X212’ (X = 
triphenylphosphine oxide, imidazole, l-methyl imidazole 
and pyridine). The complexes are all high spin d5 species, 
conductivity measurements in dmso confirming that they 
are 2: 1 electrolytes in that solvent. Table 1 lists analytical 
data for these complexes. 

Cyclic voltammetric measurements on the above 
manganese(H) complexes in acetonitrile all show a 
reversible or quasi-reversible reduction wave near E,,2 = 
- 1.4 V at a platinum electrode relative to a Ag/AgN03 
reference. Coulometric measurements conlirm that, in the 
absence of water, these reductions are one electron 
processes. The fact that the value of the half-wave 
potential El,2 remains essentially constant with varia- 
tions in axial ligand suggest that the reduction occurs at 
the macrocyclic ligand; variation of axial ligand would 
be expected to have dramatic effect on the value of El/2 
for a metal redox process.” To co&m that the reduc- 
tion is indeed centred on the macrocyclic ligand, the 
complexes were quantitatively reduced by controlled 
potential electrolysis at - 1.4 V in acetonitrile at a pla- 
tinum gauze electrode and the reactions followed by 
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Table 1. Analytical data for q anaaaese(Il) macrocyclic complexes 

complex Found Calculated 

@(L)B~JBI- 

[vfnc L)( C5H5N)a] VT6 j2 .H20 

C H N C H N 

41.7 3.8 14.8 41.7 3.8 14.8 

40.9 3.8 14.9 40.7 4.0 14.5 62.4 

60.4 4.4 a.4 60.6 4.3 8.3 63.2 

39.0 3.1 15.9 38.6 3.1 15.6 

45.1 3.5 16.2 45.3 3.5 16.2 

41.4 3.3 14.5 40.9 3.1 14.5 

46.2 4.3 19.1 46.2 4.1 18.7 

41.5 4.0 16.8 41.2 3.7 17.0 64.3 

43.1 3.5 13.5 43.2 3.6 13.8 

a Measuredwith 10 -3 M solutions in CDdso at room terqzeratwe. 

ESR spectroscopy. On reduction, the orange solution of 
the manganese(K) starting material darkened with con- 
commitant development of an isotropic signal in the ESR 
spectrum at g = 2.002 (measured at 77 K as an acetoni- 
trile glass) assigned to unpaired electron density on the 
macrocyclic ligand. 

The broad manganese(R) ESR signal” at g., = 2.960 
remained essentially unchanged during the course of the 
reaction. The ESR data are consistent with the formation 
of manganese(II) stabilised ligand radical species. In the 
presence of water [for example in the reduction of 
[MnoD(L)(H20)]*+] more than one equivalent of elec- 
trons was consumed during the course of the reaction 
with no ligand radical species being detected in the ESR 
spectrum. The IR spectrum of the dark brown product 
obtained from this reduction showed bands near 
31OOcm-’ assigned to N-H stretching vibration v,.,_H of 
a reduced macrocycle &and. In addition a marked 
decrease in the intensity of the C=N stretching vibration 
of the imino functions at 1620cm-’ was noted. We 
assign these spectral data to a product in which the 
diimme bonds of the macrocyclic ligand have been fully 
reduced. This suggests that in the manganese(U)-ligand 
radical species described above, the electron resides on 
the di-imino pyridme moiety; this is consistent with 
results obtained for other metal stabilised di-imino @and 
radical species.‘” 

The extreme rarity of manganese(I) complexes stabil- 
ised by nitrogen donor macrocyclic ligands led us to 
investigate the possibility of stabiising metal reduced 
species in the above electrochemical reductions. Ad- 
dition of P(OMe), or CO to solutions of [Mn”“(L)_ 
UWW*+ in the electrochemical cell showed essen- 
tially no shifts in the value of E1j2 for the above reduc- 
tion process, although some loss of reversibility was 
observed. No manganese(I) species could be detected in 
the quantitative reductions of such solutions. This is in 
contrast to the redox properties of nickel(I1) and 
cobalt(R) complexes of L in which the stabilisation of 

metal(I) has been readily achieved in the presence of CO 
or phosphine ligands.‘** 

The electrochemical results described above are 
analogous to the redox properties observed for d”’ 
zinc(U) complexes of L in which reduction occurs also at 
the macrocyclic ligand centre.13 Current work is directed 
to the investigation of the redox properties of man- 
ganese(U) complexes involving macrocycles derived 
from terpyridine and related open chain complexes.” 

EXPERIMENTAL 
Infrared spectra were measured as Nujol mulls between 

potassimum bromide discs using Perkin-Elmer 257 and 457 
spectrometers over the range -cm-‘. Conductance 
measurements were made with a Wayne-Kerr Universal bridge. 
Magnetic moments were recorded on a Newport-Gouy balance 
and the readii corrected for @and and inner-core diiag- 
oetism by using Pascal’s constants.” Microanalyses were per- 
formed by the University Chemical Laboratory Microanalytical 
Department. 

Electrochemical measurements were performed on a Princeton 
Applied Research Electrochemistry System Model 170. AU read- 
ings were taheo using a three electrode poteotiostatic system in 
a&o&rile with 0.1 moles/l of oBu,N+BF,- present as support- 
ing electrolyte. Cyclic voltammetric studies were carried out 
using platinum wires as auxiliary and working electrodes and a 
Ag/AgNOs reference electrode. Controlled potential electrotysis 
experiments were carried out using a platinum gauze as the 
working electrode, a salt bridge being incorporated to separate 
oxidised and reduced species. ESR spectra were measured as 
glasses in acetonitrile or as solid samples at 77 K on a Variao 
E109E. For the reduction products described, all solvents were 
distilled, dried and degassed before use and air-sensitive com- 
pounds handled under a nitrogen or argon atmosphere using 
Schlenk tube techniques. 2,6-Diacetyl pyridioe was used without 
further puritication (from Aklrich) and 2, 9di(l-methyl hydraz- 
ino)-1, IO-phenanthroline was prepared by the published pro- 
CCdlU&“J6 

Jhpmation of [Mnoo(L)Cl)(BP,)’ 
Manganese dichloride hexahydrate (0.087 g, 0.44 mM) was dis- 

solved in refhtxing water (50cm’) and solid 2, 9di(l-methyl- 
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hydrazino~l, R?-phenathroline (0.11 g, 0.44 u&f) was added with 
vigorous &ri&Wlten ail the solid had dissolved, 2,6diacetyl 
ovridme (0.07 a. 0.44 n&D was added with a few drops of con- 
&dratcd‘HC~~ rcactiim mixture was refluxed under nitrogen 
for 2hr and allowed to cool to 60% Amen of CXCBS of 
NaBF, with stirring and cooliug gave the complex ~na’~~f~ 
(BP,) as an orange crystattine product which was recrystaliised 
from water by the addition of NaBF,, washed copiously with 
dkthyl ether and dried Zn oacuo Yield:- 70%. 

The complex [hf~F’“cL)cl](BF~) (O.ig,O.l7mM) was dissolved 
in retluxing methauol (SO cm3) and AgRF4 (0.019 g, 0.25 n&f) 
added. The solution was refkxed under nitrogen for 2hr and 
t&red hot to remove pmcipitated AgCl. On cooling the tiltrate 
and addition of NaBF,, the aquo adduct [M~m~~~O)]~F,) 
was obtained as a dark orange product which was recrystallised 
from water by the addition of NaBF,. Yield:- 80%. This compkx 
was used as the start@ material for the formation of axially 
substituted adducts with pyridme, imidaxok, l-me&@ imidaxok 
and triphenyI phosphibe oxide. The prep~~a of the pyridme 
adduct [Mn~L~C~H~N)~~F~ is typical. 

The complex [Mn~~~*O)~F~ (0.05 g, 0.07 mM) was dis- 
solved in refkxing methanol cMcm31 and excess of pyridine 
(0.028, 0.3 mM) was added. The solution was refkxed under 
nitrogen for 2 hr. On coolii and addition of diethyl ether orange 
crystals of the pyridme adduct ~a~(L~C~H~N~~F~ were 
obtained. The product was ~c~s~~ from methauol and 
diethyl ether containing pyridine. Yield: 70%. 
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ORGANOMERCURY DERIVATIVES OF 
ARYLAZOBENZOIC ACIDS 

K. K. SARKAR, T. K. CHATTOPADHYAY and B. f&WEE* 
Department of Chemistry, North Bengal University, Darjeeling-734430, India 

(Receiued 23 August 1982) 

Ah&net-A number of organomercury derivatives of arylazobenzoic acids have been prepared and characterised 
by analytical, IR, PMR and electronic absorption spectral data. In the 3-coordinated organomercury complexes the 
N+Hg bond appears to be weak. The 4coordinated complexes obtained from the terdentate ligands o-(2- 
hvdroxvbenzene-azo) benzoic acids show a lame bathochromic shift of the r-g* transition of the ligand indicating 
a-much stronger N 4 Hg bond. 

their spectral and structural characteristics. The 
organomercury derivatives of the p-carboxy compounds 
(If) were also prepared and their spectral characteristics 
compared with those of (f) to ascertain the effect of 
N + Hg coordination on the absorption spectra. 

o-Arylazobenzoic acids and related compounds (I) have 
been widely used as liiands in transition metal chem- 
istry.‘” Ease of synthesis, favourable steric arrangement 
and variability of the number of donor sites with suitable 
substituents make this group of compounds excellent 
ligands for synthesising many interesting complexes.’ 

This prompted us to undertake the synthesis of 
organomercury complexes of these ligands and study 

*Author to whom correspondence should be addressed. 

- 

EXPERIMENTAL 

(a) Preparation of arylazobenzoic acids 
Liinds 1-t (Table 1) were prepared according to the method 

described by Vogel.*’ ligands 5-7 and 13-15 were prepared 
according to the methods reported by Majee et al? L*H and L9H 
were prepared by the standard acetylation procedure.*’ Ligands 

Table l(a). Ligands (I) and their abbreviation 

Abbreviation uncd 
I 

X 
I 

Y 
I 

2 

/ 1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Lb 

L2H 

L5H 

L4H 

LSH 

L6E 

L% 

XI88 

L9li 

L% 

Ll%i 

I% 

“my2 

I(C2H5)2 

BHC2H5 

mcs 
A 

OH 

OH 

H 

A 

H 

H 

OS 

cs 

H 

cs 

H 

cB5 

H 

cu5 
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Table l(b). Ligands (II) and their abbreviation 

Abbreviation used X Y Z 

13. L’+i A N(CKJ)2 A 

14. _ L’ JH OH H 
F5 

15. L’4H II OH 
CH3 

16. L’ 5H H 
OCg5 cH3 

l&12 and 16 were prepared from the corresponding hydroxy 
compounds by methylation with dimethyl sulphate followed by 
hydrolysis with 5% aqueous sodium hydroxide. 

The purity of the compounds were checked by analytical data, 
m.p., IR spectra and mass spectra. 

(b) Preparation of organomercury derivatives of arylazo benzoic 
acids 

A few typical preparative details are given below: 
(i) PhHgL’. A mixture of L’H (3g) in 75.2cm’ of ethanolic 

NaOH (0.148N) and phenylmercuric acetate (3.75g) in 125cm3 
ethanol was refluxed for 6 hr. Ethanol was removed by evapora- 
tion, the product extracted with benzene and crystallized from 
benzene and petroleum ether W-80): yield 95%. 

(ii) PhHgL’. A mixture of‘equiv&nt amounts of L*H and 
phenylmercuric hydroxide was refluxed for 16 hr in dry benzene. 
The solution was concentrated and petroleum ether was added to 
separate out the crude product. Repeated crystallisation from 
benzene and petroleum ether @MO) gave the pure product; yield 
55%. 

(ii) p-TolHgL*. A mixture of 0.5 g of p-tolylmercuric chloride 
and 0.9g of the Ag-salt of L’H in 100 cm3 dry benzene was 
refluxed for 8 hr. The solution was filtered, the filtrate concen- 
trated and hot petroleum ether added. On cooling, the crude 
product separated out as a gummy mass which was puritied by 
repeated crystallisation from benzene and petroleum ether (60- 
80). p-TolHgL2 was obtained as a red powder; yield 40%. 

(ii) PhHgL’. A mixture of 3.4 g of phenylmercuric acetate and 
2.8a of Na-salt of L’H in 16Ocm’ of methanol was refluxed for 
8 hr: The solution was concentrated by distillation, then cooled, 
when red crystals separated. Recrystallisation from benzene and 
petroleum ether (60-80) afforded the pure product; yield 90%. 

All solvents used for spectral studies were of Uvasol (E. 
Merck) grade. The absorption spectra were measured with a 
Beckman DU-2 spectrophotometer. 

RESULTS AND DISCUSSION 

The formulae of the ligands and their abbreviations are 
given in Table 1. 

(a) Method of preparation of the organomercury deriva- 
tives 

In principle, organomercury derivatives of o-aryl- 
azobenzoic acids may be prepared by any of the follow- 
ing reactions: 

RHgCl + L*Na+ RHgL t NaCl 

RHgCl t L.Ag+ RHgL t AgCl 

RHgOAc t L.Na + RHgL t NaOAc 

RHgOH + L.H + RHgL t HzO. 
(L-H = o-arylazobenzoic acid). 

(1) 

(2) 

(3) 

(4) 

However, the yield and purity of the desired product 
depend to a great extent on the particular reaction 
employed. For example, reaction (1) does not occur even 
on prolonged refluxing. On the other hand, reaction (2) is 
quite general though the yield is usually low, thus making 
it unsuitable as a preparative method. 

Reaction (3) is found to be the most satisfactory. The 
yields are 75-95%, depending on the ligand. The 
presence of an -OH group at the 4-position in the coup- 
ling moiety hinders this reaction, presumably due to the 
hydrazone form*“” (III) which destroys the planarity of 
the molecule in the azo form. This is expected to affect 
the stability of the chelated structure adversely. 

In such cases, reaction (4) has been used successfully, 
though the yields are low. 

Another point which merits some comment is the 
facile hydrolysis of the acetyl group in L*H or L9H 
during reaction with phenylmercuric hydroxide. In both 
cases, complete hydrolysis of the Cacetyl group occur- 
red, resulting in 4-hydroxy compounds. 

The products, m.p. and yields are summarised in Table 
2. Analytical data are given in Table 3. 

(b) IR spectra 
The IR spectra of the organomercury arylazocar- 

boxylates are very complex and a complete assignment 
of the absorption bands is not possible. The frequencies 
of the important vibrations that could be assigned are 
listed in Table 2. 

Asymmetric OCO vibrations in the organomercury 
derivatives have been identified by comparison of the IR 
spectra with those of the free ligands. Due to overlapping 
of v,,(OCO) with the ring vibrations’ at -1600 cm-‘, the 
exact position of this band is somewhat uncertain in 
some cases. In fact, the compounds are characterised by 
a rather broad and intense band around -1600 cm-’ with 
distinct shoulders. 

The lowering of the asymmetric carboxylate stretch in 
the organomercury derivatives may be ascribed to the 
canonical structure (IVB) because intermolecular poly- 
merisation involving the -COO group may be ruled out 
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Table 2. IR, NMR and electron spectral data of the organomercury derivatives 
I I 

colllpouna” 
(Mp.‘C;Yield $1 

IR bandn Electron Spectra 
in Methanol*** 
;Lu nm(lOdie) 

1. PhHgL lb 

(146, 95) 

2. p-Tol.&L lb 

(155, 95) 

3. mgL2 
ad 

(86, 55-60) 

4. p-To1.H L2” 
(84, 437 

5. PmgL3b 

(90, 15) 

6. PWgL Ib 

(126, 90-95) 

7. PWgL 5b.c 

(174, 70-90) 

8. p-Tol.BgL 5a 

(169, 95) 

9. @t2”C6H4kL 5’ 

(156, 70) 

10. PmgL 6’ 

(180,451 

11. PM&L 7Q 

(193, 42) 

12. PbHgL @ 

(180. 20) 

13. P%HgL9c 

(194, 30) 

1580 3.02d 

1565 2.36’. 3.0qd 

1600, 1330 

1598, 1330 

1565, 1325 

1595 2.97’ 

1615, 1325 

1600, 1330 

1615, 1320 

1580, 1350 

2.39’ 250(4.16) ,325 

(4.33) ,390(3.97) 

325(4.;;$ 0 
. s 

250,325,390 

247,352. 475 

1590 248, 355, 470 

14. PhHgLl°C 1590, 1340 

(97, 90) 

15. PhHgLllC 1555, 1380 
(vi3,QS-~~~ 

16. PhHgL” 1615, 1320 

(210, 80-85) 

17. PllHgL13° 1630, 1333 

(194, 90-95) 

245(4.20) ,350(4.37) 

2.46’,3.60h 245(4.11), 350(4.29) 

270(4.12), 420(4.54) 

2.40’ 330(4.37), 395(4.02) 

* Ph=c6H5, TOlm3.C6H4’ AC = Am3 

a, b aml o refer to methode of preparation by rcactiond2), 

(3) and (4) reepctively. 

l * t - triplet, q I quartet. 

Protons reeponelble (underllned)for the signals ares 

li -Cl% (d) , Aryl - c!+(e), N-Cg2*G(f), 

IJ -c!i2-cc”3( 9) * ArJl-OC~( b) . 

l ** Absorption Muir in come nonpolar eolventes 

C6*6 - pbHgL5 350(4.23), 407 (3.86): p-ToMigL5 3500.24). 

405(3.86); Ph& 354, 448; PMQL’ 390, 440: 

P~G$JL~~ 360(4.06); PMgL1l 360(4.09); P~JA~L’~ 

4280.33) i phII&” 335 (4.42). 410(4.04b 

ccl) - PM&L5 407, PhIigL12 420. 

Cydlo - C6H12 - phBgL5 405. 
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Table 3. Analytical data 

CompoUncI’ 
C 

PhHgL’ 46.22t46.19) 

p-To1 . HgL’ 47.07(47.18) 

PhIi@ 48.31(48.12) 

p-lol.HgL2 49.‘)8(49.01) 

mIp3 46.21(46.1#) 

PhHgL4 45.16t45.15) 

Phw5 45.08(45.06) 

p-‘PO1 .EgL5 46.12f46.10) 

p-Et2Hc6H4H&5 47.74t47.71) 

PhIi& 45.0605.06) 

PhHgI?’ 46.11(46.10) 

PhHgL7 45.08(45.06) 

PhH6L’ ’ 46.11(46.10) 

PhHgL’ 2 46.35t46.19) 

PhEgL’3 45.10(45.06) 

Found (calo.) ($1 

H % 

3.50(3.48) 36.69t36.77) 

3.7(x3.75) 35.73t35.85) 

4,03(4.01) 34.89134.97) 

4.23c4.25) 34.09(34.14) 

3.49(3.48) 36.7Ot36.77) 

3.22f3.20) 37.7ot37.74) 

3.01(3.00) 37.59t37.66) 

3.3M3.29) 36.68(36.70) 

4.15t4.141 33.22t33.23) 

3.03(3.00) 37.6lt37.66) 

3.28t3.29) 36.68t36.70) 

3.01(3.00) 37.63t37.66) 

3.27t3.29) 36.65(36.70) 

3.43(3.48) 36.61t36.77) 

3.01(3.00) 37.6Of37.66) 

l ph = C6H5: To1 = Ci#.C6H,. 

as v., (OCO) is found to be nearly the same in the solid 
and in solution. 

(IVA ) 

(IVB 1 - 

This is also consistent with v,,(OCO) in PhHgL’ being 
lower in frequency (-1580cm-‘) than that in PhHgL12 
(1615 cm-‘) where such resonance is not possible. 

The symmetric OCO stretch in the carboxylates 
reported here occurs as a medium to strong intensity 
band in the 1360-1320 cm-‘. 

(c) PMR spectra 

The low solubility of the azo compounds and their 
organomercury derivatives in common solvents made it 
difficult to obtain good PMR spectra except in a few 

cases. The chemical shifts of interest in these com- 
pounds are given in Table 2. 

Of the two benzene rings present in the arylazoben- 
zoates, the chemical shifts of the protons on ring B(I) 
and the substituents attached to it provide more useful 
information. 

In general, the observed shift of the side chain pro- 
tons, e.g. -NCHS, -NCH2CH3, -OCHp, Ar-CHS etc. 
present in the substituents X, Y and Z are readily 
identified by their position, multiplicity and relative in- 
tensities. The observed chemical shifts agree closely with 
the reported shifts in other azo dyes. ‘2*‘3 

The PMR spectrum of compounds with Y = - NRlR2 
are characterised by two signals at S-6.50-6.7 and 
S - 6.66479 corresponding to one proton each. From a 
comparison with the available data,’ ,I3 these two signals 
can be assigned to protons at 3 and 5 positions respec- 
tively on ring B. 

The signal at S - 2.16 in compounds with Y = -NHR, 
-NHCH3 or -NHC2H5 is absent in fully alkylated com- 
pounds (Y =NR,R2) and therefore, arises from the 
amino proton. The amino proton in the azo compounds is 
thus more shielded compared to other aromatic amines14 
(S - 2.948). The data given in Table 2 show that the 
signals of the side chain protons undergo an upfield shit 
in the phenylmercury derivatives of bidentate ligands 
(X = H in I) compared to that in the free l&and. The 
signals of protons at 3 and 5 positions show a similar 
high field shift of about 0.06-0.1 ppm in the mercury 
derivatives. On the other hand, terdentate ligands (X= 
OH in I) and their organomercury derivatives have almost 
identical chemical shifts for the side chain and ring 
protons. The apparently anomalous results are readily 
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Fig. 1. Probable structure of 3-coordinate trigonal organomercury 
complex (the plane of the ring D is ~rpendicular to the plane 

containing the rings A, B and C). 

\ 
-a\H/S”S 

CS- 0 < “bH 
N 

-4% X 

Fig. 2. Probable structure of ecoordinate organomercury (sp3) 
complexes. 

explained in terms of 3- and 4- coordinated structures for 
the organomercury derivatives. 

Bidentate liinds are expected to form 3~~rdinat~ 
organomercury complexes having trigonal planar 
geometry. A model of a 3-coordinate complex using bond 
lengths for Hg-C, Hg-N and Hg-0 observed in amino 
acid derivatives”’ and standard bond lengths for the 
bonds in the azo systemI is shown in Fig. 1. Because of 
the planarity of the 0, N, C and Hg atoms in the three- 
coordinate planar geometry, the benzene ring (D) 
attached to the mercury atom would orient itself prefer- 
ably in a direction perpendicul~ to the plane of the ring 
B to avoid steric interaction. Because of this, the protons 
on ring B, particularly the side chain protons at the 4 
position which lie above the plane of ring D, would be 
more shielded due to ring current effects.” The observed 
upfield shift in the organomercury derivatives, therefore, 
provides strong evidence in favour of a 3-coordinate 
structure. Absence of such upfield shift in the 
organomercury derivatives of the p-arylazobenzoic acids 
where similar coordination is not possible supports this 
interpretation. 

The absence of a similar high geld shift in the 
organomercury derivatives of terdentate ligands (X = - 
OH in I) which can form 4-coordinate complexes pro- 
vides further support. The geometry of ~~rdinated 
mercury is known to be tetrahedral. In the tetra- 
hedral 4-coordinate organomercury chelates (Fig. 2), the 
benzene ring attached to the mercury atom lies in a 
direction perpendicular to the plane of the azo system. 
The or~nomercury group is, thus, expected to have Iittle 
effect on the protons on ring B in the 4-coordinate 
complexes. The experimental data coniirm this. 

(d) ~fect~nic abs~~t~n spectra 
The electronic absorption spectra of the organomer- 

cury (aryl azo) benzoates can be explained in terms of 
the V-P* transition characteristic of the azo 
compounds. “*” The spectral data are given in Table 2. 

The absorption spectra of the or~nomer~~ 4- 
hydroxybenzeneazobenzoates are characterised by two 
solvent-dependent overlapping absorption maxima in the 

~~3~nrn region. That the two bands arise from azo- 
hydrazone type equilibrium (eqn 5), well-known in many 
0- and p-hydroxy azo compounds,2*“” is shown by the 
electronic absorption spectra of the methylated deriva- 
tives and the ~o~espon~ orga~mercury derivatives. 

Methylation of the 4-OH group which eliminates the 
possibility of azo-hydrazone tautomerism results in a 
single absorption maximum in the visible region. Thus, 
both L%e and ,PhHgL” have a single absorption at 
-36Onm while the co~es~nding hydroxy ~om~unds 
have an additional band at longer wavelengths. Clearly, 
the -360nm band arises from the azo form while the 
-450 nm band present in the hydroxy componnds L6Me 
and PhHgL6 must originate from the hydrazone form 
which generally absorbs at longer wavelength than the 
corresponding azo form.19 Interestingly, the free acids 
L6H and L’OH have only a single absorption maximum 
which undergoes a considerable hypsochromic shit 
(-35nm) on ester~~tion of the -COOH group. The 
same behaviour is shown by the 2-methyl derivatives 
also. Esteritication of the -COOH group is not expected 
to have a sign&ant effect on the absorption spectra 
unless some intra- or inter-molecule interaction involv- 
ing the -COOH group exists. For example, absorption 
maxima of the p-carboxy compounds, L”H and L%fe 
diier by only 5 nm. 

In the o-carboxy compounds, intramolecular H-bond- 
ing as shown in (V) is possible. Este~fi~tion of the 
-COOH groups is then expected to result in a large 
hypsochromic shift of the absorption maximum because 
the a*-level will certainly be lower in energy in the 
H-bonded form due to a shift of electron charge cloud 
from the N atom towards to H atom.” Thus the obser- 
ved hypsochromic shifts are consistent with in- 
tramolecular H-bonding. Such bonding is not favoured in 
the corresponding hydrazone from which, consequently, 
is much less stable in the free acid. Because of this the 
free acids show only a single absorption peak cor- 
responding to the azo form. 

U 

a20 frm 

hydratone form . . . . . _ .(S) 
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A ~~oc~rnic shift of the longest wavelength P-U* 
transition is expected due to N-B Hg coordination and 
electron withdrawal from the N-atom’B*‘9 relative to the 
compound in which no such interaction is present, e.g. 
the methyl ester (comp~son with the free acid is not 
possible due to the presence of intramolecular hydrogen 
bonding). The small bathochromic shift ( _ 5-10 nm) of 
the absorption maxima in the organomercury derivatives 
relative to those in the corresponding esters, therefore, 
indicates the formation of a weak N+Hg bond. Such 
weak N+Hg interaction is a common feature of 3- 
coordinated mercury complexes.2o 

The organomercury derivatives of the o-2.hydroxy- 
benzeneazobenzoic acids show larger ~~~~ornic 
shifts of the TP-?T* transition indicating stronger coor- 
dination in this case. Unlike the 4-hydroxybenzeneazo- 
benzoates, the absorption spectra are not greatly affected 
by solvents showing the absence of azo-hydrazone tau- 
tomeric equ~ib~ in such cases. This is presumably due 
to the formation of more stable 4-coordinate complexes 
(Fig. 2) with the 2-hydroxybenzeneazobenzoic acids 
which can act as terdentate hgands. 

As expected, the organomercury derivatives of the 
~-a~Iazo~nzoi~ acids @I) have abso~tion spectra 
ciosely similar to those of the free ligands, as the deriva- 
tives in such cases are comparable to the corresponding 
alkyl esters. 
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Ah&act-As an aftereffect of the converted isomeric transition in 
aliovalent species Sri’+ 

““!%I, about 300/, yield of the oxidised 
was observed in Miissbauer spectra of frozen solutions of ‘u’%nCl, in organic 

solvents such as dimethyl sulphoxide and methanol. On the other hand, the reduced aliovalent species Sn2 + 
was observed in the emission spectra of crystalline solid adducts of “‘%InBr, with dimethyl sulphoxide and 
other donors. As a mechanism for the stabilization of the oxidized aliovalent species observed in the 
emission spectra of the frozen solutions, it is proposed that the electrons released by Auger processes are 
trapped in imperfections of the glassy matrices of the medium. On the other hand, a possible mechanism 
for the formation of reduced species from adducts of i”‘5nBr, is that reducing radicals are formed by 
dissociative electron capture in autoradiolysis of the closest ligands within the molecules. The large yields 
of the oxidized aliovalent species Sn’+ observed in the emission spectra of the crystalline solid adducts 
of ‘u”SnC1, with dimethyl sulphoxide, pyridine N-oxide, and pycoline N-oxides are also to be understood 
in terms of dissociative electron capture in autoradiolysis of the ligand. 

After-effects of nuclear transformations, mainly those 
of electron capture, EC, “Co and converted isomeric 
transition, CIT, in “?Sn have been studied by M&s- 
bauer emission spectroscopy, or source experi- 
ments.le3 Both EC in 57Co and CIT in “%n are 
followed by Auger processes in which vacancies in the 
outer atomic shells are developed by a vacancy 
cascade and the decayed atoms are left in highly 
charged states at the Miissbauer level. The fate of the 
hot atoms thus created in the solids is very inter- 
esting, and the lifetime of the highly charged atomic 
state and the stable charge state of the daughter 
atoms in various matrices have been studied by 
Miissbauer emission spectroscopy. 

Friedt et al. have investigated complex ligand com- 
pounds by Mdssbauer emission spectroscopy and 
proposed a model of autoradiolysis of the ligands for 
the stabilization of the aliovalent species in the host 
matrix.U On the other hand, Bondarrevskii et al. 
have proposed a model of competing acceptors for the 
electrons between hot atoms and surrounding me- 
dium to explain the aliovalent species observed in the 
emission spectra of the rapidly frozen solutions con- 
taining l19mSn~7-9 

We have reported previously a large yield of the 
oxidized aliovalent species of Sn4+ in the adducts of 
SnCl, with some oxygen- and nitrogen-containing 
donor molecules as ligands.‘Os” In the present work, 
source experiments on frozen solutions of “%InCl, in 
some organic solvents and on crystalline solid adducts 
of “gmSnBr4 with organic ligands were performed, to 
study the mechanisms for the stabilization of the 
aliovalent species observed in the emission spectra. 

Both the absorption and emission spectra of the 
frozen solutions of SnCl, in dimethyl sulfoxide 
(DMSO) and methanol are shown in Figs. 1 and 2 as 
examples. The Miissbauer parameters deduced from 
the absorption and emission spectra are shown in 
Tables 1 and 2, respectively. The parameters for the 
emission spectra were deduced by the least-squares 
method by constraining all the line widths to be equal 
in the spectrum and setting the isomer shift of Sn2+ 
to the value obtained from the absorption spectrum. 
The data for solid adducts with tetrahydrofuran, 
DMSO, and pyridine(F’y) are also shown in the 
Tables. EXPERIMENTAL 

Preparation ofsources. The sources containing ‘ipmSn were In Table 1, the values of both the isomer shift and 
prepared from “?Sn metal purchased from New England the quadrupole splitting were higher for the solutions 

Nuclear. Radioactive tin metal was dissolved in hydro- 
chloric acid, and anhydrous stannous chloride was obtained 
by heating the solution to dryness under a nitrogen gas flow. 
The anhydrous stannous chloride obtained was dissolved in 
the organic solvent to be examined at a concentration of 
10e2M. The adducts of SnBr. labelled with “?In were 
synthesized as follows. About jOmg of tin powder which 
contained 0.2mCi ‘iPmSn was reacted with bromine in 
chloroform solution. SnBr, was isolated by evaporating the 
solvent. Making use of radioactive SnBr,, the source ad- 
ducts were prepared according to the method described by 
Philips et ~1.‘~ 

Measurements. The Miissbauer absorption spectra of the 
adduct sources were measured with a CaSnO, source to 
identify the sample compounds. The absorption spectra of 
the SnCl, solutions were measured for other samples pre- 
pared from natural tin because radioactive tin contains 
mainly ‘%n. The emission spectra were measured against 
the “9Sn-enriched CaSnO, absorber (2.0mg m’Sn/cmz) at 
room temperature. Both the absorption and emission spec- 
tra were measured by cooling the sample in a liquid helium 
flow type cryostat. Mbssbauer parameters were deduced 
from Lorentzian curves computer-fitted to the spectra by the 
least-squares method. 

RESULTS AND DISCUSSION 
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Fig. 1. Miissbauer absorption and emission spectra of a 
frozen solution of SnCl, in &methyl sulfoxide. 

than those for the solid adducts. In the solid adducts, 
tin has trigonal pyra~dal coronation, with one 
tin-ligand and two Sri-Cl bondsi3*i4 In an aprotic 
solvent such as acetonitrile, however, electrochemical 
studies indicate that the predominant species in solu- 
tion is the SnC& molecule.‘5 If discrete SnCl, mole- 
cules exist in these solutions without forming Sn- 

* 17- 
ul 

* - 
C 
3 
0 ” 
it - 

- a3- 
ils - 
c_ 
I_" a0 emission 

ZOK 

Velocity, mms-t 

Fig. 2. MGssbauer absorption and emission spectra of a 
frozen solution of SnCl, in methanol. 

Table 1. MBssbauer absorption parameters for frozen solu- 
tions of SnC& in organic solvents 

6 A I- 
Solvent (mm/) (mm/s) (-is) 

Q-I@ 3.63 1.95 1.11 
SnC12.2C.,H8W 3.32 1.68 - 
CH,OH 3.51 1.93 1.07 
C,H,OH 3.41 2.01 1.24 

(CW2SO 3.61 1.56 1.12 
SnCl,*2(CH;),SOb 3.48 1.50 1 *OS 

GH,N 3.44 1.65 1.17 
SnC1,*2CSH,Nc 3.25 1.60 0.99 

“Ref. 13, solid. adduct. 
$Ref. 10, solid adduct. 
‘Ref. 11, solid adduct. 

ligand bonds, the tin atoms will have more electrons 
than those in the solid adducts, because formally tin 
electrons are used for the covalent bond between tin 
and ligand and acquire some ligand character in the 
solid adducts. The observed increases of isomer shift 
and quadrupole splitting are compatible with those 
increases of electron density at tin in the discrete SnCl, 
molecules in the solutions. 

In Table 2, about 30% of the yield of the oxidized 
aliovalent species Sn4 + was observed in the emission 
spectra of the rip”SnC12 solutions examined, though 
the yield of Sn4+ in the solid adducts of SnCl, was 
48% in “%nCl,.2DMSO and zero in i’gmSnC12*2Py, 
as shown in Table 2. Temperature dependence of the 
yield was not observed in experiments using dimethyl 
sulfoxide solutions. Bondarevskii et ui. have studied 
the after-effects of CIT in “%n and EC in 57Co in 
frozen solutions of some organic solvents and acids.7-9 
Perfiliev et al. have also studied the after-effects in 
glassy solutions of sulphuric, perchloric, and nitric 
acids.16 They have explained the stabilization of the 
aliovalent species observed in the emission spectra of 
the frozen solution by the model of competition be- 
tween hot atoms and other components of the solu- 
tion to capture the Auger electrons. Our data are 
reasonably consistent with their results except in the 
case of the methanol solutions, for which their data 
showed reduced yields of the oxidized aliovalent spe- 
cies9 A mechanism for the stabili~tion of the ali- 
ovalent species observed in the frozen solutions will be 
proposed, based on the capture of the Auger electrons 
by the medium so that the charge relaxation does not 
proceed to the original valence state. It seems that in 
those organic solutions the Auger electrons are 
trapped in imperfections of the glassy matrices (as is 
well known in the radiolysis of glassy frozen alcohol, 
ether, and other polar organic solvents), because the 
capturing yield does not depend on the properties of 
the solvents, such as electron scavenging. 

Both the absorption and emission spectra of 
“9”SnBr,.2DMS0 and “gmSnBr,.2DPS0 are shown 
in Figs. 3 and 4, respectively. Though the absorption 
spectra showed that the samples were purely tet- 
ravalent, the reduced aliovalent species of Sn2+ were 
observed in the emission spectra. The Miissbauer 
parameters for the adducts of in”SnBr4 with the 
ligands of organic donor molecules are shown in 
Table 3 along with the area ratios of Sn’+ to total. 
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Table 2. Miissbauer emission parameters and area ratios of Sn’+ to total for frozen solutions 
of ‘u”%Cl, in organic solvents at 20K 

Sn2+ Sn’+ 
Solvent 6 A I- s m 

(mm/)) (mm/s) (mm/s) (mm/s) 

C4W 3.63 2.13 
CH,OH 3.51 2.10 
C,H,OH 3.41 2.46 
(CH,),SO 3.61 1.95 
(CH,),SO (90 K) 3.61 2.27 
SnCl,.2(CH,),SO” 3.41 1.76 
C,H;N 3.44 1.88 
SnCl,.2CjH,N* 3.21 2.04 

“Ref. 10, solid adduct. 
*Ref. 11, solid adduct. 

3.10 :Ez 0.29 
3.15 0.26 
3.90 ok4 0.28 
2.93 0.82 0.30 
3.02 0.34 0.33 
2.53 0.84 0.48 
2.15 0.62 0.28 
3.42 - - 

The parameters were deduced from the spectra by the 
least-squares method as a superimposition of a Sn’+ 
singlet peak and a Sn2+ doublet peak without con- 
straining the width. 

Sanchez et al. have reported reduced aliovalent 
species of Sn2+ in the emission spectra of 
“%3nBr4*2Py and ‘?SnBr,*Bipy. They have dis- 
cussed the results in terms of an autoradiolysis model. 
The radicals created by the autoradiolysis of the 
closest ligands of pyridine and bipyridine during Au- 
ger processes stabilize aliovalent charge states, de- 
pending on their reducing properties. Our result for 
the pyridine adduct is in good agreement with that of 
Sanchez et al. In the case of dimethyl sulphoxide, it 
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. Miissbauer absorption and emission spectra 
““SnBr,~2(CH,),SO. 

is well known that this compound decomposes to 
methyl radical-methanosulphenate anion pairs 
formed by dissociative electron capture in 
r-irradiated crystalline solids according to:” 

(CH,),SO + e- -+CH,SO------ CH,. 

The methyl radicals thus created reduce the tet- 
ravealent tin in SnBr4*2DMS0. However, it seems 
likely that in the case of the crystalline solid adducts 
the autoradiolysis by Auger electrons is effective only 
with the closest ligand molecules, because reduction 
by methyl radicals was not observed in solutions of 
dimethyl sulphoxide in which discrete molecules of 

of Fig 

-8 -4 0 4 8 
Velocity, mms-’ 

. 4. Miissbauer absorption and emission spectra of 
‘r”SnBr4~2(CJ-I~),S0. 
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Table 3. Mossbauer emission parameters and area ratios of Sn 2+ to total for solid adducts of ‘%nBr, with 
organic donor molecules 

Compound St++ Sill+ A(Sn2 +) 

6 I- 6 A I- A(Total) 
(mm/s) (mm/s) (mm/s) (mm/s) (mm/s) 

SnBr,.Z(CH,)rSO 
SnBr,.2(CH,),SO 
SnBr,.2(CH,),SO 
SnBr.,.2(CH,),SO 
SnBr,.2(CH,),SO 
SnBr,.2(C,H,),SO 
SnBr,.2(C,H,),SO 
SnBr,.2(C,H,),SO 
SnBq2(C,H,),SO 
SnBr,.2C,H,NO 
SnBr,.2C,H,NO 
SnBr,.2C,H,NO 
SnBr.,.2C,H,NO 
SnBr,.2C,H,N 
SnBr,.2C,H,N 
SnBr,.2C,H,N 
SnBr,.2C,H,N 

(9.5 K) 
(20 K) 

$E; 
(90 K) 

$b’: 
(90 K) 
(90 K)” 

1;:;) 
(90 K) 
(90 K) 
(9.5 K) 
(20 K) 
(90 K) 
(90 K) 

Thus the yield of the oxidized aliovalent species 
in “%3nC12~2DMS0 is lower than that in 
“?3nC12~2DPS0, because the phenyl groups involved 
in the ligand of DPSO are stable in radiolysis. 

The results for adducts with pyridine N-oxide and 
the series of picoline N-oxides as ligands are also 
explained in the same way. In these adducts, the 
Auger electrons are also captured by the ligand mole- 
cules. Methyl radicals will be formed by processes of 
dissociative electron capture in the autoradiolysis of 
picoline N-oxides. The methyl radicals formed, in 
their order of closeness to the tin atom, i.e. in the 
order: 
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Abstract-The decrease in rate constants of Zn(I1) incorporation into fully and partially benzo-15crown-5 meso 
substituted uomhvrins in the oresence of cations has been explained on the basis of cation complexation ability of the 
crown ethe; &&es rather than steric effects. 

Recently we designed cavity-bearing porphyrins with 
crown ether units derived from benzo-15crown-5 ap- 
pended at the 5, the 5- and lO-, the 5-, 10- and 6, and the 
5-, lO-, 15- and 20-positions of the porphyrin skeleton for 
studying their cation complexation behaviour.’ It 
occured to us that these compounds can be used to study 
the effect of cations, bound in the ether voids, on the 
rates of metal insertion reactions into crown porphyrins. 
The factors that contribute to the rates of porphyrin 
metallation reactions are the basicity of the free-base 
porphyrins, the relative ease of deformation of the por- 
phyrin skeleton and the ease of deprotonation as a 
consequence of desolvation;’ however, the role played 
by cations in such reactions remain unclear. As this 
study will show, the presence of alkali and alkalineearth 
cations in the ether voids decreases the rates of Zn(II) 
incorporation into the porphyrin moiety and the relative 
ease of access of metal ions in determining the geometric 
disposition of the ether voids in the crown porphyrins. 
The rate data obtained here are of signilicance in view of 
the structural resemblance between the cation-bound 
crown porphyrins and meso-tetrapyridyl porphyrin with 
four positively-charged CsHsN’ groups or cation salts of 
meso-aryltetracarboxylato and tetrasulphonato-por- 
phyrins where the cations are ionically bound with the 
peripheral groups. 

for Zn(II) incorporation into crown porphyrin are given 
in Table 1. 

An inspection of Table 1 reveals that the rate of Zn(I1) 
incorporation into crown porphyrin is about 2.5 times 
greater than that into tetraphenyl porphyrin (TPP) under 
the same experimental conditions. This enhanced rate 
can be ascribed to the possible deformation of the por- 
phyrin ring as a result of attachment of the four macro- 
cyclic crown ether moieties at the 5-, lo-, 15-, and 
20-positions of the porphyrin core. Such a deformation 
can promote easy deprotonation of the H-H groups*, 
thereby increasing the metal incorporation rates. Alter- 
nately, the substitution of crown ether moieties in the 
phenyl ring at meta and pm positions can be viewed as 
meta, paru-disubstituted TPP, in which case TCP will be 

Tetra(benzo-15-crown-5) porphyrin(TCP) (1) was syn- 
thesised by condensing a mixture of 4’-formyl benzo-15- 
crown-5 and pyrrole in 1: 1 proportions in refluxing pro- 
pionic acid. By changing the mole proportions,. the tris 
(2), cis and trons-di (3) and mono (4) crown ether- 
substituted porphyrins have been prepared. The struc- 
tural integrity of these cavity-bearing porphyrins (Fig. 1) 
is established using ‘HNMR, optical absorption and 
emission spectral methods. 

The Zn(II) incorporation into the free base porphyrins 
in a CHC&: CH30H (1: 1) mixture at 25°C was studied 
using an optical absorption spectra1 method. The 
decrease in absorption of the Q band at 515 nm of TCP 
as a function of time was monitored. A representative 
plot of ln(OD, -OD,) vs time (t), where OD, and OD, 
represent absorbance at time (J and at the completion of 
the reaction, respectively, for a given concentration of 
Zn(II), is given in Fig. 2. The values of kobsd were 
calculated from the slopes of the plot. The metallation 
reaction follows a second-order rate law, first order with 
respect to porphyrin and to Zn*’ ion. The concentration 
of crown porphyrin was held constant (5.0 x IO-%) and 
the concentration of Zn(II) acetate was varied from 
1.0 x lo-’ to 2.0 x lo-* maintaining pseudo first-order 
conditions (see Fig. 2 inset). The experiments are carried 
out in the presence of various cations and the rate data 

3 
cis 

Fig. 1. Chemical structure of tetra(be.nxo-IS-crown-S) porphyrin. 
The partially-substituted crown porphyrins are shown. The full 
circle represents the porphyrin, while the ellipse and the line 
deaote the substitutents, benzo-lS-cmwn-5 cavity and phenyl 

*Author to whom correspondence should be addressed. rings respectively, in the metbine positions. 
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Fig. 2. Plot of In(OD, - OD,) vs time(t)- (1) TPP containing 0.1M tBuAPl (2) TCP containing 0.1M tBuAP, (3) TCP 
containing 0. IM NaC104 and (4) TCP containing O.lM tBuAP and 5.0 X IO- NaCOs. The inset shows the plot of Knhrd. 

vs the concentration of the added Zn(Il) ion. 

Table I. Rate data for Zn(II) incorporation into TPP and crown por- 
phyrins at 25°C in CHCl,:CH,OH (1: I) solvent mixture 

Porphyrin Cation” Id x Kobrsec-’ 

TPP tBuAP(O.lM) 1.0 
TPP NaCIO,(O.lM) 1.1 
TPP Mg(ClO,)*(O. 1 M) 
;;; (1) tBuAP(O.IM) ::: 

NaCIO,(O.lM) 
TCP tBuAP(O.lM) t NaCIO,(S.O x W4M) ;; 
TCP Mg(C104)2(0.1M) 1:9 
TCP tBuAP(O.IM) t Mg(CI04)(5 x W4M) 1.9 
TrisCP (2) tBuAP(O.IM) 
TrisCP NaC104(0.1M) E 
cisDcP (3) tBuAP(O.IM) 211 
cisDCP NaCI04(0. I M) 2.2 
MCP (4) tBuAP(O.lM) 2.1 
MCP NaCI04(0.1M) 2.4 

“tBuAP = Tetrabutylammonium perchlorate; the value in parenthesis 
denotes the concentration of the cation employed in the study. 

more basic than TPP since -OR group is an electron- 
donating group. Cyclic voltammetry of the crown por- 
phyrin shows a marginal increase in the first reduction 
potential compared to TPP and we believe the enhanced 
rates of Zn(I1) incorporation arise from the electronic 
effects. Construction of CPK models of the crown por- 
phyrins show that the deformation of the porphyrin ring 
is minimal. 

Interestingly, the presence of Na+, Ca*’ and Mg*’ ions 
reduces the rate of Zn(I1) incorporation to about 30%. 
Normally the rate differences in porphyrin metallation 
reactions in the presence of cations are explained either 
in terms of the formation of SAT complexes’ or by an 
introduction of an ususal anion term in the rate 1aw.4 In 
the present study we did not observe the characteristic 
SAT visible spectra of the free-base porphyrins in 
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presence of cations, and a change 

tetraaryltetra-carboxylato or tetrasulphonato porphyrins, 
the observed rates for the Zn(II) insertion reactions in 
the present study are distinct and different. In the former 
the observed rates are predominantly dictated by the 
differential solvation term’ and we tend to believe the 
influence of these may be negligible in the crown por- 
phyrins. 

The cations K+, hIH4+, Ba*‘, and Cs’ induce dimer 
formation of the free base porphyrins’ and the metal 
incorporation rates could not be followed using optical 
absorption spectral methods. 

In crown porphyrins, the crown ether moieties are 
oriented perpendicular to the porphyrin plane and do not 
sterically hinder the access of metal ions into the por- 
phyrin core. However, in the sterically crowded tetra- 
piv~yl~idophenyl ~~hy~n of Collman et al.,’ it has 
been found that the rate of metal insertion is lowered 
compared to that of TPP.6 The observation that the less 
substituted porphyrins (tris, cis and trans DCP) exhibit 
rates of Zn(II) incorporation not signi!icantIy difIerent 
from that observed for TCP provides further support for 
the absence of steric effect. 

The present results show the influence of bound 
cations (in the peripheral positions of porphyrin) on the 
rates of S(H) inco~oration. The nature of the cations 
apparently has no percepitable effects on the rates, since 
the recognition of cations by the host ethers are pri- 
marily governed by the relative sizes of the ether cavity 
and the cations. 

Acknowledgemenrs-This work is supported by the Science 
Engineering Research Council, Department of Science and 
Technology, New Delhi. One of the authors, V. Thanabal thanks 
the Bhabha Atomic Research Centre, Trombay, Bombay for a 
Fellowship. 

REFRRF,NCEs 
‘V. ~~abal and V. Krishnan, f. Am. Chem. SK 1982, 104, 
3643. 

‘W. Schneider, Strucf. Bonding 1975.23, 123. 
‘E. S. FIeischer and J. H. Wang, J. Am. Chem. Sot. 1960, 82, 
3498. 

‘M. Bun-Acke~~ and D. K. LavaIlee, fnorg. Chem. 1979,18, 
3358. 

‘J. P. Collman, R. Gagne, C. A. Reed, T. Halberg, G. Lang and 
W. T. Robinson, J. Am. Chem. Sot. 1975,97, 1427. 

% Jurray and P. Hambright, fnorg. Chem. Acta L&t. 1981,53, L 
147. 





510 S. M. VAN DER KERK 

GeI, are shown in Figs. l(a), 2(a), 3(a) and 4(a), 
respectively. For comparison, the mass spectra of 
GeF,“, GeCI,“, GeBr, and GeI, are given in Figs. 
I(b), 2(b), 3(b) and 4(b), respectively. The strength of 
the germanium-fluorine bonds in GeF,+ is illustrated 
by the fact that in the mass spectrum of GeF, the 
parent peaks (naturally occurring germanium is com- 
posed of five isotopes) form the base peaks, while in 
the mass spectra of the other dihalides the base peaks 
are those of GeX + . In the mass spectra of GeClz and 
Ge12 the peaks corresponding to GeX: and GeX: + 
could be observed. It is improbable that the odd- 
electron ions GeX.,+ . are by a 
reaction in ionization source. our opinion 
ions GeX: and GeX: from the 
which are in a reaction between 

100 

1 GeF' GeFi. 

and PbX2, in quantities depending on the experi- 
mental conditions. This supposition is, in the case of 
the iodine compound, supported by the PE spec- 
troscopic results.9 In the mass spectra of the tet- 
rahalides the GeX,+ . ion peaks have a very low 
intensity. Further, in the mass spectra of GeFZ and 
GeBr, no ions GeX,,+ . and GeX3+ are found. There- 
fbre it can be stated that the germanium dihalides 
have been positively identified not only by means of 
PE spectroscopy7-9 but by mass spectrometry as well. 

GeF, (from Ge + CaF,12), GeC&‘“” and GeBrzls 
(the latter two from Ge + Ge&) have been studied by 
mass spectrometry before. 

It should be noted that both in the PE and in the 
mass spectroscopic experiments, contamination of 
the spectrometer was a serious problem. 

1W 

SO I Ge$ 

Fig. 1. (a) Mass spectrum of GeF,. (b) Mass spectrum of GeF,‘O. 
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Fig. 2. (a) Mass spectrum of GeCI,. (b) Mass spectrum of GeCI,“. 
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Fig. 3. (a) Mass spectrum of GeBr,. (b) Mass spectrum of GeBr, 

An attempt was made to generate germanium Preliminary experiments have indicated that the 
dicyanide by heating a mixture of crystalline GeS and apparatus, used by Timms and others for the reaction 
CuCN. However, only formation of cyanogen was of metal atoms with various substrateP’ is very well 
observed. This might be explained by the occurrence suited for the reactions of monomeric germanium 
of the following redox reaction: dihalides, generated as described here, with suitable 

substrates. Only moderately high temperatures 
(250-350”) are needed and relatively large quantities 

Ge”S + 2CuCN+Ge” + (CN), + Cu2S. of the pure dihalides can be produced. 
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Fig. 4. (a) Mass spectrum of GeI,. (b) Mass spectrum of GeI,. 

EXPERIMENTAL 
He(I) PE spectra of GeF,, GeCl,, GeBr,, and GeI, were 

recorded on a home-built PE spectrometer described pre- 
viously.” 

Mass spectra of GeF,, GeCl,, GeBr,, GeI,, GeBr,, and 
GeI, were obtained using a Finnigan 3100D Mass Spec- 
trometer with 6110 Data System. 

Experiments were carried out under an atmosphere of 
dry, oxygen-free nitrqgen in Schlenk vessels equipped with 
an inserted, water-cooled cold. finger. All solids were finely 
ground and were thoroughly dried (if necessary) prior to use 
by heating in aacuo. In the syntheses of the compounds 
GeX, (X = F, Cl, Br, I) GeS was always used in excess. 
Reaction temperatures were dependent on reaction condi- 
tions (particle size, degree of mixing). Reaction took place 
between 250 and 350” for all four halides, at pressures of cu. 
0.1 Torr. 

After formation, the germanium dihalides (eventually) 
polymerized to form solids. GeF, is slowest in polymerizing. 
[GeFJ, condenses as colourless droplets which slowly turn 
into a waxy yellowish white solid. [GeCl& condenses as a 
colourless viscous fluid which turns into a white solid 
considerably faster than the fluoride. [GeBrJ, directly sub- 
limes as a solid, in the form of white needles. [GeId, 
sublimes as a yellow-brown solid, faster so than the bro- 
mide. All four solid germanium dihalides thus formed are 
hygroscopic, especially the fluoride. 
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Abstract-The formation constants of the protonated complexes of Cd(H) and Zn(II) with salicylic acid (H&l) and 
the equilibrium constants for the extraction of these complexes into cyclohexane containing tributyl phosphate 
(TBP) have been determined. For the complex formation: 

M$ t HSal&~MHSal~s 

log Krr is 1.9 for Cd(H) and 1.4 for Zn(II) at 30°C and 0.1 M NaClO+ For the extraction: 

M; t 2H$W, t 2TBP,,&M@ISal)~TBP2 t 2H,+ 

log K,, is -1.6 for Cd(H) and -2.2 for Zn(II). 

In solvent extraction studies of metal ions, it is a stan- 
dard procedure to plot the logarithm of the metal dis- 
tribution coefficient against the pH of the aqueous phase 
or against the logarithm of the concentration of the 
extractant in one phase or the other. From analysis of 
slopes of such plots, the compositions of the extracting 
species and the extraction equilibrium constants of such 
reactions may be determined . Even if linear plots are 
obtained, the values of the slopes may or may not be 
integers. Many investigators commonly assume such 
fractional slopes to be the nearest integers in order to 
simplify the interpretations.‘-’ 

In a recent paper,6 a method for quantitatively inter- 
preting such noninteger slopes has been presented. It is 
not only unnecessary to assume fractional slopes to be 
the nearest integer slopes, but also more accurate values 
of the constants are obtained by not making such 
assumptions. 

In an extreme case? even slopes closer to 1 than to 2 
were considered to be 2 in order to explain the experi- 
mental results according to the proposed extraction 
model. In the present paper, the method6 has been 
modified and applied to some published data3 on the 
distribution of Cd(U) and Zn(II) between aqueous sali- 
cylates and cyclohexane containing tributyl phosphate. 

As far as the author is aware, the present paper is the 
first report of the formation constants of the protonated 
complexes of Cd(B) and Zn(II) with salicylic acid. 

Mz: t 2HSal&sM(HSal)2,, 

M’,’ t Salz,sMSal,,. 

The species extracted in the presence of TBP in the 
organic phase (cyclohexane) have been identified as the 
M(HSal)2(TBP)Z type, where M is Zn(I1) or Cd(II).3 This 
type has also been identified for Zn(II)’ and for some 
other divalent metal ions.“* The equation for the extrac- 
tion of these metal ions may then be represented as: 

Mz t 2HzSal, t 2TBP,,s 

M(HSaB2(TBP),,, t 2H,‘,. (1) 

The equilibrium constant for this reaction is given by: 

where KHz is the first acid dissociation constant of 
salicylic acid. The metal distribution coefficient is given 
by: 

D = [M2’l., + [MHSal’l, t [M(HSal)& t [MSal], 

Using the various equilibrium constants shown above, 
DISTRIBUTION EQUILIBRIA this equation may be expressed as: 

In systems of metal ion extraction with complexing 
agents, a series of complexes may be formed between K.,[HSal-]&[TBP]& 
the metal ion and the complexing extractant in the 
aqueous phase. In the case of salicylic acid as the 

D= (1 + K,JHSal-I,+ K,[HSal-I& t K,[Sa12-],,)K&’ 

extractant, both the “ordinary” complexes and the pro- Hence 
tonated complexes may be formed. The following reac- 
tions take place in such systems for Cd(I1) and Zn(II) log D + log F, = log K,, - 2 log K,, t 2 log [HSal-1, 
ions: 

+ 2 log [TBPI,, (2) 

where F, may be called a formation function and is 
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defined by: 

F, = 1 t K,,[HSal-I,, t K22[HSal-l&, + K&W%. 

(3) 

If the higher terms in F, are neglected, eqn (2) becomes: 

log D = log K,, - 2 log KHz t 2 log [TBP], 

t 2 log [H&-l.,. 

This is the equation used by Singh and Tandon,’ and was 
derived assuming that the complex formation of the 
metals with an excess of salicylic acid is negligible. 

RESULaTSANDDISCUSSION 

Singh and Tandon” first carried out quantitative studies 
on the extraction of Zn(II) and Cd(D) with salicylic acid 
and TBP. Some of their results are shown in Figs. 1 
and 2 (Graphs 1A and 2A). The slopes of these distri- 
bution curves indicate that aqueous complex formation 
in such systems is not negligible. In fact, complex for- 
mation between the metal ions and salicylic acid occurs 
in the aqueous phase to a large extent. 

In order to explain the experimental data on the dis- 
tribution of the metals, slopes even smaller than 1.5 were 
considered to be 2.3 Actually, the difference between the 
number of charges on the metal ion and the experimental 
slope of such plots is a measure of the extent of complex 
formation in the aqueous phase. 

In the case of uranyl ion extraction with anthranilic 
acid in the presence and in the absence of TBP, a similar 
situation was observed.6 When log D was plotted against 
pH or against the logarithm of the acid concentration, 
linear relationships were obtained but the slopes were all 
between 1.6 and 1.8. It was found that uranyl ion formed 
binary complexes with anthranilic acid in the aqueous 
phase. Therefore, separate experiments were carried out 
to determine the binary complex formation constants. In 

-2.0 -1.5 

log tHSaI-I 
oq 

Fig. 1. Distribution of Cd(H) salicylate between aqueous 0.1 M 
NaC104 and TBP-cyclohexane at 30°C. Graph 1. 0.5 M TBP. 
Graph 2. 1.0 M TBP. Initially 1 x 10e4 M Cd(H); Equilibrium pH 
6.0. The ordinate is IogD for Graphs 1A and 2A which are 
reproduced from Ref. 3. Slopes. IA, 1.42; lB, 2.00; 2A, 1.40; 2B, 

2.00. 

L 
-2.5 -2.0 -1.5 . 

log CHSal-Ia0 

Fig. 2. Distribution of Zn(II) salicylate between aqueous 0.1 M 
NaC104 and TBP-cyclohexane at 30°C. Graph 1. 0.5M TBP. 
Graph 2. 1.0 M TBP. Initially 1 x 10e4 M Zn(II); Equilibrium pH 
6.0. The ordinate is 1oaD for Grauhs 1A and 2A which are 
reproduced from Ref. 3.ISlopes. lA,*l.55; lB, 1.94; 2A, 1.83; 2B, 

2.05. 

the extraction systems, allowances were then made for 
the presence of the aqueous complexes using the for- 
mation constants so determined. When this was done, 
slopes of 2 corresponding to the charge on the metal ion 
were obtained when 1ogD plus log formation function 
was plotted against pH or against the logarithm of the 
acid concentration. 

In the present paper, the formation constants of the 
protonated binary complexes are calculated from the 
distribution data. The extraction constants are also cal- 
culated from the same distribution data. 

The extraction constants calculated assuming that the 
metals are present only as the aquo M*’ ion in the 
aqueous phase depend on the level of HSal- concen- 
tration. For the data in Table 2(a) of Ref. 3, the value of 
log K,, calculated for Cd(I1) using eqn (1) of Ref. 3 
regularly varies from -1.85 to -2.39 in going down the 
column. The value of pKHl = 2.88 for 30°C and 0.1 ionic 
strength’ was used in these calculations. Had Singh and 
Tandom entered all the values of K., in their table (Ref. 
3, Table 2(a), column 4), the changing trend would have 
been obvious. The same changing trend may also be seen 
by entering all the values of K,, in column 4 of Table 
2(b) of Ref. 3. 

In the case of Zn(II), a similarly changing trend may be 
noticed by entering all the values of K., in column 4 of 
Table 1 of Ref. 3. Only when the slopes of such plots are 
integers corresponding to the charge on the metal ion, 
are identical values of K., obtained from all regions of 
the distribution curve. 

In the extraction systems, salicylic acid is present in 
large excess of the metal ions, and the amount of sali- 
cylates combined with the metals may be neglected. The 
Sal*- ion is also negligible under the experimental con- 
ditions employed. The mass balance for salicylates is 
then given by 

[Sal], = [H$!lal]., t [HSal-1, t [H2Sall,,, 
+ 21(H2Sal)&,. 

By introducing the first acid dissociation constant (KHz), 
the partition constant (PX), and the dimerization constant 
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Table 1. Comparison of some protonated complexes of salicylic acid 

salicylic acid (H2L) benzoic acid (m) 
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Equilibrium [MHLI WI cm1 
quotient cMl[HLl - - [Ml[Ll [MICLI 

Metal log K log K log K 

H+ 2.81 13.4 4.00 

Ca2+ 0.36 0.2 

Zn2+ 1.4* 6.85 0.9 

Cd2+ 1.9* 5.55 1.4 

uo22+ 2.2 12.08 

Fe3+ 4.4 16.3 

La3+ 2.08 

4+ + 

*This work; all other values from Ref. 12 (mostly for 25°C and 0.1 ionic strength). 

(Kdim) of salicylic acid in the organic phase, the follow- 
ing equation is obtained and may be solved for [HSal-], 
for each experimental point. 

‘“i$’ [H’]:,[HSal-1% + [ 1 + F [H’],] [HSal-1, 
HZ H2 

= [Sal],. 

The values of the constants used are pKH2= 2.88, P, = 
0.14, and Kdim = 580 for cyclohexane. The values of the 
last two constants were obtained by interpolating the data 
of Banewicz et al.“’ Singh and Tandot? reported the 
value 0.585 as the partition constant of salicylic acid 
between cyclohexane and water. The difference between 
the two values of P, for salicylic acid did not materially 
affect the calculation for [HSal-I,, however. The cal- 
culations revealed that practically all the salicylate is 
present as HSal&. 

The values of the protonated complex formation con- 
stants were determined using eqns (2) and (3) by sys- 
tematically varying these parameters until slopes of 2 
were obtained. Allowances for the presence of MSal 
alone as complex did not explain the experimental 
results. The values of K, used were 105.” for Cd(B) and 
106.85 for Zn(II).” Actually MSal was completely negli- 
gible for the Cd(I1) systems. For Zn(II) it was only a 
minor species at high ends of the distribution curves. The 
best value of K,, is lO”9 for Cd(E) and 10’” for Zn(I1). 
These values were used in constructing Graphs 1B and 
2B of Figs. 1 and 2. At any given concentration of 
HSal,, the difference between Graphs 1B and IA or 
between 2B and 2A is the correction term, log F,. 

The values of K22 could not be determined accurately. 
Only the upper limits of these constants could be esti- 
mated. The distribution curves for Cd(I1) (Fig. 1, Graphs 
1B and 2B) were quite insensitive to variations in the 
value of K, when logK22 is less than about 2.8. The 
curves for Zn(I1) (Fig. 2, Graphs 1B and 28) were .also 
insensitive to variations in the value of K22 when log K22 
is less than about 2.2. Above these values of K22, the 
distribution curves seriously departed from linearity, 
bending upward in the high ends. 

Since HSal- is a part of the extracting species, it is 
quite natural that binary complexes are formed between 
it and the metal ions in the aqueous phase. In Ref. 11, the 
experimental conditions were such that only the ordinary 
complexes exist in the aqueous solutions. In Ref. 3, on 
the other hand, HSal- exists in large excess of the metals 
and therefore the conditions are favorable for the for- 
mation of the protonated complexes. 

Owing to the electroneutrality and the large size of the 
organic portion of M(HSaB2, this species is not expected 
to be water-soluble to any appreciable extent. Hence the 
uncertainty in the values of K2*. 

The values of the extraction constants were calculated 
from Graphs 1B and 2B of Figs. 1 and 2 using eqn (2). 
The values of log K,, obtained for Cd(B) are -1.4 and 
-1.7 from Graphs 1B and 2B, respectively, of Fig. 1. The 
average, - 1.6, is taken as the best. The value for Zn(II) is 
-2.2 from both Graphs 1B and 2B of Fig. 2. From eqn (1) 
involving 2 TBP molecules, the vertical spacing between 
Graphs 1A and 2A or between 1B and 2B should be 0.6 
log unit. In Fig. 1, it is seen that the spacing is smaller 
than 0.6. This is reflected as the somewhat larger un- 
certainty in the value of K,, for Cd(I1). 

The values of K, , are smaller than the corresponding 
values of K, by several orders of magnitude. This is 
consistent with the monodentate nature of the ligand in 
M(HSa1)‘. For the protonated complexes, the Cd(I1) 
complex is more stable than the Zn(I1) complex while the 
opposite is the case for the ordinary complexes.” These 
results are in accord with the coordinating tendencies 
usually observed with these metals. Examination of the 
literatureI revealed that with many monodentate ligands 
the Cd(I1) complex is more stable than the Zn(II) 
complex, while the opposite is generally the case with 
chelating ligands. The larger stability constant of the 
protonated Cd(E) complex is reflected in its better 
extractability. Comparison of Figs. 1 and 2 indicates that 
Cd(I1) is extracted better than Zn(II) is; the value of K,, is 
larger for Cd(B) than for Zn(II). 

Protonated complexes are quite common for salicylic 
acid. In Table 1 are given stability constant data for the 
protonated complexes of some metals with salicylic acid. 
Some data for benzoic acid are included for comparison. 
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The constants for the protonated complexes of Zn(I1) and 4B. Jain, J. M. Singh, R. N. Goyal and S. N. Tandon, Can. J. 
Cd(H) are comparable to the stabilities of the benzoate Chem. 1980, 58, 1558. 
complexes. This is as expected from the similarity of the ‘5. M. Singh, B. Gupta and S. N. Tandon, J. Inorg. Nucl. Chem. 

ligands in the two cases. The relative stabilities of the 1981,43, 1863. 

protonated salicylate complexes of Cd(I1) and Zn(I1) are 6K. S. Bai, J. Inorg. Nucl. Chem. 1981, 43, 2525. 

the same as for the benzoate complexes of these metals. 
‘J. Aggett, D. J. Evans and R. Hancock, J. Inorg. Nucl. Chem. 
1968.30. 2529. 
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COMPLEXES CONTAINING PHOSPHORUS LIGANDS-161 

NEW PHOSPHINITE, PHOSPHONITE AND PHOSPHITE DERIVATIVES OF 
RUTHENIUM, OSMIUM AND IRIDIUM 

CLIFFORD J. CRESWELLt, STEPHEN D. ROBINSON* and ARVIND SAHAJPAL 
Department of Chemistry, King’s College, Strand, London WCZR 2LS, England 

(Received 14 October 1982) 

Abstract-The complexes [MHCI(CO)(PPh,),] (M = Ru or OS) readily undergo substitution at the site 
tram to the hydride ligand to afford phosphinite-, phosphonite-, or phosphite-containing products 
[MHCI(CO)(PPh,),L] [L = P(OR)Ph,, P(OR),Ph or P(OR), respectively; R = Me or Et]. The ruthenium 
complexes alone undergo further substitution to afford complex cations [RuH(CO)(PPh,),L,_ J + [n = 2, 
L = P(OMe),; n = I, L = P(OR),; n = 0, L = P(OR),Ph or P(OR)PhJ which were isolated and character- 
ised as their tetraphenylborate salts. Synthesis of the cationic complexes [IrHL j[BPhJ, [L = P(OR),, 
R = Me or Et] is also reported. Stereochemical assignments based on NMR data are given, and second 
order I’P and high field ‘H NMR patterns are analysed. 

In contrast to the tertiary phosphines, tertiary phos- 
phite esters, P(OR),, and the closely related 
phosphonites, P(OR),Ph, and phosphinites 
P(OR)Ph,(R = alkyl) have attracted relatively little 
attention as ligands in platinum metal chemistry.’ 
This situation has been corrected to some degree in 
recent years by the incorporation of these less com- 
mon phosphorus donor ligands in a series of cationic 
complexes which can be readily isolated as tet- 
raphenylborate, tetrafluoroborate or hexafluoro- 
phosphate salts of relatively low solubility. Much of 
the early work in this area originated from our own 
laboratory. s5 We now report an extension of our 
studies and describe a new range of ruthenium, os- 
mium, and iridium complexes containing phosphorus 
donor ligands of the type under discussion. 

RESULTS AND DISCUSSION 
The complexes MHCl(CO)(PPh,),L (M = Ru, OS) 

The hydrido complexes wHCl(CO)(PPh,),] 
(M = Ru or OS) react with phosphorus donor ligands 
[L = P(OR),Ph, _-x, R = Me or Et, x = 1 - 31 in boil- 
ing benzene or alcohol (ROH) solution to afford the 
uncharged monosubstituted products [MHCl(CO) 
(PPh,),L] as air-stable, white crystalline solids, solu- 
ble in most common organic solvents. The high field 
proton NMR spectra of these products each comprise 
a doublet of triplets pattern [‘J(PH),,,,,,, = ca. 
120-180 Hz(Ru) or cu. 90-140 Hz(Os); *J(PH),, = cu. 
20-22 Hz] indicative of stereochemistry (I). This as- 
signment is similar to those made for other ruthenium 
complexes [RuHCl(CO)(PR;),L], prepared by anal- 
ogous substitution processes, and is in accord with 
the known high tram labilizing influence of the 
hydride ligand.6 

The osmium complexes do not undergo further 
substitution when subjected to prolonged and/or 
vigorous treatment in the presence of excess ligand. 

*Author to whom correspondence should be addressed. 
tHamline University, St. Paul, Minnesota, U.S.A. 

However, their more labile ruthenium analogues, 
when similarly treated with a large excess of ligand, 
L, give solutions which upon addition of sodium 
tetraphenylborate deposit complex salts of the 
general stoichiometry [RuH(CO)(PPh,),L, - .I 
[BPh,](n = 0 - 2). 

The complex salt [RuH(CO)(PPh,)2L2][BPh~] 
[L = P(OMe),]. This product was obtained as an 
air-stable, white, crystalline solid, soluble in acetone, 
chloroform and dichloromethane, but sparingly solu- 
ble in alcohols. The proton NMR spectrum displays 
aryl, methyl and hydride protons in the required ratio 
50: 18 : 1. The methyl resonance, consisting of two 
doublets of equal ititensity [3J(PH) = cu. 10.25 Hz], 
establishes the presence of two non-equivalent 
P(OMe), ligands. The absence of a large coupling 
2JW),,ms from the “P NMR spectrum implies that 
the P(OMe), ligands are not truns to triph- 
enylphosphine. These data establish stereochemistry 
(IIa) for the complex. The high field proton resonance 
consists of a broad second order pattern which does 
not directly afford stereochemical information, ex- 
cept to confirm the location of a phosphorus donor 
ligand tram to the hydride. However, iterative anal- 
ysis of the 3’P and high field ‘H NMR spectra gave 
the data shown below which are consistent with the 
proposed structure (IIa). 

An isomeric product, present in small quantity 
(ca. lo%), displays a compact second order high field 
proton NMR pattern together with a virtual coupling 
triplet in the methyl region. The former implies the 
absence of a phosphorus donor ligand trans to the 
hydride and the latter indicates the presence of a tram 
pair of P(OMe), ligands’ thus establishing stereo- 
chemistry (IIb) for this minor product. 

The complex salts [RuH(CO)(PPh,)L,l[BPh,l 
[L = P(OR),]. These products were obtained as air- 
stable, white, crystalline solids soluble in acetone, 
chloroform and dichloromethane but sparingly solu- 
ble in alcohols. The proton resonance of the triethyl 
phosphite complex shows aryl, methylene, methyl 
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c?(RuH) = - 7.82 (7 17.82) 
8P = - 40.77 ppm 
fip2 = - 133.3 QQm 
fiP3 = - 133.8 QQm 

*J(HP’) = 17.75 Hz, *J(HP’) = 37.9 Hz. ‘J(HP3) = - 124.5 Hz. 
*JiP’P’) = 43.45 Hz, ‘J(P’P3) = 38.45 Hz. ‘J(PzP3) = 38.35 Hz. 

and hydride protons in the required ratio 
35 : 18 : 27 : 1. The methyl resonance, comprising three 
triplet of equal intensity, establishes the presence of 
three non-equivalent P(OEt), ligands, and the broad, 
second order, high field proton NMR pattern betrays 
the presence of a truns coupling 2J(PH). On the basis 
of this evidence we assign stereochemistry (IIIa) to 
this product. In contrast, the proton NMR spectrum 
of the corresponding trimethyl phosphite complex 
establishes stereochemistry (IIIb). The methyl reso- 
nance comprises a doublet and a triplet (relative 
intensities 1:2) and the high field proton pattern 
consists of a complex pattern which when subjected 
to iterative analysis affords the following data 

WWWLIPW 
[L ~%(OR~~~!~ R =S%or Et n = 1 or 21 These 
products were obtained as air-stable, white cry&lline 
solids. Their high field proton NMR spectra each 
consist of a regular first order quintet pattern indica- 
tive of stereochemistry (IV). Virtual coupling patterns 
consistent with the presence of four equivalent 
P(OMe),Ph, _-x ligands arranged in a square planar 
manner are observed for the methyl diph- 
enylphosphinite and dimethyl phenylphosphonite de- 
rivatives.* 

The complex salts [IrHL5][BPh412 [L = P(OR),; 
R = Me or Et]. These air-stable, white crystalline 
solids are soluble in dichloromethane but only very 
sparingly soluble in chloroform and alcohols. Their 
proton NMR spectra show aryl, alkyl and hydride 
proton resonances with the correct intensity ratios, 
but do not distinguish between axial (trm to hy- 
dride) and equatorial P(OR), ligands. The 3’P and 
high field ‘H NMR spectra are second order and 
therefore do not provide stereochemical information 
directly. However, iterative analysis of the “P and 
high field ‘H NMR spectra (mixed CDCl,/&DMSO 
solvent) gave the following data 

High field proton NMR spectra recorded at 250 MHz 
were tirst order and yielded data for 
[rrH{P(OEt)3},][BP~]2 in good agreement with those 
presented above [6(IrH) = - 12.3 (T 22.3) 
*JW%ms = 170 Hz, 2J(PH)m = 16 Hz. 

Attempts to prepare the carbonyl species 
[IrH(CO){P(OEt),},[Bphd, by carbonylation of 
[IrH{P(OEt)3},][BPb]2 for lihr in boiling ethyl- 
methylketone gave only unchanged starting material. 

The stereochemical assignments made for the ru- 
thenium complexes (I)-(W) establish that the ligand 
substitution reactions are accompanied by a carbonyl 

I’ H 1' 
MeO,P’, 1 , P2(0Me)3 G(RuH) = -7.16 (7 17.16) 

PIlaP3 / R” \ 

J 

c%p’ = - 141.7 QQm 
Sp2= - 139.7QQIlJ 
SP= = - 41.4 QQm 

P’(OMe), 

L co 

*J(HP’) = 21.3 Hz, ‘J(HP’) = 19.25 Hz, ‘J(HP3) = 15.65 Hz, 
‘J(P’P*) = 64.2 Hz, ‘J(P’P3) = 43.95 Hz, ‘J(P2P3) = -330.3 Hz 

H 

(Ro)3p’, / P’(OR). 

(RO)ap’/ /I \P’(oR). 

L P’(OR)a 

2+ R = Me, S(lrH) = - 12.35 (T 22.35) 
SP’ = - 70.85 QQm 
6P2 = - 74.9 Qbh, 
‘J(HP’) = 18.3 Hz, 
=J(HP’) = - 167 Hz, 
‘J(P’P=) = 38.6 Hz. 
R = Et, 6(lrH) = - 12.36 (7 22.36) 
sp’ = - 62.7 QQm 
sP*=- 69.35 QQm, 
‘J(HP’) = 16.35 Hz, 
*J(HP*) = - 170.55 Hz, 
*J(P’P*) = 38.45 Hz. 
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migration step. It appears that, in order to minimise 
the effect of the increasing number of strong 
n-acceptor phosphorus donor ligands, the carbonyl 
ligand migrates to the site truns to the strong a-donor 
hydride ligand. The proposed substitution (S) and 
isomerisation (I) processes are collected in Scheme 1. 

EXPERIMENTAL 
Platinum metal salts and phosphorus donor ligands were 

obtained from Johnson Matthey and the Maybridge Chem- 
ical Co. Ltd., respectively. Platinum metal triphenyl- 
phosphine complexes were made as previously described.9 
Reagent grade organic solvents were used as purchased. All 
reactions were performed under nitrogen but the products 
were worked-up in air. Analyses, by the microanalytical 
laboratory, University College, London, and melting points, 
taken in sealed tubes under nitrogen, are given in Table 1. 
IR spectra were taken for nujol mulls’using a Perkin-Elmer 
457 grating spectrometer. Proton NMR spectra were ob- 
tained using a Perkin-Elmer R12B (60 MHz) and a Bruker 
HFX90 (90 MHz) spectrometer. ,‘P NMR spectra were 
obtained using the Bruker HFWO spectrometer operating 
at 36.43 MHz and are referenced to external H,PO, in the 
sense that positive values are to low field. Spectroscopic data 
are recorded in Table 2. Iterative analyses of second order 
NMR data were performed using an ITRCAL pro- 
gramme.‘O 

Carbonylchlorohydrido (trimethylphosphite)bis(tri- 
phenylphosphine)ruthenium(II). Carbonyl chlorohydri- 
dotris(triphenylphosphine)ruthenium (0.34 g) and trimethyl 
phosphite (0.12 g) in a mixture of methanol (30 cm’) and 
benzene (5 cm’) were heated under reflux for ca. 1 hr. The 
resultant clear solution was filtered while hot, concentrated 
under reduced pressure and set aside overnight. The crystals 
which separated were filtered otf, washed successively with 
methanol and light petroleum @O-80), then recrystallised 
from dichloromethane-methanol to yield the required prod- 
uct as colourless microcrystals (0.175 g, 61%). 

Similarly prepared using the appropriate ligand and 
alcoholic solvent were: carbonylchlorohydrido(triethylphos- 
phite)bis(triphenylphosphine) ruthenium(II) as colourless 
microcrystals (61%); carbonylchlorohydrido(dimethy1 
phenyfphosphonite)bis(triphenyfphosphine) ruthenium(II) as 
colourless crystals (66%); carbony/chlorohydrido(diethyl 
phenylphosphonite)bis(triphenylphosphine)ruthenium(II) as 
white crystals (63%); and carbonylchlorohy&ido(methyZ 
diphenylphosphinite)bis(triphenylphosphine)ruthenium(II) as 
colourless crystals (63”/,). 

Similarly prepared from carbonylchloro- 
hydridotris(triphenyIphosphine)osmium were: carbo - 
nylchlorohydrido(trimethy1 phosphite)bis(triphenylphos- 
phine)osmium(II) as colourkss crystals (83%); carbo- 
nylchlorohydrido(triethyl phosphite)bis(tripheny/phosphine) 
osmium(II) as colourless crystals (86%); carbo- 
nylchlorohydrido(dimethyl phenylphosphonite)bis(triphenyl- 
phosphine)osmium(II) as colourless crystals (75%); carbo- 
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Table 1. Analysis and melting point data 

COMPLEX 

(RuiiCl(CO) (PPh3)2[PlOMe)31) 

(RuHCl(CO) (PPh3)2IP(OEt)31) 

(RuHCl(CO) (PPh3) 2 [P (OMe) 2Phl ) 

(RuHCl (CO) (PPh3) 2 [P(OEt) 2Ph] ) 

~RuliCl(CO) 1 (PPh3j2 IP(OMe)Ph21 

(RuH (CO) (PPh,),[P(oMe,),l)(BPh,J 

(RuH (CO) IP (OMe) )bPh4) (PPh3) 31 

{RuA (CO) (PPh3) lP(OEt) 3l 3)(BPh4j 

(RuN(CO) [P(OEt12Ph14)~BPh4~ 

(RuH(CO) [PWMe)Ph214)(BPh4) 

tRuR(CO) IP10Et)Ph214){BPh4) 

(RuH(CTI) iPWMe)2Ph14~bPh4) 

(OsHCl(CO) (PPh3)21P(OMe)31) 

tOsHC1 (CO) [P (OEt) 31 ) lPPh3) 2 

(OsHCl(CO) tP(OW2Phl) lPPh3j2 

{OsIKl (CO) tP(OEt) 1 (PPh3) 2 2Phl 

(OsHCl(CO) (PPh3)2tP(OMe)Ph21) 

~O.HCl(CO) (PPh3)21P(OEt)Ph21) 

(IrEIP(OMe,315)~BPh4)2 

(IrHtPtOEt,315){BPh4~2 

l Calculated fi9ures in parentheses 

%C* %R’ n.p. PC 

59.88(59.00) 4.99(4.95) 156-158 

60.47 (60.33) 5.42(5.42~ 154-157 

62.64(62.8) 4.96t4.92) 157-158 

62.98163.54) 5.29(5.22) 159-162 

65.4Ot66.26) 5.1 (4.89) 141-143 

65.99(65.85) 5.86(5.69) 169-171 

57.7 (57.62) 5.97(5.86) 124-126 

60.81l60.59) 6.52t6.75) 174-176 

63.75t62.89) 6.52t6.57) 164-165 

70.88(70.361 5.76(5.61) 188-190 

71.16(70.99) 6.00(5.97) 204-205 

60.63(60.87) 6.11f5.81) 192-193 

52.87(52.9) 4.41t4.76) 196-201 

54.93(54.4) 4.93f5.241 207-209 

57.52c57.36) 4.3 (4.56) 207-208 

57.87(57.76) 4.74C4.71) 177-178 

58.9 (58.44) 4.36(4.33) 185-188 

62.41t62.6) 4.8 (4.74) 170-179 

52.02(52.17) 6.02(5.98) 202-204 

56.46f56.4) 7.00(7.04) 208-209 

nylchlorohydrido(diethyl phenylphosphonite)bis(triphenyl- 
phosphine)osmium(II) as colourless crystals (59%); curbo- 
nylchlorohydrido(methy1 diphenylphosphinite)bis(triphenyl- 
phosphine)osmium(II) as colourless crystals (90%); and car- 
bonylchlorohydrido(ethy1 diphenylphosphinite)bis(triphenyl- 
phosphine)osmium(lI) as colourless crystals (72%). 

Carbonylhydridobis(trimethy1 phosphite)bis(triphenyl- 
phosphine)ruthenium(II) tetraphenylborate_Carbonyl- 
chlorohydridotris(triphenylphosphine)ruthenium (0.34 8) 
and trimethyl phosphite (0.2g) in a mixture of methanol 
(20 cm9 and chloroform (10 cm’) were heated under reflux for 
30 min.Theresultantclearsolutionwasfilteredwhile hot, then 
treated with sodium tetraphenylborate (0.2 g) in methanol 
(5 cm’), and stirred until precipitation commenced. The white 
precipitate was allowed to stand overnight then filtered off, 
washed with methanol and light petroleum (60-80), re- 
crystallised from dichloromethane-methanol and dried in 
uucuo to yield the required product as colourless crystals 
(0.25g, 61%). NMR data (see Discussion) indicate the 
presence of a second isomer (cu. 10%). 

Carbonylhydridotris(trimethyl phosphite)(triphenylphos- 
phine)ruthenium(II) tetraphenylborate_Carbonylchloro- 
hydridotris(triphenylphosphine)ruthenium (0.34 g) and tri- 
methyl phosphite (0.2 g) in a mixture of methanol (30 cm’) 
and benzene (Scm)) were heated together under reflux for 
co. 3 hr. The resultant clear solution was filtered while hot, 
treated with sodium tetraphenylborate (0.2g) in methanol 
(5 cm3), then concentrated to a small volume on a water bath 
before being allowed to cool with gentle stirring. The white 

precipitate was allowed to stand for a few hours, then filtered 
off, washed with methanol and light petroleum @J-80), 
recrystallised from dichloromethane-methanol and dried in 
uucuo to yield the required product as colourless microcrystals 
(0.23 g. 64%). 

Carbonylhydridotris(triethy1 phosphite)(triphenylphos- 
phine)ruthenium(II)tetraphenylborate. Similarly obtained as 
colourless crystals (62%) using triethyl phosphite and eth- 
anol in place of trimethyl phosphite and methanol. Carbo- 
nylhydridotetrakis(diethy1 phenylphosphonite)ruthenium(II) 
tetruphenylborate - carbonylchlorohydridotris(triphenyl- 
phosphinehuthenium (0.34 g) and diethyl phenylphos- 
phonite (1 .O g) in a mixture of ethanol (20 cm? and benz- 
ene (10 cm3) were heated under re.flux for cu. 2 hr. The 
resultant clear solution was filtered while hot, treated with 
sodium tetraphenylborate (0.2 g) in ethanol (5 cm”), then 
concentrated to a small volume under reduced pressure and 
stirred until precipitation occurred. The precipitate was 
allowed to stand overnight then filtered off, washed thor- 
oughly with ethanol and light petroleum (60-80), re- 
crystallised from dichloromethane-ethanol and dried in 
uacuo as white crystals (0.25 g, 61%). 

Carbonylhydridotetrakis(methyl diphenylphosphinite) 
ruthenium(II) tetraphenylborate-Carbonylchlorohydrido- 
tris(triphenylphosphine)ruthenium (0.34 g) and methyl di- 
phenylphosphinite (1 .O g) in a mixture of methanol (20 cm’) 
and benzene (5 cm’) were heated under reflux for 1 hr. The 
resultant clear solution was filtered, cooled to ambient 
temperature and treated with a solution of sodium tetra- 
phenylborate (0.2 g) in methanol (5 cm’). The white precip- 
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Table 2. IR” and proton NMRb data 

lRUH(cuI WPh,I lPvxe,,l,lbPh41 

(RUH(OO, ml,, ,PwEt,3,pPh41 

k”HlCO, ,P@3Et,*Ph1411BPh,) 

iR”H,oJ, lelowPh21,1hwh,) 

wM,m, ,PIOEtm21,hmh41 

(R”HlCD, IPN3Me,*Ph,,lk‘Ph,) 

(OSHC1 (co, ~PPh3,*IP,011C,,I 1 

~O.HCl,co, IPPh3,*lP,0W3,1 

~OSHCl,CD, wPh),*,P,Mc,*Phll 

~OsHC1 ICOI ~PPh31*IP,0Et,*Phl 1 

lOsHC1lCO) IPPh31*,P,0Me)Ph*ll 

~OsWilCO, ~PPhj,*,PKWPh*ll 

~IrH~Ptone,~l~l~sPh,l*~ 

itate which rapidly deposited was filtered off, washed with 
methanol and hexane then dried. in uucuo to yield the 
required product as white microcrystals (0.35 g, 76%). 

Carbonylhydridoterrakis(ethyl diphenylphosphinite)rulh- 
enium(II)tetraphenylborate. Similarly obtained as white mi- 
crocrystals (0.41 g, 85%) using ethyl diphenylphosphinite 
and ethanol in place of methyl diphenylphosphinite and 
methanol. 

Carbonylhydridofetrakis(dimethyl phenylphosphonite) 
ruthenium(II) tetraphenylborate-Carbon monoxide was 
bubbled solution 
{R~l-lrpCOMk:~~~$(EtPl$ (O.~fl~~gethylmethyl ketoi: 
(20 ml) for ca. 1; hr. The solution was cooled to ambient 
temperature and concentrated to a small volume under 
reduced pressure, then diluted with methanol (IOcm’) to 
precipitate the product as a white solid. The precipitate was 
filtered off and washed with methanol and light petroleum 
(6&80). Recrystallisation from dichloromethane-methanol 

gave the required product as colourless microcrvstals 
(0.22 g, 59x).- _ 

Hydridopentakis(trimethylphosphite)iridium(III)terraphen~ 
ylborare - Carbonvldichlorohvdridobis(trinhenvlnhos- 
Rhine)iridium (0.27 g), trimethylphbsphite (d.25 g), and so- 
dium tetraphenylborate (0.4g) suspended in a mixture of 
ethylmethylketone (20 cm31 and methanol (10 cm’) were 
heated under reflux for cu. 3 hr. The mixture was filtered to 
remove a quantity of undissolved material, evaporated under 
reduced pressure until crystallisation commenced, then di- 
luted with methanol and set aside until crystallisation was 
complete. The white precipitate was filtered elf, washed with 
methanol and light petroleum (60-80) then recrystallised 
from dichloromethane-methanol and dried in oucuo as white 
crystals (0.25 g. 52%). 

Hydridopentakis(frierhyl phosphite)iridium(iII) tetra- 
phenylborafe. Was similarly obtained as white crystals 
(51%) using triethyl phosphite and ethanol in place of 
trimethyl phosphite and methanol. 
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XPS of coordination ccmpomde: additive ligand effect in S~WZ copper(I) and copper(I1.) 

chelates with 1.2 phoephino (or phosphine/oxidebeulfido ethane ligande 

by M. Bressan, C. FurlaM* and G. Polzonetti- 

Institute of Analytical Chemistry and CNR Center. University of Padova. and 

l Institute of General and Inorganic Chemistry, University of Rome. 

Summary 

(Received 24 January 1983) 

XPS spectra of Ph2P-CH2-CH2-S-R ligands, of their P-oxides and of the corresponding 1: 

2 complexes with Cu(1) and Cu(I1) indicate a moderate donor shift on complexation of about 

0.4 eV for S, and 0.3 eV for P on the 2p signals, and confirm complete chelation for both 

ligands in their metal complexes. The chemical shifts of Cu2p 
3/2 

b.e. values can be quant- 

itatively described by a model of additive ligand contribution, for which parameter values 

of -0.2 eV for -S-, and -O.S+-O.SeVCfor -O- donors are proposed. 

Introduction 

XPS (X-ray photoelectron spectroscopy) has proved a useful tool for the elucidation of 

the electronic structure of coordination compounds by allowing determination of energy levels 

of both valence and inner-core orbital8 of atoms belonging to the coordination sphere, and 

detection of chemical shifts on the latter quantity, reflecting intra-and intermolecular 

atomic charge distributions. Emphasis ia now being laid on attempts at more quantitative 

evaluation of XPS data; one of the most recent proposals in this direction is the model of 

1 
additive ligand contributions by Feltham and Brant , according to which the ligand con- 

tributions are regarded as a measure of the electron donor or acceptor ability of the ligands. 

Although lacking rigorous theoretical background, and although formulated so as to be valid 

only on a statistical basis, the model by Feltham and Brant is nevertheless attractive in 

suggesting a quantitative representation of the chemical concept of electron donor/acceptor 

properties of ligands, and may prove useful for an empirical classification of ligands, not 

unlike other empirical series such as the spectrochemical, nephelauxetic and X series. 
opt 

We undertook a study of XPS characterization and structural confirmation of some 

chelates of Cu(1) and Cu(I1) with neutral chelating agents of R2 P-CH2-CH 

CH2-CH2-SR' type2, 

2-S-R' and R2(0)P- 

and tried to apply the model by Feltham and Brant to the rationalization 

of the b.e. data. The investigated series of compounds proved particularly well suited to 

this scope, both because of the good quality of the XP spectra and of their similarity of 

structure, which allows significant comparisons to be drawn, while varying in a systematic 

way the nature of donor atoms in the ligands. As a result we were able to conclude that the 

investigated series of chelates of copper(I) and (II) can be adequately described in this 
1 

XPS behaviour by the Feltham and Brant model , and to propose values of additive ligand con- 

trlbutfdns for sulfur snd oXygsn donors, which were not included in the original classifica- 

tion by Feltham and Brant'. 523 
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Experimental 

We measured the solid state X-ray photoelectron spectra of the ligand molecules (di- 

phenylphosphino)-ethylthioethane (C6H5)2 P-CHA-CHA- SC*-H5 (P-SEt), (diphenylphosphino)-PhenYl- 

thioethane (C6H5)2P-CH2-C82-SC6-H5 (P-SPh), and the corresponding phosphine oxides (OP-SEt 

and OP-SPh), and of the complexes CuI(P-SEt)2(ClO4), Cu'(P-SPh)2(ClO,), CulCul'(P-SEt)2 (OP- 

SEt)2(Cl04)3, Cu11(OP-SEt)2(C104)2 and Cu"(OP-SPh)2(ClO4)2. The complexes were synthesized 

for the first time and characterized preliminarly by one of us in a previous investigation*. 

The purity of the compounds used in the present work was checked byelem$ntalanalysis and 

values of physical constants, and found to be satisfactory. The coordination geometry was 

proposed* to be of tetrahedral or pseudotetrahedral type for both Cu* and Cu 
II 

species, with 

chromophores [Cu 
I 
P2S21, and [Cu 

II 
02s2] respectively, but the known tendency of Cul to 3-co- 

ordination, and of Cu I1 to 5-coordination suggested the utility of a further structural con- 

firmation; actually as we shall discuss below, XPS data for the Cu 
II 

species are better com- 

patible with a loose 5-coordination of one anion 

tion around Cu . 

XP spectra were run on a VG ESCA-3 spectrometer equipped with AlKal 2 source (1486.6 
* 

eV). Powder specimens were dusted as thin films onto a gold bearing plate, whoseAu4f 
7/* 

signal 

at 84.0 eV was used for check of the instrument scale. Reported data are averages of repeated 

runs on different samples (usually three runs for three different samples of each compound), 

the reproducibility being seldom worse than 0.1 eV. Surface charging effects (usually in the 

range l-2 eV) were corrected by referring to the Cls b.e. value taken as 285.0 eV; Cls 

signals were narrow and well defined, hence suitable for dependable reference, and were due 

to superposition of practically coincident signals from ligand carbon atoms (mostly from the 

phenyl groups), and contamination carbon (Santovac 5 diffusion pump oil). No detectable 

radiation damage by X-ray was observed, so measurements could be performed at room tempera- 

ture. 

For each element, more than one inner-core ionization line was measured whenever pos- 

sible, so for Cu and S besides the more common 2pj signals also Cu3p and S2s signals were 

measured, the former being particularly significant for check of the effective transmission 

function of the spectrometer, and therefore for quantitative intensity evaluation. Only the 

copper LW Auger signals around 917 eV were of poor quality, being broader and less structur- 

ed than in simple copper species, and therefore unsuited for exact structural characteriza- 

tion. Intensity measurements of the XPS bands were performed in order to check the atomic 

composition of the XPS sampling layers; atomic ratios were computed by the simple formula 

n./n = 
1 j 

I a.h g exp(-d/X.) / IjoiAiSiexp (-d/hi) ( cross 
iJj j 

sections from the tabulation by 
J 

Scofield3, IMFP (X) from4, and S values approximatelylE;' 
5 

according to and found in satis- 

factory agreement with elemental composition, if proper account was taken of contamination 

overlayers, thus confitrning that surface radiation damage was negligible, and that measured 

XPS data were truly representative of the structure of the investigated molecular solids. 

Results and discussion 

XP spectral data for the investigated ligands and complexes are listed in the table, 
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and the shape profiles of some representative spectra are reported in the figure. The results 

will be discussed first in terms of structural assignements , and subsequently from the point 

of view of quantitative data evaluation in the model by Feltham and Srant'. 

The general patterns of XP spectra reproduce with considerable accuracy the typical 

features of copper complexes, thus yielding further support to their structural character- 

ization. Cu2p signals have, as expected, higher b.e. for Cu(I1) species (935.6 eV) than for 

Cu(I) (934.0 eV); a quantitative discussion of the b.e. difference will be given below. FWRM 

is larger for CufIX) (Cu2p 
312 

ca. 2.8 eV) than for CutI) (2.0-2.1 eV under our experimental 

conditions) because of unresolved multiplet splitting due to presence of a partly filled 

valence shell in Cu(I1) only. In Cu(I1) species there is a well-defined satellite (AEav % 9.8 

eV) on the high b.e. side of each 2pj signals, with moderate intensity (ca. 33% of the total 

area of both satellite and the main line Cu2p 
1 

; (compare relative intensities of 19-25% in 

copper(I1) dithiocarbamates 
6 
or up to 4C% in CufIIf oxide systems7), whereas Cu(I) spectra 

are fully void of 2p satellites. This latter fact is significant with regard to the long 

dispute in the literature whether diamagnetic (S=O) transition metal complexes do have true 

although weak 2p satellites, or are exempt from satellites, and possible accompanying signals 

are due to paramagnetic impurities. Cur present results show, at least for the d 
10 

configura- 

tion of Cu(I), a case of unequivocal total absence of satellites from diamagnetic transition 

metal complexes. 

The mixed species CU~(P-SE~~~J;!OP-SE~.~(C~O~)~ behaves, on XPS evidence, as a double salt 

without specific interactions between Cu(1) and Cu(XI). its XP spectrum being just the super- 

position of those of the separate CU~P-SS~~(C~O~) and CU(CP-SR~~(C~O~)~ species in 1:l ratio. 

B.e. and FWHM values are intermediate between those of the simple Cu(1) and (II) species, 

for Cu2p and P2p signals, the difference between the two species being too small to give rise 

to separate signals. Also the intensity of the CuPp 
3/2 

satellite @E Q 10 eV) is almost exact- 

ly the half (14% of the total area of both satellite and the main peak) of the CufII) value; 

since position, shape and intensity of 2p satellites depend critically upon the structural 

environment of central atoms in transition metal complexesS, our observed satellite intensity 

can be taken as evidence for absence of strong coupling interactions between Cu(1) and Cu(I1) 

in the present case. 

Sulfur 2p 
av 

b.e. values are in the range 163.8-164.5 eV, as typical for neutral or near- 

ly neutral sulfur atoms9. No significant difference is found between the S-ethyl and the S- 

phenyl ligands, nor for their complexes. AE between complexes and uncomplexed ligand, a 

measure for the S donor effect towards copper, is in the range 0.4(*.2) eV; this is somewhat 

less than observed for complexes of thiol ligands (e.g. dithiocarbamates, AE SO.7-1.0 eV 
6,10 

) 

as expected on the ground of the negative sulfur charge , and larger availability of electron 

for q donation in the latter case. Among neutral sulfur ligands, only thioureas and related 

ligands show a higher AE on complexation (e.g.% 1 eV 
11 

1, which can be however explained by 

R +\ 
the occurrence of thioamide resonance forms of .N = C' 

S- 11,12 

R0 
type . Also P2p b.e. values 

fall in the normal range (131.1~0.1 eV for free, and 131.4 eV for ligated phoephines), with 

a more pronounced shift to higher b.e. occurring on donation to oxygen in the phosphine ox- 

ides (132.wO.l eV). 
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Both sulfur and phosphorus XPS signals in the copper complexes are, within experimental 

error, as narrow as in the free ligands (except of course phosphorus in the double salt of 

Cu(I). Cu(II)). and therefore indicative of only one species of S and P in the complexes: 

for sulfur the situation is particularly clear-cut with 2s signals which are singlets and 

therefore more symmetric and possibly more sensitive to such effects than the 2p doublet. 

XPS evidence confirms therefore that both ligands are chelated in an essentially equivalent 

way to the central metal atom, with minimum chromophore configurations [Cu1S2P2Lmd[Cu11S2021 

respectively. 

As for a possible quantitative interpretation of the chemical shifts on copper b.e. 

values in terms of addition ligand contributions, the original paper by Feltham and BranI! 

does not quote parameter values for S and 0 ligands, so we shall have to make a reasonable 

guess for the latter quantities on the ground of our experimental results. Thus, the Cu2p 

b-e. value of 934.0 eV for CU*(P-SR')~ (C104) results from the bare metal value of 
3/2 

935.6eV1 

by adding +l.O eV (formal oxidation state of Cu +11) and subtracting the ligand contributions 

(2.3 eV for two chelating phosphorus atoms'), leaving -0.3 eV as the contribution from two 

sulfur ligands -S- of thioether type. This suggests, rounding to the larger figure, a con- 

tributive parameter value of about -0.2 eV for neutral sulfur Uganda in the Feltham-Brant 

1 
scale . 

Using the figure just derived for the sulfur ligands in the analysis of the Cu 
11 

compl- 

exes, the CuPp 
3/2 

b.e. value of 935.6 eV derives from the reference value of 937.6 eV for 

bare Cu 
2+ 

minus 0.3 eV for two S ligands in the chromophore, leaving us with a contribution 

of -1.7 eV to be assigned to the remaining ligands. This would imply an upper limit of about 

-0.6 eV contribution for each oxygen ligand in an isolated, purely 4-coordinated [Cu IIo2s2 1 

chromophore; since however apparently 4-coordinated Cu(I1) chromophores often reach 5-coor- 

dination either by dimerization 
13 

or by loose interaction with a solvent molecule or an ex- 

ternal anion (as could be the present case), we prefer toiasume,that the donor effect of 1.7 

eV is to attributed to three rather than two oxygen donor, each of them contributing -0.5+-0.6 

eV to the total effect. 

In conclusion, the XPS characterization of the Cu(1) and Cu(I1) chelates investigated 

here allows on the one hand further elucidation of the proposed structures, and presents 

further cases of applicability of the model of additive ligand contributions by Feltham and 

Srantl. Parameter values of -0.2 eV for -S- and -0.5+-0.6 eV for -O- ligands are proposed; 

although their validity has to be tested in future through more extended statistics, such 

values appears reasonable and in keeping with the donor-acceptor concept of the Feltham-Brant 

series, since the smaller negative value for sulfur is consistent with a lower U-donor 

ty (if compared to negative -O- donors) , and a larger n-acceptor tendence, possibly 

of empty S3d orbitals. with respect to oxygen ligands. 

Rome and Padova, December 1982 

abili- 

by use 
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930 940 950 960 
J”‘~““.~“““““““““““‘J 

Bindlng Energy (eV) 

Cu2p XP spectra of solid Cu(1) and Cu(I1) chelates (for experimental conditions, see tti). 

A) Cu1(Ph2P*Et)2W0,);B) Cu1(Ph2PSPh)2CC10,);C) Cu1(Ph2P-SEt)2&1(Ph2(0)P-SEt)2(C104)3; 

D) Cu11(Ph2(0)P-SEt)2(C104)2; E) Cu11(Ph2(0)PSPh)2 (C104)2. 
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TABLE 

Relevant XPS data for solid Cu(1) and Cu(I1) chelates, in eV 
a 

cusp 
3/2 

cu3p S2P s2s P2P 

Ab 163.9 (2.5) 227.9 (2.8) 131.3 (2.7) 

B 164.1 (2.4) 228.0 (2.7) 131.0 (2.2) 

C 163.8 (2.4) 227.8 (2.8) 132.7 (2.1 

D 164.2 (2.4) 228.0 (2.7) 132.7 (2.1 

E 934.0a(2.1)C 76.8 (4.5) 164.2 (2.5) 228.0 (2.8) 131.4 (2.2 

F 934.0 (2.0) 77.0 (4.5) 164.2 (2.4) 228.3 (3.0) 131.5 (2.4 

) 

G 934.6 (2.6) 14.2d 76.7 (5.0) 164.2 (2.5) 228.3 (3.0) 132.4 (3.3) 

H 935.6 (2.6) 33.7 78.3 (4.5) 164.5 (2.6) 228.6 (3.2) 132.9 (2.2) 

I 935.4 (2.9) 34.9 78.6 (5.0 164.7 (2.6) 229.0 (3.0) 133.1 (2.3) 

a) Cls = 285.0 eV 

b) A) Ph2P - SEt; B) Ph2P-SPh; C) Ph2(0)P-SEt; D) Ph2(0)P-SPh; E) CuI(Ph2P-SEt)2 Clog; 

F) Cu1(Ph2P-SPh)2 C104; G) Cu1(Ph2P-SEt); Cu**(Ph2(0)P-SEt)2 (C104)3; 

H) Cu11(Ph2(0)P-SEt)2 (ClOk)2; I) Cu11(Ph2(0)P-SPh)2 (C10,,)2. 

c) FWHM = Full width at half maximum, in parentheses. 

d) % Intensity satellite. 

e) B.e. 
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Abstract.- Some Ni(I1) complexes with 5,74icloro-&mino quinoline 

(dcaq), 5,7-dibromo4kmi.noquinoline(dbaq) and 5,74iiodo_8_amino- 

quinoline(diaq) are described. The compounds are of stoichiometry 

NiL2X2(L= dcaq, dbaq, diaq; X= NO; and L= dbaq; X= Cl-, Br-, I-, 

NCS-) and NiLX2*H20(L= dcaq, diaq; X= Cl'). The electronic spectra 

and magnetic susceptibility data at room temperature, are consistent 

with octahedral geometry for the Ni(I1) in each compound. 1.r. spectra 

show the presence of ionic and bridging nitrate groups in the com- 

pounds NiL2(N03)2(L= dcaq, dbaq, diaq) and we assign them polymeric 

structures. Polymeric structures with bridging chloride are proposed 

for the compounds NiLQ2*H2O(G- dcaq, diaq) and monomeric octahedral 

structures for NiL2X2(L= dbaq; X= Cl, Br, I, NCS). 

The ligand properties of 84mino quinoline have been the object of considerable attention 

in the last few years. 1'2 In a previous paper, the authors reported complexes of Cu(II) 

with ligands derived from g-amino quinoline, namely 5,74ichloro4k&noquinoline(dcaq); 

5,7-dibro1m-8-amim quinoline(dbaq); 5,7-diiodoALamino quinoline(diaq).3 Polymeric structures 

have been proposed for all of 

ridyl anslogues. 

them and they closely resemble their ethylenediamine or bipy-. 

Here we describe complexes of Ni(I1) with the same ligands. The objective was to define 

the ligand behaviour of these substances and to compare them with 8-amim quinolineand 

with ethylenedismine and 2,2'dipyridyl. 

* Author to whom correspondence should be addresed. 
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RESULTS AND DISCUSSION 

1.r. Spectra 

Table 1 shows the frequencies of the bands assigned to vibrational modes of the NH2 group 

of the ligands and their complexes. 
-1 

The stretching modes of the NH2 group appear in the 

3000-3500 cm region. In all the complexes these bands appear at lower frequencies than in 

the free ligands. This effect is indicative of the coordination of the amine group of the 

ligands in all the complexes.4 

-1 
In the 15504620 cm region the free ligands exhibit a wide band with a pronounced fine 

structurb due to the partially coupled stretching vibration g(C=C), v)(M) of the aroma- 

tic rings and the deformation mode of NH2 groups. This was shown in the case of 8+uoinoqui- 

noline by deuteration studies. 5 Coordination changes the coupling of these modes, and a 

clear splitting of this broad band into two components can be seen in all the complexes. 

The higher frequency component is assigned mainly to the &(NH2) mode and the other to the 

aromatic ring vibrations. In the 13504375 cm-' region, there is a band corresponding to 
-1 

the g(C-~h~) stretching mode. In the 1020-1060 cm region, there is a band corresponding 

to the wagging mode of the coordinate NH2 group. This appears also inthe free ligands as 

a weak band, due to the formation of intermolecular hydrogen bonds. This band is the mDst 

sensitive to the chemical environments of the Ni(I1) ions, as observed for other complexes 

of 8-aminoquinoline. 
2 

In the 600400 cm -lre.gionappearthe rockingandtwistingbandsofthe NH2 coordinated 

group,whichare, ingeneral, difficult to assignandhave little interest.The metal& 
-1 

nitrogen stretching mode appears in the 5oo-600 cm region. 

Nitrate complexes 

Table 2 shows the frequencies assigned to the NO; group in the three complexes containing 

thisligand. There are bandsthatmaybe assignedtothe ionic nitrate group, andothers 

corresponding to the coordinated ligand.4 The g3(E1) mode of ionic nitrate can be seen 
-1 

to be split by coordination in two components at 14354440 cm 
-1 

and 1300 cm . At the same 
-1 

time there remains a very intense band at 13804370 cm attributed to ionic nitrate. In 

this last region the ligands dcaq, dbaq, diaq show several bands, one of which coincides 

with that assigned to ionic nitrate. However, by observing the i.r. spectra with very dilute 

l@r pellets it is possible to detect this very intense and characteristic band corresponding 

to V3(E') mode of ionic nitrate. 

-1 
In the looO_1100 cm region the compounds show two intense bands. One ofthemis due to 

the Y,(A;) mode of the coordinate group (10204030 cm-')(Table 2). The second, of higher 

frequency, has been assigned to the wagging mode of the NH2 group. This last band overlaps 

the one due to the ionic nitrate which also appears in this region (1050 cm-'). The $,(A:) 
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node due to coordinated and free nitrate group is observed with nediun intensity in the 

820&o cni' region. The S)4(E') 
-1 

node appears between 710-720 cm , as a weak band aml 

without splitting,because inthisregionthere are several bands due to the amine-ligands. 

The coordinationnode of the nitrate group cannotbe deduced unequkocsllyfronthse 

data, but the physicochenicaI characteristics of these nitrate conplexes are compatible with 

polymeric linear structures with nitrate groups bridging between Ni(I1) ions and with ionic 

nitrate groups in the lattice. 

Complexes with thiocyanate 

The only conplex prepared with thiocyanate ligand is Ni(SCN)2(dbaq)2. In the '))(CN) 
-1 

stretching node region there isone intense band at1995 cm which can be assigned to this 
-1 

~~de.lko otherbsndscorrospondingtothe $(CS)snd b(SCN)nMescanbo seenat795cm 
-1 

and490 QB , respectively. These spectral characteristics show a coordination via nitrogen 

atom of the thiocyanate group in the conplex.7 The previouslyreportedcompoundswith 

ligands 8-sniuoquinoline2 snd 6=metil-2-aninoethylpiridine8 have a similar ix. spectra. 

Electronic @ectra 

Table 3 sumarises the electronic spectra of all the conpounds and of the similar con- 

pounds with etbylenedismiue and pyridine together with the proposed assigunsnts. All the 

conpouuds of BlL2x2 and also MI&I2 stoichionetry s&w the ssne spectral characteristics 

which are consistent with an octahedral 
9,lLo 

environnent aroumi the Ni(I1) ion. 

The firstbandwhichappears inthe near infrared sane, is attributable to the transition 

3 
'L2g+ 3T2g 

and giresthe 1ODqvslue of the conplex.The frequency of this baud inthe 

c5stpounds: Ni(dbaq~2~2, Ni(~aq)2~2, ~(~aq)212, Ni(~aq)2(~3)2 and Ni~db~)2(N~)2 

reflects the position of the ligands, CL-, Dr., I' and NO3 in the spectrochenical series. 

Also the lODqvalueofthe conpolmd: Ni(dbaq)2(NCS)2 confirms the NCS group coordination, 

via nitrogen atom, to the Ni(I1) ion. On the other hand the low energy of this transition 

in the compound Ni(dcaq)Q2*H20 similar to the Ni(dbaq)212, is consistent with the polymeric 

structure with bridging chloride proposed for it. 

Generally the last band attributable to the transition 3A 3 3T,g(P) is overlapped with 
2g 

charge transfer bands due to the anine-ligauds, exceptiuthe compounds inwhichthe ligsnds 

are in the later part of the spectroches&al series, as I" and /j-Cl- io Ni(dbaq) I 
2 2' 

Ni(dcaq)Q2*H20 and Nifdiaq)Q2*H20, respectively. 

Magnetic susceptibility msasurenents 

At roontenperature ths nagnetic PDDpcpt is that expected for a d8 ion in an octahedral. 

environmsnt and with little orbital contribution for all the oo~unds(Table 4). Only the 
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compound Ni(dcaq)Cl2 was measured down to -196QC. It follows the Curie-Weiss law with good 

approximation over the investigated temperature range, with a positive Weiss constant 14,3,12 

showing the existence of ferromagnetic interactions among the Ni(I1) ions. 
11 

The non-sero 

value of the Weiss constant is consistent with the polymeric structure with bridging chloride 

proposed for it. Several others polymeric Ni(I1) complexes with ferromagnetic interactions 

have been described in the literature. 
16 

The dcaq, dbaq and diaq ligands were prepared by literature methods. 13,14,15 

For the synthesis of the new complexes we used anhydrous solvents distilled twice from 

CaQ2. The reactions were carried out in air, except in the preparation of the diaq 

complexes, for which, because of their ease of oxidation, a nitrogen atmosphere was employed. 

Analytical Data are consistent with formulae proposed for sll of them. 

1.r. spectra were obtained in a Beckman IR-2OA spectrophotometer using NBr pellets. 
-1 

For the 600-250 cm region, the ratio of NDr to complex was c.a. 1:l in order to assign 

metal-ligand bands of smsll intensity. Electronic spectra were measured in the solid state 

because of the low solubility of the complexes and the possibility of exchange of the ligand 

with solvent. They were obtained with a Beckman DD-2 (visible, U.V. and near i.r.) and 

Reckman 5230 W (visible and u.v.) spectrophotometers. In some cases we also used diffuse 

reflectance measurements with a Gary 17 spectrophotometer, with an NgO reference. 

The magnetic susceptibility measurements were carried out with a Cahn 2000 electrobalance 

sensitive to 0.001 mg, a Rrucker N-177 electromagnet and an Oxford InstrlPnents CFlOO 

cryostat. Measurements were made for different values of magnetic field. 

Complexes Ni(ligand)12*H20 

NiQ2(dcaq)*H20.- Dcaq(lg) was dissolved in hot EtOH(40 cm3); an ethanolic concentrated so- 

lution of NiQ2*6H20(1.2g) and a drop of HQ 2H were added. The pale blue powder which 

precipitated was filtered and washed with EtOH and Et20, and let to dry in the air. 

Found: C, 29.9; N, 7.3; Cl, 39.4; H, 2.0; Ni, 16.2 E_ Calc.: C, 29.9; N, 7.7; Cl, 39.4; 

H, 2.2; Ni, 16.3. 

NiCI12(diaq)*H20.- To a solution of NX12*6%O(0.6g) in the minimum quantity of hot EtOH, a 

hot concentrated solution of diaq(l.Og) in FXOH was slowly added. A pale green powder preci- 

pitated in the cold. Yield: 85%. Found: C, 20.5; N, 5.2; halogen, 48.2; H, 1.3; Ni, 11.0; 

Calc.: c, 20.5; N, 5.3; halogen, 48.3; H, 1.2; Ni, 11.2%. 



Ni(II) complexes with I-aminoquinoline derivatives 533 

Complexes NiK2(ligand)2 

To a concentrated solution of ligand in hot Me2c0, a solution of the corresponding Ni(I1) 

salt in the minim~~ quantity of hot EtOH was added. The powder which precipitated in the 

cold was filtered and washed with EtOH and Me2cO and alIowed to dry in a desiccator. 

Ni(dcaq)2(NO3)2* Found: C, 35.5; N, 13.7; Cl, 22.9; H, 2.0; Ni, 9.6; Chic.: C, 35.5; 

N, 13.8; Cl, 23.3; H, 1.9; Ni, 9.6%. 

Ni(dbaq)2(N03)20 Found: C, 27.6; N, 10.4; Rr, 18.1; H, 1.6; Calc.: C, 27.5; N, 10.7; 

Rr, 18.0; H, 1.5%. 

Ni(diaq)2(N03)2g Found: C, 22.1; N, 8.5; I, 51.9; N, 6.0; Gilt.: C, 22.2;'N, 8.6; I, 52.1; 

Ni, 6.0%. 

Ni(dbaq)2Q2. Found: C, 29.3; N, 7.3; halogen, 29.0; H, 1.7; Calc.: C, 29.5; N, 7.6; 

halogen, 29.5; H, 1.7%. 

Ni(dbaq)2Br2. Found: C, 26.2; N, 6.9; Rr, 25.5; H, 1.5; Calc.: C, 26.3; N, 6.8; Br, 25.9; 

H, 1.5%. 

Ni(dbaq)212. Found: C, 23.6; N, 5.9; halogen, 22.9; H, 1.3; Calc.: C, 23.6; N, 6.1; 

halogen, 23.2; H, 1.3%. 

Ni(dbaq)2(NCS)2. Found: C, 30.8; N, 10.9; Br, 41.0; H, 1.4; Calc.: C, 30.8; N, 10.8; 

Rr, 41.1; H, 1.6%. 
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Table 2. i.r. frequencies attributed to the NO 
3 
group. 

NO; 4 Ni(N0 )(dcaq) 
3 

NO 
2 3 

Ni(N03)(dbaq)2 NO 
3 

Ni(N03)(diaq)2 NO3 

1435 
-1 

1440 
-1 

1440 
-1 

cm cm cm 

1390 
-1 -1 -1 

cm 1380 cm 1380 cm 1370 cm -1 

1300 
-1 

1300 
-1 

1300 
-1 

q3(g') 

cm cm cm 

1050 
-1 -1 -1 -1 

cm 1020 cm 1030 cm 1030 cm VI@;) 

835 cm" (sh) 835 cm-' (sh) 840 cm-' 

831 
-1 

cm 

820 cm" 825 cm-' 820 cm-l 

V2(Ai) 

720 cm-l 710 cm-l 
-1 

710 cm 7lO cm-l g4(g') 

4 ref. 14. 

Table 4. Magnetic moments (B.M.) 

T(K) (B.M.) 

Ni(dbaq)2Q2 293.5 3.35 

Ni(dbaq)2Br2 294.5 3.43 

Ni(SCN)2(dbaq)2 295 3.12 

Ni(N03)(dbaq)2 NO3 294.5 3.36 

NidcaqC12*H20 290.3 3.55 
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The optical resolution of tris(pentane-2,4-dionato)metaf(IfI) complexes 

ALEX F. DRAKE, JOHN M. GOULD, STEPHEN F. MASON,* CARLO ROSINIt and FRANCIS J. WOODLEY 

Chemistry Department, King’s College, London WC2R 2LS, England 

(Received 20 May 1982) 

Abstract-A facile large-scale optical resolution of neutral [M(pd)J complexes, M=Cr(III), Co(III), Ru(III), 
Rh(III) and Ir(III), through enantioselective complex formation with (2R, 3R)-( - )-dibenzoyltartaric acid, is des- 

Liquid column chromatography is the principal method available 
for the optical resolution of the neutral tris(pentane-2,4-dionato) 
complexes of metal ions, [M(pd)s].‘-” With D( t Flactose 
columns 90-480 cm in length at ambient temperature, using 
gravity elution, the resolutions’A are generally small-scale, par- 
tial, and time-consuming, although the efficiency is improved, and 
the scope of the method is extended to the more optically-labile 
[M(pd)s] complexes, by the use of 30cm columns at low tern- 
perature with an elevated pressure above the mobile phase.s 
More recently, short columns of the A-(-)-tris(l,l&phenanth- 
rolline)nickel(II) complex ion supported on anionic SP-Sephadex.6 
(1Ocm) or montmoriionite7’8 (2.5cm) are reported to partially 
resolve the enantiomers of [Co(pd)s]6*7 and of [Ru(pd)J,* and 
oartia19 or base-line” chromatographic resolutions of [Cr(pd)s] on 
a column of chiral cis(NO;j-trans(N)-[Co(mHamino acid)* 
(NO&] complex ion salts’ or of (t)-poly(triphenyhnethyl- 
methacrylate) coated on silica gel” have been described. 

An alternative stationary phase, consisting of (ZR, 3R)-( - )- 
dibenzoyhartaric acid, (-)-DBT, adsorbed on ahtmina has been 
investigated for the optical resolution of racemic [M(pd)s] com- 
plexes using a cyclohexane-benzene (2 : 1) mobile phase. With a 
system” for the simultaneous monitoring at a given analytical 

*Author to whom correspondence should be addressed. 
tPermanent address: Centro di Studio de1 C.N.R. per le 

Macromolecole, Stereordinate ed Otticamenta Attive, The Uni- 
versity, 56100 Pisa, Italy. 

%o 

2 
lo g380 

wavelength of the absorbance (A) and the differential circularly- 
polarised absorbance (AA = AL- AR) of a chiral solute in the 
eluate from a liquid chromatography column, it was found, in the 
attempted resolution of racemic [Rh(pd)s], that the optical 
activity of the two enantiomers in the eluate from the (-)- 
DBT/Al& column do not sum to zero over the chromatogram as 
a whole (Fig. 1). The chromatographic resolution is partial, and, 
while one enantiomer, the A-isomer, is wholly eluted, a sub- 
stantial fraction of the other (- 40%) is retained by the sta- 
tionary phase, from which it is stripped, together with much of 
the (-)-DBT, by ethanol. 

The further investigation of the strongly enantioselective 
complex formed by (->DBT with the A-isomer of neutral 
IM(ud)sl coo&ration comnounds afforded a general method for 
ihe 

_ .._ 
huge-scale optical res&ution of racemic [M(pd)s] complexes 

(Table 1). A typical resolution procedure is as follows: Racemic 
[Co(pd)s] (3.56 g, 10 mmol), (2R, 3R)-( - )-dibenzoyl-tartaric acid 
monohydrate (9.4g, 25 mmol), benzene (60 cm’), and cyclohexane 
(120 cm?, were stirred at ambient temperature for two days. Over 
this period, approximately one-half of the total [Co(pd)J was 
taken up by the formation of a solid ( - )-DBT-A-[Co(pd)s] phase, 
leaving a supematent fluid phase containing A-[Co(pd)s] with an 
optical purity of -9O%, indicated by absorption and CD spec- 
troscopy. The same result is achieved -more expeditiously by 
employing anhydrous (-)-DBT, rather than the monohydrate. 
The solid crystalline complex, ( - )-DBT-A-[Co(pd)s], filtered and 
washed with a cyclohexahe-benzene (2: 1) mixture, is taken up 
into chloroform solution, from which the (- )-DBT is extracted 
with aqueous sodium bicarbonate. Following the removal of the 

103AA,80 

Fig. 1. The chromatographic optical resolution of racemic [Rh(pd)s] (10 q g) on a column (25 cm long, 2 cm i.d.) of 
(2R, 3R)-( - )-dibenzoyhartaric acid adsorbed on alumina (Woelm basic activity, grade I) eluted with a cyclohexane- 
benzene mixture (2: 1) at a rate of 5.5 ml q in-‘. The chromatogram records, as a function of elution volume, the 
simultaneous monitoring at 380 run of the absorbance, A (top curve), the circuhu dichroism, AA = AL- AR (middle 

curve), and the dissymmetry ratio, g = MA (bottom curve). 

Poly Vol. 2, No. bH 537 



538 Notes 

Table 1. The absorption 
crystalline complex with 

and the cd spectra in ethanol of the [M(pd)j] isomer forming enantioselectively a 
(2R, 3R)-( - )-dibenzoyltartaric acid. The g-ratio (g = A& = AA/A) at the analytical 

wavelength, &d, provides a measure of optical purity 

Complex A 
*s’“m Emax xcd’m 

A-[Co W) 31 592 

325 

132 

8130 

647 

574 

+2.&3 

-8.11 

+42.5 

-67.5 

A-[Cr(pd) 3l 560 70 608 

389 454 537 

+1.67 +42.4 

-5.00 -82.5 

A- [Rh (pd) 3l 318 10,660 334 

255 9,190 295 

+64.0 

+24.2 

l 7.87 

+3.62 

A- [Ru (~“3) 31 504 1,590 480 +4.71 

346 8,500 415 +11.04 

+3.63 

+7.25 

+7.m 

-1.93 

A-I~r(pd)~l 312 

260 

9,950 

24,000 

362 

306 

+36.8 

-18.8 

indicates that the chiil solute in the eluate is optically pure.” On 
this criterion, the chromatographic resolution of [M(pdh] com- 
plexes on a (-)-DBT/AlzOp column is not efficient (Fig. I), 
although the investigation of the method provided the basis for 
the more efficient huge-scale procedure described. An analogous 
enantioselective complex formation probably underlies the par- 
tial resolution of [Co(pd)x] by the zone-melting of a frozen 
solution of the racemic complex and sodium (- )-dibenzoyl- 
tartrate in dioxan-water.” 

Acknowledgement-We thank the S.E.R.C. and NATO for 
research support. 
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solvent from the dried chloroform solution and recrystallisation 
of the residual solid, 1.3 g of optically pure A-( t )&Co(pd)j] is 
obtained with the cd characteristics listed (Table 1). 

The original filtrate, containing the corresponding A-isomer, is 
washed with aqueous sodium bicarbonate and dried. The solid 
remaining after the removal of the solvent is -90% optically 
pure and it is difficult to enhance that percentage purity further 
by standard fractional crystallisation, since the solubility of the 
enantiomer is approximately an order of magnitude larger than 
that of the racemate in paraffin and chloro-solvents. However, 
slow recrystallisation from a 2: 1 mixture of petroleum (b.p. 
80-100”) and dichloromethane affords two sets of large mor- 
phologically-distinct single crystals, which are readily separable 
by hand-sorting. Each crystal of the major set contains optically- 
pure A( -)&C~(pd)~], with an optical activity equal in mag- 
nitude and opposite in sign to that of the A-isomer isolated from 
the solid crystalline complex with (-)-DBT (Table 1). 

The procedure provides in addition a simple optical resolution 
on a > I g scale of the racemic complexes, [Cr(pd)j]. [Rh(pd)& 
[Ru(pd)l], and [Ir(pd),] (Table I)bf The determination sf 
the absolute configuration A-( - )&Co(pd)jl _ 
and A-( -)-[Cr(pd)j]” by X-ray diffraction methods, and the 
corresponding cd spectra, indicate that the enantiomer selec- 
tively forming a crystalline complex with (-)-DBT is the A- 
isomer in each case. The same conclusion follows for the cases 
of [Ru(pd)j] and [Rh(pd),] from a comparison of the cd spectra 
of the resolved isomers with the corresponding spectra of each 
of the four diastereomers, with a known configuration, of the 
tris[( t)-3-acetylcamphorato] complexes of Ru(III)‘~ and 
Rh(II1) ‘. The consistency between these four cases suggests that 
the enantiomer of other [M(pd)J compounds selectively forming 
a complex with (-)-DBT is the A-isomer. 

The fractional optical purity of a chiral compound is measured 
by the dissymmetry ratio (g = Ae/e = AA/A) at an analytical 
wavelength, relative to the corresponding g-ratio of one of the 
pure enantiomers. The g-ratios of the [M(pd),] enantiomers listed 
(Table 1) refer in each case to a single-crystal sample, in order to 
ensure enantiomeric purity. In a chromatographic optical resolu- 
tion, a finite g-ratio constant with respect to elution volume 
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Catalytic asymmetric hydrogenation with the cluster RIIJCO)~~[(-)DIOP]~~ 
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Ah&act-Rh&CO),&-)DIOPJI has been isolated after ligand exchange between Rh&CO),, and DIOP. The 
molecular cluster is an efficient catalyst for asymmetric reduction of various prochiral olefins; optical yields up to 
47% have been achieved; the results are compared with those obtained with mononuclear rhodium (I) complexes. 

Although polynuclear complexes constitute now a new genera- 
tion of organometallic complexes, their use in catalysis is still 
rare.’ Moreover, within a few exceptions,’ there are no reported 
cases of true cluster catalysed reaction, although molecular clus- 
ters are often used as precursor complexes.) One possibility to 
prove the reality of a cluster cataiysed reaction is to use chii 
clusters’ the chirality being due to the cluster metallic frame- 
work. However, under catalytic condition, racemization may 
occur, which makes it difficult to induce an asymmetric catalytic 
reaction.” Another possibility is to use chiral liiands with chiral 
metallic framework. But in this latter case, interpretation of the 
results is more difficult. In our general approach of cluster 
catalysis,’ we have recently shown that rhodium clusters of the 
type Rlb(CO)(6-., L5* are catalysts for olefin hydrogenation and 
spectroscopic as well as kinetic data suggested that the cluster 
itself could act as a catalyst. It was therefore reasonable to 
undertake an asymmetric hydrogenation with the same family of 
complexes bearing chiral liinds. In the mean time Balavoine et 
al.’ as well as Dang et aL8 reported asymmetric hydrogenation of 
VtiOUS OlefillS With illl ill Situ IlliXtllR Of &(C0),, and VtiOUS 

chiil ligands. In our approach of such asymmetric reaction, we 
started from the cluster Rh&O)ld(-)DIOP], and found 
effectively an asymmetric induction in the hydrogenation of 
various prochiial olefins. 

There are already two reported cases of asymmetric hydro- 
genation with Ru clusters bearing DIOP ligands such as 
H4R~4(CO)8[(-)DIOP]z and Ry(C0)18[(-)DIOP]I. Infrared data 
indicate no significant change of the structure of the cluster 
during the catalytic reaction! 

Rh&O),o[(-)DIOP], was prepared from Rh&O),, and 3 
equivalent of (-)DIOP in boiling benzene and purified by HPLC 
(column: styragel 500 A; eluent: toluene) (yield = 33%). The 
elemental analysis and molecular weight were consistent with the 
formulation Rhn(CO),n[(-)DIOPl,(A). The IR wectrum of (A) 
exhibits v(C0) bands-$2073 (wi-1972 (s, br) in ihe linear reg& 
and 1810 and 1780 (s. br) in the bridtzinn reaion. Obviouslv the 
real structure of the clu&er cannot k assumed with cer&de 
unless X-ray structure is known.” However, considering the 
structure of the parent cluster Rh&O),ddppm)~.‘” it is liiely 

*Author to whom correspondence should be addressed. 
tDIOP = O-isopropylidene 2,3-dihydroxy 2,3-bis(diphenyl- 

phosphinomethyl) 1,4-butane. 

that in our case, probably due to steric crowding by the chiral 
liinds, the bridging CO ligands are hwthetically edge bridging. 

This complex is stable in the solid state in the air. but less 
stable in solution. 

Standard hydrogenation experiments were carried out with this 
cluster using amino-acid precursors and itaconic acid. The opti- 
cal yields achieved in our experiments are listed in Table 1. 

Generally speaking, in contrast with the results obtained with 
mononuclear complexes of Rh(I)(DIOP)‘* the acid substrates are 
reduced with lower asymmetric induction than the esters. 
Besides although the same enantiomer is obtained using (A) or 
Rh(I)(DIOP) complexes, the e.e. are lower in the first case. The 
value obtained for a-acetamido cinnamic acid, is identical to that 
obtained by Balavoine et al? using a mixture of Rh&O),, and 3 
equivalents of (-)(DIOP). The temperature seems to have no 
influence on the enantioselectivity, but, in presence of UV- 
irradiation, there is an increase of the rate of hydrogenation (80% 
hydrogenation in 5 hr), but a drastic decrease in the enan- 
tioselectivity. 

In conclusion these preliminary results constitute the first 
example of an asymmetric reduction using a rhodium cluster 
bearing chiial l&and. Although the catalytic behavior of 
Rh&O),&)DIOP], is different from the known mononuclear 
complexes of the type RL’[(-)DIOP], (rate of hydrogenation, 
type of substrate which are hydrogenated, e.e.). The enantiomer 
obtained is the same in both cases. It is therefore difticult to 
make a clear cut distinction between a true cluster catalysed 
reaction and a catalysis by a mononuclear fragment. Studies are in 
progress to try to understand at a molecular level the mechanism 
of such reaction. 

-AL 

‘H NMR spectra were recorded on a Brucker 80 spectrometer, 
IR spectra were taken with a Perkin-Elmer 225 spectrometer in 
various solvents. The cluster was puritied by HPLC using a 
Watten M 6000 A. The column was a micro styragel (500 A) of 
SOcm, used in semi-preparative scale (solvent: toluene flow = 
1 ml/min; temperature 25’C). The rotatory power8 were 
measured on a Perkin-Elmer 241 polarimeter. Molecular weight 
determination of the cluster was carried out by vapor pressure 
osmometry. Catalytic hydrogenations were carried in aglass batch 
reactor equipped with a septum for kinetic measurements and 
connected with a hydrogen reservoir kept at constant atmospheric 
pressure. 
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Table 1. Asymmetric hydrogenation in the presence of Rh6(CO)ro[(-)DIOP]:“’ 

Substrate TW) 

/COOH 

Ph /rlNHk 

_/COOCH3 

Ph pNHAc 

25 

__/COOC2H5 

Ph pNHAc 

80 

;;b) 

25 

/COOCH3 

Pi, FRHCOPh 

/COOH 

CH2 TCH~COOH 

25 

25 

100 

100 100 
270 100 
220 100 

230 100 

220 

457 

60 

100 

Conversion (X) e.e. (X) 
LEL 

20 (RI 

47 (g) 

4; 1;; 

34 (g) 

3 (g) 

0 

rime(h) 

28 

24 
45 
27 

50 

75 

4 

(a) Solvent : ethanol ; pH = 1 atm. 
2 

'b) Hydrogenation in the presence of U.V. irradiation. ) (max) = 365 nm 

"'Enantiomeric excesses were calculated using the specific rotation of the pure 

enantiomers : 

N- 

N - 

N- 

N- 

(R) 

acetyl - (R) - Phenylalanine NJ:" = - 46.0 (c = 1 ; EtOH) (13). 

acetyl - (R) - Phenylalanine methyl ester[d]i5 = - 101.5 (c = 1 ; CHC13) (14: 

acetyl - (R) - phenylalanine ethyl ester[d]i5= - 65.9 (c = 1 ; CHC13) (14) 

benzoyl (S) - phenylalanine methyl ester[sr(]E5 = - 45.3 (c = 1 ; EtOH) (13) 

Methyl - succinic acid cd]?= + 16.68 (c = 2.1 ; EtOH) (15) 

Preparation of Rh&O)ra[(-)DIOP]s 
In a typical experiment 1.4g (2.8 10-r mole) of (-)DIOP dis- 

solved in 1OOcm’ of &,I-& is introduced dropwise under stirring 
in 70cm’ of a refluxing solution of benzene containing 1 g of 
Rh&0)r6 (9.4 IO-’ mole). 

After cooling to 2S”C, the solution is concentrated under 
vacuum and the cluster is urecinitated bv addition of 3Ocm’ of 
n-pentane. Purification by HPLC yields a black amorphous solid 
(33% vield). Found: C. 48.08: I-I. 3.97: P. 7.86: Rh. 25.9: mol. wt.. 
2475. C,&,P&O,~ calc.:‘C, 51.68; H, 4.04; P,‘7.78; Rh, 25.85 
md. wt., 2393. IR spectrum: v&O) bonds (chloroform solution) at 
2073 (w), 1972 (s, br), 1810 (s, br), 1780 (s, br). 

Hydrogenation procedure 
In a typical experiment 13 mg of (A) (5.10s6 mole) and IO-’ 

mole of the olelinic substrate are vigorously stirred in 25 cm3 of 
ethanol under 1 atm. of Hr. The reaction is monitored by the 
absorption of H2 with time and by quantitative analysis of the 
reactants by GLC. The hydrogenated products are treated as 
previously described.‘* 
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octahedron of 6RH atoms with 3 chelating dppm ligand coor- 
dinated to the 6 rhodium atoms 4 triply bridged CO ligands are 
observed along with 6 linear CO on the 6 rhodium atoms. 
A. Ceriotti, G. Ciani, L. Garlaschelli, V. Sartorelli and A. Sioni, 
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“The cluster could not be crystalliied in a form suitable for 
X-ray structure determination. 
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Abstraet-Reaction of the oxocomplex ReOCl,(PPh& with an excess of triethylphosphite yields a deoxygenated 
rhenium phosphite complex fat-ReC&[P(OEt)&; its structure was confirmed by ‘H NMR and IR spectroscopy. 

The chemistry of rhenium phosphine complexes is well 
developed,’ contrary to that of the phosphite complexes. 
Such complexes of rhenium and other metals have 
recently been given considerable attention.* In con- 
tinuation of our studies on reactivities of rhenium phos- 
phine complexes3 we have been interested in synthesis 
of the respective phosphite complexes having in mind 
different properties of that @and. 

The present paper reports a convenient method for 
synthesis of phosphite complexes from their respective 
metal phosphine 0x0 derivatives taking the rhenium 
complexes as an example (reaction 1). 

trans-ReOC&(PPh& t 3 P(OE& +fac- 

(I) 

ReCI,[P(OEt)& + P(0)Ph3 t PPhl (1) 

00 

The authors believe that this method can be used for 
other transition metal oxo-complexes (e.g. Tc, MO, W). 
due to the strong deoxygenating properties of the phos- 
phine ligand.‘b*4 Reaction (1) in which rhenium (V) is 
reduced to rhenium (III) with simultaneous substitution 
of the phosphine ligand is probably preceded by 
isomerizationt of the yellow trans complex (I) to a green 
cis complex (I) in which the oxygen atom and phosphine 
ligand are in trans positions. 

The reaction of coL?plex (I) (3.6mmol) and a ten-fold 
excess of P(OEt), carried out in boiling benzene solution 
(60cm3) under nitrogen for 7hr yields a light yellow 
solution containing the products of reaction (1) in about 
100% yield. The excess of free P(OEt), was removed by 
prolonged evaporation of the mixture to dryness in 
uucuo. P(O)Ph, was separated from other components of 
the reaction mixture as a hexane-insoluble residue. Free 
phosphine was separated from complex (II) by means of 

*Author to whom correspondence should be addressed. 
t Trans-cis isomerization of complex (T) was found to take 

place in hoiig pure benzene. 

column chromatography using activated silica gel (35O’C 
for 4hr in uacuo) as packing and hexane-benzene, hen- 
zeae and tinally, benzene - 10% methanol as eluents, 
under oxygen-free conditions. Complex (II) was recrys- 
tallized from hexane (- 15°C) [Found: C 27.1, H 5.58, P 
11.7%; C,,H4s09Cl,P~Re requires: C 27.22, H 5.73, P 
11.74%1. 

The structure of the facial complex (II) is confirmed by 
both the IR and ‘H NMR spectra. Over the frequency 
range characteristic of the Re-Cl bonds, complex (II) 
exhibits two strong bands in the IR region at 269 and 
314cm-‘, which indicates C,. symmetry. By com- 
parison, we find that mer-ReC1s(PMezPh)p, of Cz, sym- 
metry, has a more complicated IR spectrum in that 
region. Like rhenium (III) complexes with phosphine 
IiiandsP complex (II) is paramagnetic; however, quite 
sharp lines are found in the ‘H NMR spectrum in deu- 
terobenzene at 30°C. Predictably, marked isotropic shifts 
are also observed. The integrated spectrum contains two 
triplets (intensity ratio 2: 1, CHs, S 2.25 ppm, 3H and S 
3.12 ppm, 6H) and two quartets (2: 1, CH2, S 10.07 ppm, 
2H and S 11.15 ppm, 4H). The coupling constant for the 
protons of two groups ‘J (H-H) =7Hz. The coupling 
constant ‘J(P-H) of 7 Hz for free P(OEt)p is not obser- 
ved for a coordinated ligand. This spectrum shows that 
all three phosphite ligands in complex (II) are equivalent, 
although the ethoxy groups are inequivalent to each 
other in a (2: 1) ratio. From among three ethoxy groups 
for each phosphite @and, two groups are on one side of 
the plane determined by the three phosphorus atoms 
coordinated to the rhenium atom, whereas the third 
ethoxy group is on the other side of that plane. 

The facial geometry of complex (II) is most probably 
the effect of a smaller cone angle of the phosphite iigand 
and of its stronger vacceptor properties as compared 
with the phosphine ligand which instead prefers meri- 
dional geometry in similar known ternary complexes. 

Complex (II) undergoes no exchange reaction of the 
phosphite liind (on the NMR time scale at 80°C) but 
may, however, be reduced (NaBH,/EtOH) to yield 
monomeric and diieric hydride complexes. 
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rhenium phosphite complex fat-ReC&[P(OEt)&; its structure was confirmed by ‘H NMR and IR spectroscopy. 

The chemistry of rhenium phosphine complexes is well 
developed,’ contrary to that of the phosphite complexes. 
Such complexes of rhenium and other metals have 
recently been given considerable attention.* In con- 
tinuation of our studies on reactivities of rhenium phos- 
phine complexes3 we have been interested in synthesis 
of the respective phosphite complexes having in mind 
different properties of that @and. 

The present paper reports a convenient method for 
synthesis of phosphite complexes from their respective 
metal phosphine 0x0 derivatives taking the rhenium 
complexes as an example (reaction 1). 

trans-ReOC&(PPh& t 3 P(OE& +fac- 
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ReCI,[P(OEt)& + P(0)Ph3 t PPhl (1) 
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The authors believe that this method can be used for 
other transition metal oxo-complexes (e.g. Tc, MO, W). 
due to the strong deoxygenating properties of the phos- 
phine ligand.‘b*4 Reaction (1) in which rhenium (V) is 
reduced to rhenium (III) with simultaneous substitution 
of the phosphine ligand is probably preceded by 
isomerizationt of the yellow trans complex (I) to a green 
cis complex (I) in which the oxygen atom and phosphine 
ligand are in trans positions. 

The reaction of coL?plex (I) (3.6mmol) and a ten-fold 
excess of P(OEt), carried out in boiling benzene solution 
(60cm3) under nitrogen for 7hr yields a light yellow 
solution containing the products of reaction (1) in about 
100% yield. The excess of free P(OEt), was removed by 
prolonged evaporation of the mixture to dryness in 
uucuo. P(O)Ph, was separated from other components of 
the reaction mixture as a hexane-insoluble residue. Free 
phosphine was separated from complex (II) by means of 
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t Trans-cis isomerization of complex (T) was found to take 

place in hoiig pure benzene. 

column chromatography using activated silica gel (35O’C 
for 4hr in uacuo) as packing and hexane-benzene, hen- 
zeae and tinally, benzene - 10% methanol as eluents, 
under oxygen-free conditions. Complex (II) was recrys- 
tallized from hexane (- 15°C) [Found: C 27.1, H 5.58, P 
11.7%; C,,H4s09Cl,P~Re requires: C 27.22, H 5.73, P 
11.74%1. 

The structure of the facial complex (II) is confirmed by 
both the IR and ‘H NMR spectra. Over the frequency 
range characteristic of the Re-Cl bonds, complex (II) 
exhibits two strong bands in the IR region at 269 and 
314cm-‘, which indicates C,. symmetry. By com- 
parison, we find that mer-ReC1s(PMezPh)p, of Cz, sym- 
metry, has a more complicated IR spectrum in that 
region. Like rhenium (III) complexes with phosphine 
IiiandsP complex (II) is paramagnetic; however, quite 
sharp lines are found in the ‘H NMR spectrum in deu- 
terobenzene at 30°C. Predictably, marked isotropic shifts 
are also observed. The integrated spectrum contains two 
triplets (intensity ratio 2: 1, CHs, S 2.25 ppm, 3H and S 
3.12 ppm, 6H) and two quartets (2: 1, CH2, S 10.07 ppm, 
2H and S 11.15 ppm, 4H). The coupling constant for the 
protons of two groups ‘J (H-H) =7Hz. The coupling 
constant ‘J(P-H) of 7 Hz for free P(OEt)p is not obser- 
ved for a coordinated ligand. This spectrum shows that 
all three phosphite ligands in complex (II) are equivalent, 
although the ethoxy groups are inequivalent to each 
other in a (2: 1) ratio. From among three ethoxy groups 
for each phosphite @and, two groups are on one side of 
the plane determined by the three phosphorus atoms 
coordinated to the rhenium atom, whereas the third 
ethoxy group is on the other side of that plane. 

The facial geometry of complex (II) is most probably 
the effect of a smaller cone angle of the phosphite iigand 
and of its stronger vacceptor properties as compared 
with the phosphine ligand which instead prefers meri- 
dional geometry in similar known ternary complexes. 

Complex (II) undergoes no exchange reaction of the 
phosphite liind (on the NMR time scale at 80°C) but 
may, however, be reduced (NaBH,/EtOH) to yield 
monomeric and diieric hydride complexes. 
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Abstract : Cyanonitroayl CO~~~QXQS and their dQrivative8 of thQ type8 

[Cr(NO)(CN)4]2-, [c~(No)(cN)&o]- EUH [cr(NO)(CN), LLI [ IL - 2,2@ bipp- 
ridine (bipy) or 1, lo-F%enanthrolinQ (phQn) ] arc synth~sia~d dilvctly 
from c&t- using NH20HX1, Or and Cf and othQr appropriata liganda, 

virtually in a single step process in an aqueous aerobic medium. Thecom- 

pound8 are characterised by IR, molar conductance, magnQtic auaceptibillty, 

e.S.r, QlQtotrOniC SpQCtX'Q and thermoanalytical data. 

INTRODUCTION : Single atop conver6lon of tetraoxometallatea to the cyano- 

nitroayl dQrivativQ8, (viz, [ M(NO)(CN12 LL 1 where LL is a bidentata 
llgand or two unidQnt.ate llgands) is still unknown. Sarkar et al2 have 

rQpOrtQd thQ Synthesis of the CyanOnitF'OSyl dQriVatiVe8 Of PQ and V Starting 

from [FQ(NO)(CN)~]~' and [V(NO)(CN)6]4- raspectivQly in a boiling acetic acid 

medium followed by th~rarolyals of tht anionic CO~~~QXQS. NQ haVQ deacribQd 

Single stQp SyWhQSlS Of the thiOCyanat0 nitrO8 1 dQritntiVe8 Of Cr (Ref. 31, 
Re (Ref. la) and MO (Ref. lb) diractly from , ReOi and Mog" re8pec- 
tiVQly. Herein is described, for the first time? a single pot and a virtu- 
ally Single Step SynthQsis Of thQ hithQFt0 unknown CpaaonitlWyl dtrivativra 

of formally Cr(1) of the types [Cr(NO)(CN)2 LX,] ( LL a bipy or phQn ) ud thy 

anionic CO~~~QXQS of thetypea[Cr(NO)(cN)4]2- and [Cr(NO)(CN)&O]' directly 
from d4' In aquaous aQrObiC media. 

&QDaMltiOn Of thQ CmDlQXQQ - In a solution of KOH (3 g in 20 ml of I$O) 

rspc SadQd !$croq(o.s g, 2.6 mmol) and KCN (2.5 g, 38.6 mm011 and the mix- 

turo was atirrad for 5 min at- 80'. 'Ib this solution, NH20H.HC1 (2.7 g, 

38.6 mmol) wa8 added portionwise with con&ant stirring atH8D0 and thy 

stirring was continued for another 45 min to get a yQllowlsh grQQn solution. 

This was cooled to room tempcraturQ (pH - 10.5) (solution A) and thQn pH was 

adjusted to-5 with 6 M El. (solution B). 

1. (*PI2 tCr(NO)(CN)41.~0 - An l quQous solution of ((&g)4FC1 

(2.4 g, 6.4 mm01 In 25 ml of water) was l ddQd to thQ solution B obtained 
abovQ with ConStant stirring at room tQmperaturQ to yield a bright yellow 

prQcipitate. The Stirring was COntinUQd for 30 min , l llowQd to 6ettlQ and 

ii1tcred. The yellow residue was washQd thoroughly with water, driad over 
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P4010 and then washed with ether and finally dried over fused CaC12 in vacua. 

The compound was recrystallised twice from aoetonitrlle-ether mixture. 

Yield 1.65 g, 72 % . M. Pt 150' . Found : C, 71.1 i H, 4.6 ; N, 8.3 ; 

P, 7.5 ; Cr, 5.2 ; H20 (lost at 80°, exothermic), 2.2 . C52H40P20 N5Cr.H20 

requires C, 70.7 i H, 4.5 ; N, 7.9 : P, 7.0 i Cr, 5.9 ; H20, 2.0% .IR : 

jcN 2110 (8) , 2150 (ah) ; JNo 1670 (8) and sWN(NO) 620 (w) cm-'. 

+,,sx 710 (sh):l448 (ah)_? 340 (ah) nm. A;fff - 1.9 B.M. 

Jj,, - 230 ohm cm2 mol in acetonitrile. 

2. (Me4N) kr(NO)(CN)3 H201 - To a solution of (CH3)4NCl (0.42 g, 

3.8 mm01 in 5 ml of water) was added the above solution (solution B) with 
constant stirring at room temperature for 30 nin . A greenish yellow preolpi- 

tate was obtained which was filtered off, washed with methanol and dried over 

fused CaCl, in vacua. The dried product was 

water-methanol mixture. Yield 0.54 g, 83 % 

N, 27.2 : Cr, 20.1 ; k$O (130°, exothennio), 

C, 33.3 i H, 4.8 ; N, 27.8 i Cr, 20.6 i 510, 
ll No 1665 (8) and $ Cr-N (NO) 620 (w) cm . 
~.. 1 . 1, _ 

further recrystallised from 

. Found 2 C, 33.0 ; H, 5.1 ; 

740 (30.0), 450 (105) and 

344 (sh) rxs . fieff - 1.7 B.M. "m - 130 ohm -;=1-1 cm2 in water. 

3. (Ms4N)2f.Cr(NO)(CN)41.%0 - Instead of ad,justing the pH of the solu- 

tion A toe5, the same was adjusted at 7.5 and this solution was added to an 

aqueous solution of (CH3)4 NC1 (0.7 g, 6.4 mm01 in 5 ml of water) with cons- 

tant stirring at room temperature for 30 min. An yellowish green precipitate 
was obtained which was filtersd, washed with methanol, ether and dried In 

vacua. The dried product was recrystallised from water-methanol mixture. 

Yield 0.6 g, 65 '/. . Pound : C, 41.3 ; H, 7.1 t N, 27.4 i Cr, 14.6 ; 

%O (85', exothermio), 4.9 . C12H24N70 Cr.H20 requires C, 40.9 i H, 6.8 ; 

N, 27.8 ;.Cr, 14.8 : H20 , 5.12 . IR t ‘JcN 2120 (s), 2140 (8) ; gNo 1670(s); 

&N (NC) "-," (w). % 
3tx 

744 (30), 452 (110) and 340 (sh) nm. '$ff-1.7 B.M. 

nm- 246 ohm cm2 mol- in water. 

4. CCr(NO)(CN)2(biW)l.%0 - To the solution B obtained above was added 

a hot aqueous solution of 2,2'-blpyrldine (0.6 g, 3.8 mm011 with constant 

stirring for 30 min at-80". A brown precipitate was obtained which was 

filtered, washed with water, ethanol,ether and dried in vacua. The dried pro- 

duct was recrystallised from dlmethylfonnamide-ether mixture. Yield 0.46 g, 

58 %. Found : C, 47.1 i H, 2.9 ; N, 23.2 ; Cr, 16.3 ; H20 (So', exothermlch 

5.7 . C12H8N50 Cr.H20 requires C, 46.8 : H, 2.6 i N, 22.7 i Cr, 16.9 I 

H20 9 5.8 '1 . IR : sN 2120 (w) and 2150 (w) ; 'NO 1690 (6); JCpN(NO) 610(w) 

L 716 (ah), 460 (ah) and 372 (sh) nm. +ff - 1.8 B.M. 

5. [Cr(NO)(CN)2(phen)l.%0 - Same as described under blpy complex. 

Yield 0.55 g, 64 % . Pound : C, 51.0 ; H, 2.5 i N, 20.8 ; Cr, 15.4 ; 

H20 (80' , exothermic), 5.2 . C14H8N50 Cr.H20 requires C, 50.6 i H, 2.4 i 

M, 21.1 ; Cr, 15.7 ; H+ 5.4% . IR : 'CN 2120 (w), 2150 (w) i 'NO 1690 (s); 
$ 
Cr-N (NC) 620 (w). aoax 716 (sh), 456 (sh); 380 (sh) nm. %ff - 1.8 B.M. 
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RESULTS m DIscusSION : 

The cyan0 complexes very naturally undergo dissociation at a lower pH 

(~5) and lead to the Isolation of [ Cr(NO)(CN)3 FL20 1' or 

[ Cr(NO)(CN)2 LL 1 but at a somewhat higher pH, [ Cr(NO)(CN)A 12' 

is formed when the cation is a tetramethyl ammonium ion. With the tetra- 

phenyl phosphonium cation, however, [ Cr(NO)(CN)A 12' could be isolated 

even from a solution of pH_5, as well as at a neutral pH (-7), but not 

from the solution &. Also,whlle the potassium salt of the cyanonitrosyl 

complex is of the type K3 [ Cr(NO)(CN& 1 (Ref. A), only the &anionic 

complex is formed in the case of the bulky and charge delocalised tetra- 
phenyl phosphonlum cation. Moreover, the thiocyanate analogue being a 

trianion, viz, t Cr(NO)(NCS+ 13- with tetraphenyl phosphonium cation, 

the high s - trans effect of the No+ llgand prevents the formation of 

such a type of oyano complex with the same charge delocalised cation. 

These molecular formulae are also supported from the electrolytic 

conductance data of the complexes ; 4 and 5 being non electrolyteo, 

2 lsa 1:l and 1 and 3 ars 2 : 1 electrolytes'in the respective 

solvents ( Bee the experimental section 1. Cnly in the case of the 

complex 2, a single and sharp J cN band ( as against two bands in all 

other cases ) is observed and this may be due to its TRP structure 

containing equatcrlal cyan0 ligands. Considering the NO+ formalism the 

formal oxidation state of chrcmiw should be +1 which is evident from 

the magnetic moment and the e.s.r. ( gavel.9 ) data of all the 

compiexes3'6. The d(wtal) -> $(NO) transition' in the electronic 

spectra of the isolated complexes are at a lower wave number region 

than those of the thiocyanate derlvatives3. This may be due to larger 

crystal field splitting involving stronger CN- ligand. Gnly the 

compound 2 loses water at a higher temperature ( 130' ) compared to the 

other complexes ( ca 8G" ) as revealed by their TGA, DTA and DTG 

curve8, and so in the former complex, water Is considered to be 

within the coordination sphere. 
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We have recently reported the synthesis and properties of 

a remarkable new ligand 4.4',5.5'-tetracyano-2,2'-biimidazole 

(HpTcbiim).' This acidic ligand readily binds metal ions in 

its dianionic form and appears to act as a strong pi acceptor. 

Its use as a quadridentite bridging ligand allows study of metal- 

metal interactions through a planar conjugated system and ex- 

tends earlier work by us2 and by Hendrickson and coworkers3 on 

2,2'-biimidazole. In this communication we report on the re- 

actions of H2Tcbiim with Ag(I), Cu(1) and Cu(I1) salts. 

The silver(I) and copper(I) complexes have the general 

formulae (Mpy)2Tcbiim and [M(bpy)]2Tcbiim where py = pyridine 

and bpy 2,2'-bipyridine and M = Cu, Ag. The compound [Cu(P$13),3~ 

Tcbiim has also been prepared where Pg3 is triphenyl phosphine. 

The Cu(I1) compounds are Cu(py)2Tcbiim, Cu(bpy)Tcbiim and [(Cu - 

diene)2Tcbiim](N03)2 where diene = diethylenetriamine. All of 

these compounds can be made in high yield; they have been char- 

acterized by analytical, spectroscopic and magnetic techniques. 

The syntheses of these compounds are straightforward. To 

a solution of the metal nitrate salt in acetonitrile an excess 

of L is added, L = bpy, py for Cu and Ag and L = P@J~ for Cu 

only. A stoichiomtric amount of H2Tcbiim dissolved in aceton- 

itrile is then added, the solution is stirred for 2 hours and 

the resulting complexes precipitate. The Cu(1) nitrate is 

*Author for correspondence 
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formed In situ in acetonitrile by the reduction of CU(NOS)~ -- 
with Cu metal. Attempts to synthesize Ag(I1) complexes con- 

taining Tcbiim*-resulted in the formation of the corresponding 

Ag(1) complex. In a typical reaction a silver(I1) salt, such 

as Ag(bpy)&OS would react with HpTcbiim in a 1:l mole ratio 

to form Ag2(bpy)2Tcbiim and unidentified oxidation products. 

The copper(I1) compounds are made in a similar way. 

Copper(I1) nitrate was dissolved in methanol, a excess of L is 

added, where L = bpy, py and diene. A stoichiometric amount 

of H*Tcbiim, dissolved in methanol, is then added and after two 

hours the green product is collected. 

The structural evidence for the dimers is clearest in the 

case of the [(PQ,,Cu2]Tcbiim (Figure 1). Cl3 NMR shows three 
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Figure 1. Proposed structure of [(P@3)&u21Tcbiim, phenyl 
rings omitted for clarity. 
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signals at 151.2, 119.6, and 113.4 ppm relative to Me Si indica- 

ting a syaanetrically bridged tetracyanobiimidazole. 81 P NMR 

gives only one signal showing equivalent phosphines. The IR 
-1 

spectrum shows a sharp singlet due to nitrile at 2220 cm . 

The low solubility of the other Cu(1) compounds precludes good 

NMR. 

(py)Cu(Tcbiim)Cu(py) (bpy)Cu(Tcbiim)Cu(bpy) 

I II 

Compound I appears from stoichiometry to contain three 

coordinate copper. Furthermore, the nitrile stretch in the IR 

at 2220 cm -' is unsplit. Compound II could be three coordinate 

in two ways, a) monodentate bpy and symmetrically bonded to 

Tcbiim'- or b) bidentate to bpy and coordinated to Tcbiim'- 

only once. We favor case b) since the nitrile peak at 2220 cm-' 

shows a reasonable splitting ( ~10 cm") suggesting inequivalent 

nitrile groups. It appears that univalent copper is satisfied 

with three coordination when the strongly pi accepting phosphines 

are absent but increases to four when they are present. We are 

pursuing this model of behavior by trying to effect further syn- 

theses. Polymeric structures cannot be ruled out however at this 

time. 

The Cu(I1) dimer is directly analogous to those synthesized 

by Hendrickson.' Since biimidazole was found to give weak mag- 

netic coupling between the copper ions, it was of interest to 

see if the tetracyanobiimidazole bridge enhances the interaction. 

Room temperature magnetic moment measurements were used to give 

a preliminary assay, and the value of u = 1.58 f .05 f3M per mole 

of Cu, is indication of significant interaction. A more defini- 

tive study is underway. 



550 Communication 

The fact that Tcbiim" will act as a bridging group in both 

Cu(1) and Cu(I1) systems is noteworthy. It suggests the possi- 

bility of preparingmixed valence dimers which, if the coordin- 

ation geometry is properly contrived, can sustain substantial 

interaction through the bridge. Pairs of Cu(I1) ions bridged by 

imidazoles have been extensively reported on as models for active 

sites in enzymes. 4 The compounds described here offer further 

examples of such model systems, which can be synthesized under 

significantly less basic conditions than those previously ob- 

served. Work on both these aspects is continuing. 
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INTRODUCTION 

Coordination chemistry has traditionally been concerned with the effects that ligands may have 
upon the properties of metal ions, but it has become increasingly evident that coordination to a 
metal also results in a profound modification of the reactivity of a ligand. This review is concerned 
with the reactivity of a,a’-diimine complexes with nucleophiles, and endeavours to interpret the 
available data and mechanistic proposals in a unified manner. 

It is well established that electron-deficient aza-heterocycles may react with water to form 
“covalent hydrates” in which the oxygen atom of the water molecule is covalently bonded to a 
ring carbon atom of the heterocycle (Fig. 1).lm3 
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As shown in the figure, deprotonation of the covalent hydrate may occur, to give the conjugate 
base. Obviously, the position of equilibrium for the formation of the covalent hydrate will depend 
upon the particular heterocyclic system being studied, but, in general, protonation or qua- 
ternisation of a ring nitrogen atom increases the electron-deficiency, and results in a greater 
equilibrium concentration of the covalent hydrate. Other nucleophiles may also attack electron- 
deficient heterocycles, as, for example, in the formation of a neutral pseudobase in the reaction 
of hydroxide ion with the 1,Snaphthyridinium cation (Fig. 2). 

Fig. 2. 

This is reminiscent of Meisenheimer complex formation between nucleophiles and other 
electron-deficient systems, such as aromatic nitro compounds (Fig. 3) and it is evident that covalent 
hydration, pseudobase formation and Meisenheimer complex formation are very closely 
related,‘-‘/ although this close interrelation has only recently been explicitly stated.‘O 

Fig. 3. 

In recent years, Gillard and others have proposed that coordination of a heterocycle to a 
transition metal ion has an effect similar to quaternisation, and that such coordinated heterocycles 
are activated towards attack by nucleophiles. I* These proposals have met with some criticism, 
and this review hopes to assess the evidence which has been presented for such activation. Much 
of the spectroscopic and structural evidence which has been reported relates to square-planar 
platinum complexes, and this review will accordingly discuss such systems in some detail. The 
current interest in a,a’-diimine complexes of transition metal ions as components of solar energy 
conversion systems has emphasised the need for an understanding of the reactions of such 
complexes, and the second part of the review will discuss the evidence presented for nucleophilic 
attack upon octahedral complexes of a,a’-diimines. 

Throughout this review the following abbreviations will be used 

biw 
Wym 
Me,bipy 
Me,phen 
dmso 
en 
5-nitrophen 
phen 

PY 
PYm 
terpY 
tPt 

2,2’-bipyridine 
2,2’-bipyrimidine 
dimethyl-2,2’-bipyridine 
dimethyl- 1 , 1 0-phenanthroline 
dimethyl sulphoxide 
1,2-diaminoethane 
Snitro- 1, IO-phenanthroline 
1, IO-phenanthroline 
pyridine 
pyrimidine 
2,2’: 6’,2”-terpyridine 
2,4,6-(2-pyridyl)-1,3,Striazine 
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REACTIONS OF THE FREE LIGANDS 

Aqueous or mixed aqueous solutions of bipy show a weak absorption band at 306 nm, which 
is associated with a strong fluorescence centred at 328 nm, and this has been interpreted in terms 
of covalent hydrate formation. i2 However, more recent studies by Kotlicka and Grabowski, have 
shown that this behaviour is due to the formation of an intensely fluorescent zinc complex, the 
metal ions being leached from the glassware. I3 No evidence has been presented for the covalent 
hydration of phen, and the suggestion that the well-known monohydrate might be a covalent 
hydrate, rather than a hydrogen-bonded system, appears to be unlikely.” 5-Nitrophen has been 
shown to undergo easy, complete reaction with nucleophiles to produce the corresponding 
Meisenheimer adducts, although it may be noted that these compounds are unstable, and undergo 
further, degradative, reactions. ICI6 It is of interest that bipy will reach with powerful nucleophiles, 
and treatment with alkyllithium reagents leads to the formation of 6- and 6,6’-alkyl substituted 
derivatives.17-‘9 

A number. of workers have investigated the reactions of cyclic diquaternary salts of bipy and 
phen with hydroxide, and the reported K, values are consistent with pseudobase 
formation.‘6*20*2’ It is perhaps relevant to note that the I-methylphenanthrolinium cation shows no 
observable interaction with hydroxide ion at pH 14,20 and that there is no evidence for the 
formation of pseudobases of the 1-methylpyridinium cation.‘O 

Williams and his co-workers have reported the results of INDO molecular orbital calculations 
for a series of a,a’-diimines, and these confirm that the carbon atom adjacent to a ring-nitrogen 
is indeed electron-deficient, although they make no quantitative prediction of the ease of attack 
at this position.22 

REACTIONS OF SQUARE-PLANAR COMPLEXES WITH NUCLEOPHILES 

Substitution reactions of square-planar complexes 

[ML,X] + Y - -[ML,v+X-. 

Reactions of this type have been widely investigated, and it is well established that the reaction 
proceeds via a five-coordinate species, which may be a true intermediate, or merely a transition 
state.23v24 The rate expression for such a substitution reaction is of the form: 

P = k,,[MWl 

where 

kobs = k + kyl-0 

This rate dependence indicates the operation of two parallel pathways, the pseudo first-order term 
arising from the formation of a five-coordinate solvo-complex: 

[ML,X] + & [ML,XS] fast - products 

and the second order term from: 

[ML,X] + Y - ” [ML,Xv 2 products. 

It is within this framework that any assessment of the addition of nucleophiles to square-planar 
complexes of platinum and palladium must be made, and we shall now discuss the evidence which 
has been presented for the reactions of such complexes. 

Bis(2,2’-bipyridine)platinum (ZZ) 
Aqueous solutions of pt(bipy)J2+ show rapid (initially) reversible changes in their electronic 

spectra upon the addition of hydroxide ions, changes which are associated with two isosbestic 
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points.“t25-31 Similar changes in the electronic spectrum are observed on the addition of halide or 
pseudohalide ions to aqueous solutions or of methoxide to methanolic solutions of 
[Pt(bipy)2J2+,30J~33 and also upon the addition of hydroxide to aqueous solutions of [PtLJ2+ 
(L = 5,5’-Me,bipy). 11~25~27~29~3* On treatment with nucleophiles, solutions of (Pt(bipy)J2+ show a 
broadening of their ‘H NMR spectra, and a new feature is observed at - 7 8.25,30 The early NMR 
studies leave a little to be desired, but more recent high-field investigations have produced spectra 
of excellent quality, and will be discussed shortly. Over longer periods of time, further, 
non-reversible changes in the electronic spectrum occur, with the formation of 
[Pt(bipy)(Nu)2].26*30~3’*34 Nord has investigated the kinetics of the reaction of [Pt(bipy)$+ with 
hydroxide, and quotes an equilibrium constant for the rapid reversible reaction with the 
nucleophile of 104.8 M -’ at 298 K, and reports that the intermediate so produced has a half life 
of 480 hr.26 

Gillard has interpreted all of these observations as evidence for the attack of the nucleophile 
on the coordinated ligand (Fig. 4).2’,27,28*33 In contrast, other workers have interpreted these results 
in terms of a five or six-coordinate intermediate (Figs. 5 and 6).26*29m3’ 

(bkw) Pt <g ‘2’ s [bi p y )P$ ” 

Fig. 4. 

Fig. 5. 

S 

Fig. 6. 

Gillard has dismissed the possibility of formation of a five-coordinate intermediate, and states 
that neither chloride nor cyanide ions produce changes in the electronic or ‘H NMR spectra similar 
to those produced by hydroxide. It is now clear that halide and pseudohalide ions do produce 
changes in the electronic spectrum,30~32*35 and as early as 1964 Livingstone and Wheelahan had 
demonstrated the formation of 1: 1 complexes of halide with [Pt(bipy),12+ in nitromethane or 
nitrobenzene solution, and had also isolated compounds which were throught to possess a five or 
six-coordinate structure.32 Whilst it is possible that these 1: 1 complexes with halide are of the type 
proposed by Gillard for nother nucleophiles, it is hard to envisage such a structure persisting in 
solution, and a five-coordinate structure appears to be the more likely. Neither [Pt(bipy)(py)J*+ 
nor lPt(py),J*+ show similar changes in their electronic spectra upon the addition of hydroxide ion, 
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complex in which the cyanide is coordinated to the metal, and is not bound to the ligand 
(Fig. 8).@ 

w u- 
Fig. 8. 

The results described above establish unequivocally the formation of a five-coordinate complex 
in the reaction of [Pt(phen)#+ with cyanide, a structure which persists both in the solid state and 
in solution. It is thought that the formation of the five-coordinate intermediate is favoured by the 
interactions between H, and Hg of the ligands, and support for this comes from a recently reported 
crystal structure of [Pt(phen)JC1,.3H,O, which clearly demonstrates a tetrahedral distortion of the 
PtN, unit, and a marked distortion from planarity of the phen ligand.41 The Hz-H, distance was 
shown to be only 1.95 A. 

The similarity in the spectroscopic changes observed in the reactions of [Pt(bipy)J*+ and 

[When)2l2 + with cyanide and other nucleophiles very strongly suggests that similar reaction 
pathways are followed, and that attack occurs at the metal, and not at the ligand. 

The reaction of hydroxide ion with [PtL2]*+ (L = 5-nitrophen) in dmso has been investigated, 
but the published NMR spectra are of low quality, and it is not possible to determine the site of 
attack.33 

Other platinum(II) complexes 
It has been reported that solutions of [PtL(CN),] (L = bipy) exhibit temperature-dependent ‘H 

NMR spectra. At 100” the (red) solution exhibited the spectrum expected from a [PtLX,] system, 
but on cooling to 25” the (yellow) solution gave a spectrum with a new feature at 6.5 6.” Attempts 
to repeat this work have been unsuccessfu1,30*3’,43 and it is now evident that the earlier reports relied 
upon a misinterpretation of the spectrum. Specifically, the spectrum reported by Gillard appears 
to have a narrow sweep width, and the resonances due to H,, are outside the spectrometer window, 
and hence missing from, or folded into, the spectrum. As a result of this the spectrum is totally 
misassigned. 

It is well-known that the complexes [PtLXd (L = bipy or phen; X = halide) may exist in 
dimorphic forms in the solid state, 28*4--48 but it has been demonstrated crystallographically that these 
only differ in the crystal packing, and do not possess significant halide-ligand interactions.47v48 A 
number of groups have investigated the substitution reactions of [Pt(bipy)ClJ and have shown that 
the kinetics follow those expected for a square-planar complex: there has been no suggestion of 
attack of the incoming nucleophile upon the bipy ligand.4es2 

The complex [PtCl(PEt,), (phen)] [BF,] is apparently five-coordinate, but a crystal structural 
analysis has demonstrated that, in the solid state, the phenanthroline is monodentate (Pt-N,, 
2.84 A; Pt-N,, 2.24 A).53 This is one of the few examples of a monodentate diimine ligand, and 
raises the question of such structures being responsible for some of the anomalous properties of 
diimine complexes. The complexes [PtL(CN)JxH20, [PtLCl,]*yH,O and [PtLCUdmf (L = b&m; 
x = 1 or 1.5; y = 0 or 0.5) have been described, but there is no change in the bipym frequencies 
in the vibrational spectra of the hydrated forms, and it is likely that these compounds have 
structures analogous to the corresponding bipy and phen complexes.” 
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The reaction of [Pt(terpy)Cl]+ with nucleophiles has been investigated, and the rate equations 
shown to be of the form: 

k oh = k, + WI 

as expected for attack at either the metal or the ligand. The activation parameters are consistent 
with an associative mechanism, and the changes in the electronic spectrum of [Pt(terpy)Cl]+ on 
the addition of hydroxide parallel those observed with [Pt@hen)J*+ .55 These observations 
suggest that a five-coordinate intermediate is involved, although Mureinik has proposed that 
chloride ion attacks C, of the ligand, with concommittant degradation of a pyridyl ring.% In 
particular the reported reaction: 

[WtewWl + G FtWpy)(SCNM 

appears to be rather unlikely, and deserves reinvestigation.s6 

Palladium complexes 
Gillard has investigated a number of palladium(I1) complexes of %hydroxyquinoline and 

2,9-Me,phen, and concludes that there is no evidence for covalent hydration in complexes of 
these types.s7 Crystal structural analyses of the complexes [Pd(phen)2][C10.,]~8 and 
[Pd(bipy)2](N0,]2*H20 [59,60] have confirmed that the diimine ligands are considerably distorted 
from the idealised square-planar geometry. Power et al. have produced a considerable amount of 
evidence for the formation of five-coordinate complexes of palladium with substituted 
phenanthrolines. 6’43 Livingstone and Wheelahan have proposed that five or six-coordinate 
complexes are formed in the reaction of [Pd(bipy)J*+ have halide.32 

The complex [Pd(terpy)Cl]C1*2H,O is a 1:l electrolyte, and a crystal structural analysis has 
shown that the palladium atom is displaced from the N&I plane towards a nitrogen atom of a 
neighbouring cation, to give a pseudo-pyramidal structure (PQN’, 3.13 A).64 

REACTIONS OF OCTAHEDRAL COMPLEXES WITH NUCLEOPHILES 

Substitution reactions of octahedral complexes 
Octahedral tris(2,2’-bipyridine) complexes of transition metals may undergo substitution 

reactions via mechanisms which are basically associative or basically dissociative (Fig. 9).23 It 
is commonly thought that a dissociative mechanism, involving a monodentate diimine, cannot 
apply to phen complexes, although the crystallographic results for [PtC1(PEtJ2(phen)][BF4] suggest 
that this conclusion may be premature. 53 Gillard has proposed that covalent hydrates, and the 
related pseudo-bases, of the coordinated diimine play a critical role in the reactions of these 
complexes, and has presented a considerable amount of evidence to support this claim.‘1~2s~6s~66 It 
is apparent that this proposal has not met with universal accpetance, and the present, un- 
satisfactory, situation is highlighted in a number of recent reviews.67-73 

In the following sections we shall discuss the evidence which has been presented for the attack 
of nucleophiles on coordinated diimines in octahedral transition metal complexes. 

Chromium 
The photochemistry of chromium(II1) diimine complexes has attracted considerable attention, 

and the enhanced reactivity of the photochemically excited states has led to a number of kinetic 
investigations of these systems. Much of the available data has been reviewed recently by 
Serpone,74 who has a conducted intensive studies of the ground-state and photo-assisted aquation 
of [CrL$+ (L = phen or bipy). The reader is referred to this review for an in-depth discussion of 
these systems, and only the mechanistic conclusions are discussed in this section. A consideration 
of the lifetimes of the excited doublet states v/E led Henry and Serpone to propose a model for 
octahedral tris diimine complexes in which solvent molecules are sited in “pockets” between the 
polypyridyl ligands. ‘>” This model is closely related to that proposed for the racemization and 
aquation of [Fe(phen)3]2+ (uiak infra), and Serpone regards it as a useful general model for the 
behaviour of transition metal diimine complexes. Supportive evidence comes from an NMR 



558 EDWIN C. CONSTABLE 

dissociative 

t \\ 

associative, +Y 

' /I 

Fig. 9. 

investigation of [Cr(phen)J2+, which revealed that the water molecules were up to 2 8, within the 
inner-sphere,” and from the crystal structure of [Cr(terpy)JC10&.H20, in which the perchlorate 
counter-ions are observed to be deep within the inter-ligand pockets (although it must be noted 
that the water molecule is not within such a site, but is hydrogen-bonded to two perchlorate oxygen 
atoms).79 The kinetics observed in the ground-state and excited-state base hydrolysis of [CrLJ3+ 
are consistent with either a Gillard pseudo-base mechanism, or with the formation of a 
seven-coordinate intermediate. It is thought that the 2E/2T, state is involved in the photo-aquation 
of [CrL312 + , and this might be expected to favour attack at the metal, rather than at the ligand. 
It is known that the ‘E state of truns-[Cr(en),(NCS)J+ reacts directly with hydroxide, but this does 
not necessarily involve the formation of a seven-coordinate intermediate. The important point 
about the Gillard mechanism is that the covalent hydrate is invoked as an intermediate, and thus 
studies of the stable crystal forms give little direct evidence as to the location of water molecules 
in the transition state. Indeed, in spatial terms the difference between a water molecule in an 
inter-ligand pocket and one involved in a bonding interaction with a ligand is minimal, although 
the potential energy terms will be very different indeed. In conclusion, the majority of the kinetic 
studies on chromium(II1) diimine complexes are interpreted by Serpone in in terms of the formation 
of a seven-coordinate intermediate, and not of a covalent hydrate, although, in this reviewer’s 
opinion, it is not yet possible definitively to preclude the Gillard mechanism. 

Molybdenum 
This section is concerned with the reactions of [Mo(CO),L] (L = diimine) although the majority 

of the studies described have also considered the corresponding chromium and tungsten com- 
pounds, which are also discussed here. The complexes [M(CO),L] (M = Cr, MO or W; L = diimine) 
are readily prepared by the thermal or photochemical reaction of [M(CO),] with L. The reduction 
of [M(CO),L] by metallic sodium leads, initially, to the formation of [M(CO),L] -, which has been 
shown by esr spectroscopy to have the electron localised on the diimine ligand radical.“*8* This 
indicates that the ligand II* orbitals are at lower energy than the metal d orbitals, but does not 
necessarily imply that the kinetic site of attack by a nucleophile is at the ligand. Wrighton and 
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Moore have investigated the photosubstitution reaction: 

w(cohLl- hv lY(w3xY 
X 

with irradiation at the lowest metal-ligand charge transfer (MLCT) frequency.*2 The reaction 
proceeds with the formation of a single isosbestic point, and the rates for bipy and phen complexes 
are similar, suggesting that the intermediacy of a monodentate diimine via the chelate ring-opening 
mechanism is not an important factor in W-C labilisation. A nucleophile may attack [M(CO),L] 
at the metal, the diimine, or the carbonyl group, and Dobson has reviewed the reactions of 
nucleophiles with octahedral transition metal carbonyls. 83 Angelici has investigated the reactions 
of w(CO),L] with a wide range of phosphines nad phosphites,&e88 and has shown that with M = Cr 
the rate expression is of the form: 

p = k,[complex] 

whilst for the molybdenum and tungsten complexes a second-order term becomes important, and 
the expression becomes: 

p = (k, + k,[nucleophile])[complex]. 

although log k, correlates well with the pK, of the ligand, the correlation with log k, is not good, 
and it is not clear whether the k, term corresponds to attack at the ligands or the metal. It is 
tempting to propose that attack at the metal will be more facile with the larger molybdenum and 
tungsten complexes, and this might explain the absence of the k, term for the chromium complex. 
The reaction: 

[M(CO),(PR,)L] + PR; - PW%@'WPWLl + CO 

l-as also been investigated, and shown to obey the rate expression: 

p = (k, + k,(PR;])[complex] 

for all three metals, although the k, term is only important for S-nitrophen complexes,** and even 
here it is a very minor contribution to the overall rate. Burgess has shown that the lowest energy 
MLCT bands are markedly solvatochromic, and that a linear relationship exists between the 
frequency of the MLCT band and the solvent parameter E.r.8g*90 Connor has shown that the ‘H 
NMR spectra of [Mo(CO),L] species are also solvent-dependent?] 

Burgess has also investigated the reaction of [Mo(CO),(5nitrophen)] with cyanide, and shown 
that a two-step reaction occurs, with the first step being a rapid addition of cyanide. This almost 
certainly corresponds to the formation of the Meisenheimer-type adduct, and it is proposed that 
the second step corresponds to the transfer of the cyanide group from the ligand to the metal. It 
is not clear, however, whether the product is [Mo(CO),(CN)(S-nitrophen)], or whether the second 
step is some further reaction at the ligand. 92 This complex also reacts rapidly with [OH]-[OMe]-, 
and sodium diethyldithiocarbamate in a similar reaction. 94 The reaction of mo(CO),(bipy)] with 
cyanide obeys the rate law: 

p = (k, + k,[CNJ)[complex] 

in dmso or methanol, and at room temperature the k, term is dominant. Similar kinetics are obeyed 
for the reaction of the phen complexes with cyanide, and for both types of complex with a range 
of other nucleophiles. Burgess believes that the desolvation of the cyanide ion is an important factor 
in reactions of this type, and has investigated the activation volumes for the reaction of 
[Mo(CO),(bipy)] with cyanide in methanol and dmso: 

AV#(MeOH) = + 4 cm3 mol-’ 

AV # (dmso) N -9cm3mol-‘. 
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The cyanide ion is less solvated in dmso than methanol, resulting in the positive contribution to 
AV# in methanol.93Tw 

Iron 
The reactions of iron diimine complexes have been the subject of an enormous amount of 

research over the past 30 years, and there seems to be little doubt that these complexes show specific 
interactions, of some type, with nucleophiles. The kinetic studies of Gillard and Burgess are 
notable, and have established the common occurrence of rate expressions of the type: 

p = (k, + k,[nucleophile])[FeL;+ ] 

although mechanistic studies cannot establish the nature of the transition state or intermediate 
involved in the second-order term. The reactions of the diimine complexes of iron are the subject 
of two forthcoming reviews, and it is not proposed to discuss the matter in any depth herein.95v96 
Suflice it to say that the lability of these complexes creates added complications in their 
investigation, and that there are a large number of apparently contradictory reports in the 
literature. The kinetic stability of the ruthenium(I1) complexes renders them more suitable for 
investigation, and these are discussed in detail in the next section. 

Ruthenium and osmium 
There is little doubt that [Ru(S-nitrophen),]‘+ salts undergo a rapid, quantitative reaction with 

nucleophiles such as hydroxide, alkoxides and cyanide to produce 1:l adducts, although there is 
some controversy over the initial site of attack.‘4*‘5~97-10’ A recent high-field NMR study indicates 
that the thermodynamic product of the reaction of [Ru(S-nitrophen)J2+ with [OMe]- dmso-d, 
involves attack at C6, although initial kinetically controlled attack at C2 or C, is not precluded.14 
The reaction of the complex ions [Ru(S-nitrophen),(bipy),_J2+ with [CD2N02]- (generated in situ 
from CD,NO, and C,D,N) has been investigated, and attack shown to occur at C, of the 
5-nitrophen in each case. lo2 It is notable that there is no evidence for attack at the coordinated bipy 
in the above systems, although this might be expected to be competitive with a kinetically controlled 
attack at C2 and C9 of the 5-nitrophen. 

The complex ion [Ru(bipy),(py) j2 + shows reversible changes in its electronic and ‘H NMR 
spectra upon the addition of alkali, and Gillard has associated these changes with the attack of 
hydroxide upon the ligand. lo3 Similar changes are observed in the spectra of a series of mixed 
complexes with substituted pyridines and 2,2’-bipyridines on treatment with a range of nucleo- 
philes. A high-field (400 MHz) NMR study has confirmed that changes do occur in the spectrum 
of [Ru(bipy),(py)$+ upon the addition of alkali, but these are not associated with the appearence 
of a new feature at -6.5 &*@’ It is possible that these changes are associated with a specific 
outer-sphere interaction between the nucleophile and the complex, rather than with covalent 
hydration, and it si attractive to postulate a mechanism in which the nucleophile enters a “cleft” 
between the two rings of a bipy, and is associated with H,,,.. A 400 MHz ‘H NMR study of a series 
of [RuL,]‘+ species has demonstrated that the T, relaxation time of H,,,. is abnormally fast, an 
observation in accord with the Van der Waals interactions between these two protons.“’ The 
‘H NMR spectra of tris(diimine)ruthenium(II) complexes are solvatochromic,104 and it is of 
interest to note that Connor has demonstrated similar behaviour in the electronic and NMR spectra 
of [Mo(CO),L] (L = diimine) species. 91 Bosnich and Dwyer investigated the reaction of cis- 

IRu@henMwM2 + with a number of nucleophiles, and demonstrated that first-order kinetics were 
obeyed, depending only upon [complex]. io6~lo7 These observations were interpreted in terms of an 
unimolecular dissociative mechanism, proceeding via a solventato or five-coordinate intermiediate. 
In the case of azide or nitrite nucloephiles, second-order terms were involved and a n-bonding 
interaction of the anion with the transition-state was postulated. For those nucleophiles exhibiting 
first-order kinetics (Br, Cl, I or SCN] nucleophilic attack at the ligand would appear to be 
precluded, although the kinetics might deserve reinvestigation. 

The complexes [RuL,][CN],*6H,O (L = phen or bipy) show the expected CN stretching 
frequencies at N 2080 cm - *, but also a second frequency at 2170 cm -I, characteristic of a 
nitrile. Schilt also investigated these cyanide complexes and demonstrated the protonation of 
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the cyanide ligand in complexes of the type [Ru(bipy)Z(CNH)JICIO.&.‘W This conclusion has 
been confirmed by Demas et al. no,‘11 It is relevant to note that the IR spectrum of anhydrous 
[Ru(bipy),(CN),] is dependent on the method of preparation, and that the material recrystallised 
from chloroform exhibits a band at 2070cm- l.‘lz It is thus evident that these cyanide complexes 
do exhibit unusual properties, but it is not yet certain whether these are due to an unusual 
interaction with the water molecules, the presence of [Ru&(CN),] in samples of “[RuLJ[CN],” or 
of a further impurity not yet character&d. 

The unusual pH dependence of the redox properties of [Ru(terpy)#+ and [RuL,]‘+ (L = phen 
or bipy) were interpreted by Gillard in terms of covalent hydration, and this would appear to be 
a satisfactory explanation 11~113 although it is possible that a strong interaction between H,,, and 
either hydroxide or water may be involved in these complexes. Creutz and Sutin suggested that 
the evolution of dioxygen from alkaline aqueous [Ru(bipy1313 + solutions involved nucleophilic 
attack,upon C, of the ligand, ‘I4 although this suggestion no longer appears to be likely.n5J16 The 
photochemistry of [RuL,p+ has been widely investigated in the past few years, and this area has 
been recently reviewed.‘16 It is apparent that photosubstitution reactions occur, but it is thought 
that these proceed through achiral five or six-coordinate intermediates, arising from a dissoviative 
process involving a monodentate diimine. The formation of o&o-metallated species in these 
photoreactions does not appear to have been considered. 

The treatment of [Ru(bipy),]Cl, with [CD30]- in CD,OD/dmso-d, results in a very specific 
deuterium exchange reaction of H3,3,, and this was initially interpreted in terms of nucleophilic 
attack at Cd, followed by deprotonation of the 3,4-dihydropyridine.“’ It is now thought that 
the reaction proceeds via deprotonation at C3 to give an anion which can rearrange to give an 
intermediate metallated species (Fig. 10). Gillard has reported a number of puzzling observations 

Fig. 10. 
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on the [RuL313+ system, which are consistent with the formation of covalently hydrated 
species,‘1s but the recent results of Serpone, together with those discussed above raise the possibility 
that metallated species may also be involved. 

NWpym)~12 + reacts with hydroxide to give a product formulated as [Ru(bi- 
wnMwWW +, with the concomitant formation of one mole of formate ion.‘i9 Similar 
results are obtained with azide or cyanide as the nucleophile, and it is proposed that the key step 
involves nucleophilic attack at C2 of the coordinated ligand. The evidence presented for this 
transformation is very convincing, although the precise mechanistic details are not yet clear. 
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Although it is not known whether 2,2’-bipyrimidine is covalently hydrated in aqueous acidic 
solution, it is relevant to note that 1-methylpyrimidinium salts are converted to 
l-methylpyrimidin-2(W)-one on treatment with hydroxide,“’ and that a member of pyrimidines 
bearing electron-withdrawing substituents in the 5-position are 100% covalently hydrated in 
aqueous acidic conditions.lzl 

]Ru(tpt)J2 + reacts reversibly with hydroxide to produce a stable intermediate, in which it is 
proposed that the nucleophile has added to the triazine ring.‘227123 The ‘H NMR spectrum of the 
complex shows that the addition of hydroxide ion results in a loss of molecular symmetry, with 
the two coordinated pyridyl residues becoming non-equivalent, although no new signal at N 6.5 6 
was observed. This eliminates the possibility of attack at a pyridyl ligand rather than the triazine. 
In concentrated alkali, free tpt is precipitated from the solution. Although 1,3,5-triazine is very 
rapidly hydrolysed in water, the 2,4,6-triphenyl derivative requires vigorous conditions, and there 
is little evidence for the covalent hydration of free 2,4,6-triaryltriaxines.124J25 These observations 
are in marked contrast to those on the copper(I1) complexes of tpt, in which reaction with 
hydroxide leads to hydrolysis of the triazine ring of the ligand.‘26J27 

In general, osmium(I1) diimine complexes resemble those of the corresponding ruthenium(I1) 
species, and, where they have been investigated, show similar behaviour on treatment with 
nucleophiles. Nord has proposed a specific interaction of [Os(phenM2+ with water in its oxidation 
in aqueous conditions. i2* Although bipy is expected to metallate in the 3-position in mono- 
nuclear complexes, other possibilities occur in polynuclear species, and Deeming has reported the 
formation of the novel triungulo triosmium cluster [OS~(CO)~~H(C~~H~N~)] (see Fig. 11) in the 
reaction of [Os,(CO),,(cycooctene)] with bipy.‘29 

co 

Fig. 11. 

As a postscript, it may be added that Tobe has investigated the methoxydechlorination reaction 
of free and coordinated 5-chloro-l,lO-phenanthroline in dmso/MeOH, and has demonstrated a 
considerable rate enhancement with the ruthenium(II), osmium(I1) and nickel(I1) 
complexes. 130~i3’ Although an S,Ar intermediate of the type shown in Fig. 12 may be involved, 

Cl OMe 
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N\ 

Fig. 12. 

it is interesting to note that quatemisation of the 5-chloro-l,lO-phenanthroline prevents the 
methoxydechlorination reaction from occurring. On the basis of NMR studies the authors 
concluded that pseudobase formation (at C, or C,) is not involved in these reactions of the 
complexes, and that the pseudobases or covalent hydrates are present to an extent of less than 10% 
in the reaction mixture. 
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In this section we shall concentrate upon the reactions of the less labile iridium complexes, 
species for which a considerable amount of structural and kinetic data has been amassed. However, 
Gillard has shown that [Co(S-nitrophen),]*+ undergoes reversible reaction with hydroxide to form, 
presumably, the Meisenheimer adduct,13* and that [Co(tpy)(OH),]- gives a pseudobase on 
treatment with hydroxide.‘33 Aqueous solutions of [Co(tpt)J*+ are stable for long periods of 
time, ‘34,135-‘37 but treatment with hydroxide leads to rapid pseudobase formation, followed by an 
irreversible loss of tpt to form [Co(tpt)(OH),] -. 134 The crystal structure of the complex 
[Co2C14(tpt)(H20)]*H20 has been reported (Fig. 13) and it is apparent that the uncoordinated water 

Fig. 13. 

molecule is located above the C=N bond of the triazine ring, although it does not appear to be 
present as a covalent hydrate. I38 This molecule may be regarded as a model for the approach of 
water to a coordinate heterocycle, and provides strong evidence for interactions of the type 
proposed by Gillard. A number of cobalt (II) triazine complexes have been described in which a 
water molecule is strongly associated with the ligand, and it is likely that these compounds are 
covalently hydrated, although there are no structural data yet available.‘39 

Tris(2,2’-bipyridine)iridium (ZZZ) 
The [Ir(bipyXP + cation has had a chequered and controversial history, and has been the subject 

of a number of novel structural proposals. As it is one of the few examples of a diimine complex 
for which a single crystal structural analysis of a proposed covalent hydrate is available, the system 
will be discussed in some detail. Martin and Waind first reported a complex analysing as 
[Ir(bipy),][ClO,], in 1958, as a product of the reaction of K,[IrClJ with bipy,“‘O and later workers 
confirmed that a yellow solid of this apparent formulation was indeed formed.14’ DeSimone and 
Drago’” and Gillard and Heaton@’ independently demonstrated that the products of this 
reaction were [Ir(bipy),ClJ+ salts, and that the displacement of the two remaining chloride ligands 
by bipy could not be easily achieved. Gillard also suggested that the phen ligands in [Ir(phen),ClJ + 
might be covalently hydrated. 66 The ‘H NMR spectrum of the yellow complex showed 
conclusively that it was a bi.r -bipyridine system, and DeSimone and Drago proposed a cis- 
[Ir(bipy),ClJ+ structure. i4* Throughout the early literature there are references to the formation 
of a less soluble orange compound in the preparation of [Ir(bipy),Cl,] + salts, a species which has 
been variously formulated as a trace quantity of tris-complex or an aquated or photoaquated 
POLY 2,7-B 
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derivative. An early report concerning the luminescence of solutions of “[Ir(bipy)J3 + ” almost 
certainly refers to [Ir(bipy),Clz]Cl. 143 In 1974, Flynn and Demas reported the preparation of 

WMy)313 + under halide-free conditions, and demonstrated that the 13C and ‘H NMR spectra were 
fully consistent with a complex of D3 symmetry.‘” The 13C NMR spectrum showed five 
well-resolved resonances and the ‘H NMR spectrum resembled those of other [M(bipy),]‘+ 
complexes. It was later shown that a complex of the type (Ir(bipy)3C13(H,0)4} could be obtained 
from the reaction of IrCl, with bipy in glycerol at 180”, followed by treatment with methanolic 
sodium methoxide and ion-exchange chromatography. 145 These authors demonstrated that the 
absorption spectrum of this complex shows bands at 250, 305 and 315 nm, characteristic of a 
coordinated bipy ligand, and also weak absorption shoulders at 360, 448 and 470 nm, the feature 
at 470 nm disappearing on treatment with base. In the IR spectrum the complex exhibits an N-H 
stretching frequency at 2650 cm-‘, and, in addition to the bands expected from coordinated bipy 
ligands, shows absorptions at 13 11, 1292, 1275 and 1246 cm - ‘, unique in tris-bipyridine 
complexes.145*146 Treatment with hydroxide leads to the formation of {Ir(bipy),(OH)Cl,} 
(pK N 3.0 f 0.1); no protonation to (Ir(bipy)3(H,0)C13H}4+ was observed. The analyses for total 
halide and ionic halide were identical, thus eliminating any formulations in which a chloride ion 
is coordinated to the metal. It was proposed that the complex should be formulated 
[Ir(bipy)z(H,0)(bipy’)]C13.3H,0, in which bipy’ represents a monodentate 2,2’-bipyridine.‘4s A 
covalently hydrated structure was rejected on the grounds that acidic and alkaline solutions of 
authentic [Ir(bipy),13+ possessed identical electronic absorption spectra.145 The deprotonated 
species was formulated as [Ir(bipy)2(OH)(bipy’)]2+, and it was suggested that equilibria of the 
type shown in Figs. 14 and 15, could occur. ‘4s~‘47 The monodentate bipy’ was thought to be 

1 *.“’ 
N- 
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Fig. 14. 

Fig. 15. 

hydrogen-bonded to the coordinated water molecule, this possibly accounting for the N-H 
stretching frequency and the non-formation of [Ir(bipy)2(H20)(bipy’H)]4+ Gillard questioned these 
conclusions, and claimed that the observations were more in accord with a covalently hydrated 
structure [Ir(bipy)2(bipy.0H2)J3 + , and pointed out that the kinetic stability of [Ir(bipyM3 + /H20 and 

[Ir(bipy)2(bipy.0H213+ could differ.‘& This would mean that the similarity of the absorption 
spectrum of [Ir(bipy),J3+ in 0.1 M acid and base need not necessarily preclude covalent hydrate 
formation. Gillard also reported the ‘H NMR spectrum of the complex, and considered that the 
complexity of the spectrum, combined with the observation of multiplets at N 6.65 and N 7.14 was 
in accord with a covalently hydrated structure. Later workers have confirmed the unexpected 
complexity of both the ‘H and 13C NMR spectra, 148~149 although Spellane and Watts149 interpret 
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these in terms of a structure containing a monodentate bipy ligand. In 1982, Serpone reported the 
crystal structure of the anomalous complex, and described it as a C-metallated species (Fig. 16). 
This structure is fully in accord with the basic conditions required for the formation of the complex, 

0 0 H* 

Fig. 16. 

explains the complexity of the ‘H and “C NMR spectra, the acidity of the compound, the presence 
of an N-H stretching frequency in the IR spectrum, and the inability to undergo further 
protonation to form tetracationic species. It is difficult to distinguish carbon and nitrogen atoms 
crystallographically, and the structure described above is open to criticism on these grounds, 
although the application of Hamilton’s test fully confirms the metallated structure.‘S0*‘51 If the 
complex is the metallated species proposed by Serpone, it should be possible to isolate the 
deprotonated compound formed in the reaction:‘52*‘53 

OH 

[WbiwMWv'W13 + - [Ir(bipy)2(bipy’)]2+. 

Serpone has now isolated such complexes, and has performed a crystallographic study, showing 
that the cation has an overall 2+ charge, and that there are no water molecules in the vicinity 
of the coordinated ligand. i5i These results indicate that metallated structures must be considered 
as possible intermediates or products in the reactions of tris-bipyridine complexes under forcing 
conditions. The reports of an anomalous [Ir(phen)&hen’)13+ complex are not consistent with such 
a metallated structure and deserve reinvestigation. 148 Gillard has also investigated the structure 
of an iridium pyridine complex, and has shown that although the complex is hydrated, the water 
molecules form a hydrogen-bonded network rather than a covalent hydrate.‘53 

Nickel and platinum 
The majority of the discussion of nickel(I1) diimine complexes has centred around the 

mechanisms for the racemisation and aquation reactions. The mechanism of racemisation of 
INiL,]‘+ (L = phen or bipy) has been the subject of intensive investigation and discussion for many 
years, and it is apparent that solvent effects are very important. It was initially proposed that these 
complexes racemised by an intramolecular mechanism, although it is now established that a 
dissociative mechanism is implicated. 
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The racemisation of [Ni(phen)J2+ was first investigated by Dwyer and Davies, who demon- 
strated that the rate was independent of acid concentration and of added phen, although it 
increased in alkaline conditions. Ls4~15s Numerous workers have confirmed that the rate of race- 
misation is independent of acid concentration at moderate pH values.156~157 Basal0 showed that, in 
acidic solution, the rates of racemisation and dissociation were identical, and interpreted these 
results in terms of a dissociative mechanism. r5’ Wilkins later demonstrated that the rates of 
racemisation and dissociation in both neutral and basic solution were also, within experimental 
error, identical, and proposed a dissociative mechanism under these conditions.‘56 A number of 
groups have investigated the effect of mixed solvents upon the rate of racemisation of [Ni@hen)J2+, 
and it is evident that solvent interactions have a dramatic effect upon p_15e’62 Yamamoto has 
shown that the rate of racemisation may be correlated with the donor number of the solvent, and 
that in dichloromethane-water the rate drops to zero in the absence of water.1m162 These results 
were interpreted in terms of an associative intermediate [Ni(phen),(H20)]2+.‘60*‘61 It was also shown 
that the rate of racemisation was increased by halide ions, but not by non-coordinating anions such 
as perchlorate.155*161@3 In mixed CH,Cl,-tert-BuOH-H,O systems it was shown that the increase 
in the rate of racemisation was in the order 

ClO, < I < Br < Cl 

and it was proposed that a general mechanism of the type: 

[Ni(phen),12 + + D”-$ (lNi(phen)3]2 + D”- ) 
11 

products - [Ni(phen),D]” - n)+ 

in which D”- was a coordinating solvent or counter-ion, was operating. As iodide was expected 
to be a better nucleophile towards carbon than chloride, it was suggested that lNi(phen)3D](2-“)+ 
represented a seven-coordinate species, rather than a covalently hydrated structure. Gillard 
proposed that the role of solvent and nucleophile in the racemisation and dissociation of 

[Ni(phen)312 + were better accommodated in a model with nucleophilic attack at the coordinated 
ligand,IU and presented evidence for the covalent hydrate being the predominant solution species 
over a large pH range in aqueous conditions. In alkaline solution the pseudo-base was thought 
to be formed. 

Lawrance and Stranks have investigated the aquation and racemisation of [Ni(phen),12+ in 
acidic conditions, and have determined values of AH +, AS + and AV# for the reactions. It was 
found that AVf was close to zero, which is consistent with an intramolecular trigonal twist 
mechanism for racemisation, but this does not provide a common mechanism for racemisation and 
aquation. It was thus proposed that the initial step in the reaction was an associative interaction 
with a water molecule, followed by the dissociation of a phen molecule later along the reaction 
coordinate.‘65 

From the above discussion it is evident that an intimate complex-solvent or complex- 
nucleophile interaction is implicated in reactions of [Ni(phen),]‘+, which could be of the covalent 
hydrate type, a seven-coordinate species, or with the nucleophile in a “ligand-pocket”. Nucleophilic 
attack of halide on a coordinated diimine seems to be unlikely, and the “ligand-pocket” model 
seems to be the most attractive. The intimate assocation of water with mi(phen),12+ seems to be 
more in accord with this structure than with a seven-coordinate ground state. Bosnich and Watts 
demonstrated Pfeiffer effects in the [Ni(phen),]Cl,-( -)-2,3-butanediol system[l66], and proposed 
a solvent complex interaction of the “ligand-pocket” type (Fig. 17), although it seems likely that 
the hydroxy groups would be buried deep within the cleft, rather than facing out into the bulk 
medium. 

The importance of outer-sphere stacking interactions has been demonstrated by Cayley and 
Margerum, who have proposed interactions of the type shown in Fig. 18 in the reaction: 

[Ni(phen)(H,O)J’+ + phen - lYi(phen)2W20)212 + 

Yamamoto and others have investigated the solid-state racemisation of lNi(phen)3]2+ species, 
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HO 

Fig. 17. 

Fig. 18. 

and it has been shown that lattice water hinders the racemisation of [Ni@hen),][ClO,],, suggesting 
that covalent-hydrate formation is not implicated in the solid state.*6**‘7* It was also shown that 
the halide salts racemised more rapidly than the perchlorates, and that the complex [Ni* 
(phen),][C10&2Hz0 dehydrates completely before any racemisation or decomposition occurs. It 
seems most probably that a Bailar twist mechanism is involved in the solid-state racemisation. 

The racemisation of [Ni(bipy)#+ has also been investigated, and the rate shown to increase in 
either acidic or basic conditions,‘56~‘58*173 and a dissociative mechanism is proposed for this reaction 
also. In the solid state the racemisation is thought to proceed in a similar manner to that of 
[Ni@hen)J2+ .168J72 A number of [NiLJ2+ (L = substituted bipy) complexes have been studied by 
‘H NMR methods, and the contact-shifted spectra analysed to yield electron spin densities on the 
ring protons. 174 Dwyer has investigated a number of mixed bipy and phen complexes of nickel(II), 
and has shown that the effects of solvent, pH and added ions resemble those described for the 
complexes discussed above.“’ 

The complexes [Ni(terpy)(H20)J2+ 175 and [Ni(terpy) 22+ ‘76 have been investigated, and it is 
proposed that a strong outer-sphere interaction with the incoming ligand (possibly of the stacking 
type) is involved in the reaction: 

PWrpyW2W2 + + t-w - l?WerpY)212 + 

and also for the corresponding reaction of the manganese(II), iron( cobalt(II), copper( 
zinc(I1) and cadmium(I1) complexes. 

Gillard has demonstrated the formation of an intermediate in the reaction of 
[Ni(S-nitrophen)J2+ with hydroxide, which is almost certainly the Meisenheimer adduct[l32]. A 
crystal structure of the complex [Ni(tptH)(H20)r]BrS*H,0 has been reported: the non-coordinated 
water molecule is part of a hydrogen bonding network incorporating the bromide ions, and is not 
involved in a covalent hydrate of the 1igand.i” 

In recent months, there has been some controversy over the behaviour of the complex ion 
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[Pt(py),Cl,]* + in aqueous solution. Gillard has reported that the complex ion forms strongly acidic 
aqueous solutions, and attributed this to the equilibrium:178J79 

Ft(w),C121* + f H,O G ]Pt(py),(pyOH)Cl,] + + H + . 

Nord queries these results, and suggested tha the complex was contaminated with an acidic 
impurity.isO Gillard has replied to this in a convincing manner, and recent results suggest the 
highly purified complex gives acidic solutions, and that the pH falls before chloride ion is released 
from the complex.‘79J*’ 

Uranium 
A note has recently appeared in which the reaction depicted in Fig. 19 is described.*** This 

might suggest that these uranium complexes activate the bipy towards attack by strong nucleo- 
philes, but no further evidence for these systems is yet available. 

Fig. 19. 

CONCLUSIONS 

Complexes of the diimine ligands have been known since the discovery of 2,2’-bipyridine and 
1, lo-phenanthroline by Blau, and have played a formative role in the development of modern 
coordination chemistry. I hope to have shown in this review that the reactions of complexes of 
these and other a,a’-diimine ligands are not as simple as previously thought, and that a variety 
of hitherto unsuspected mechanistic pathways are open to them. The reactions of the complexes 
with nucleophiles cannot be described by one all-embracing mechanism, but it is possible to 
distinguish various classes which are expected to react by a particular pathway. At this point it 
is necessary to add a warning about the interpretation of the ‘H NMR spectra of these complexes. 
The presence of a resonance in the 67 S region has frequently been interpreted as evidence for 
the formation of a covalent hydrate, but it is now apparent that a number of other structural 
features may result in the shielding of one or more aromatic protons (e.g. formation of an 
orthometallated structure, shielding by an adjacent aromatic ring, Meisenheimer adduct for- 
mation). The message must be caueat emptor. 

Ligands which are know to undergo covalent hydration in the absence of a metal ion form a 
class in which the.metal complexes are also expected to form covalent hydrates. Ligands in this 
class include bipym, triazine and possibly tpt, and Gillard has produced numerous convincing 
examples of complexes in this class forming covalent hydrates. It seems likely that coordination 
of tpt to a transition metal ion greatly activates it towards nucleophilic attack, exactly as predicted 
from the analogy of a complex to quaternary salt. 

Complexes of 5-nitrophen form a second class in which reaction with a nucleophile results in 
the formation of a coordinated Meisenheimer adduct. Once again, Gillard has produced convincing 
evidence that 5-nitrophen is activated towards nucleophilic attack on coordination to a transition 
metal ion. 

The final class consists of complexes of ligands which do not react with weak nucleophiles 
(water or hydroxide) in the absence of a metal ion. The ligands of importance are bipy, phen and 
pyridine, and represent the major class of complexes in which we are interested. The results with 
ligands in the two classes described above indicate that coordination to a metal does activate the 
ligand towards nucleophilic attack, but it is not apparent how great this activation is. Thus 
although complexes of bipy and phen undoubtedly are activated towards nucleophilic attack, 
attack at the ligand does not necessarily provide the lowest energy reaction pathway. This is seen 
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in reactions of square-planar complexes of these ligands, in whcih five-coordinate species are 
formed in preference to attack at the ligand. In octahedral complexes the situation is nowhere near 
so clearly defined, and it is quite likely that a number of mechanisms may exist. There is no doubt 
that octahedral complexes of bipy and phen do show unique interactions with nucleophiles, but 
it is not certain whether this interaction is with the metal (seven-coordination), and ligand 
(covalent-hydration) or the outer sphere (ligand-pockets). The only crystal structural analysis of 
a supposed covalent hydrate has revealed that the complex contains an orthometallated bipy. 

The ligand-pocket approach would be of importance in the ground state of the complexes, 
but covalent hydration represents an intermediate which is not necessarily structurally similar to 
the gound state, and may be important in the aquation of diimine complexes. However, there is 
no structural evidence for the formation of covalent hydrates of transition metal complexes of bipy 
or phen, and the kinetic results are not unambiguous. In conclusion, it is possible that covalent 
hydrates are of importance in the reactions of transition metal complexes of bipy and phen, but 
there is, as yet, no unambiguous evidence for their formation. It is, however, more likely that 
stronger nucleophiles do attack bipy and phen ligands coordinated to transition metals, and this 
provides an opening into a new, and very interesting area of chemistry. To quote Gillard “. . . the 
link between one major branch of inorganic chemistry and a major branch of organic chemistry 
seems likely to offer useful explanations for. . . . phenomena in the highly important systems 
involving an N-heterocycle, a metal ion, and a nucleophile . . .“.I’* 
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Note added in proo$ There have been a number of recent results bearing on the subject matter of this review, 
and these are briefly discussed below. 

Nord has re-investigated the [Ir(bipy)$‘+ system, and has structurally characterised the (red) deprotonated 
complex [Ir(bipy-N,N’)r(bipy-C,N’)][C1O,],.~HH,O. ln3 It is now apparent that there are two yellow tris 
complexes, one of which contains an or&o-metallated bipy. Gillard has reported a number of complexes of 
the N-methylbipyridinium cation, which is a model for a monodentate bipy,lw and has shown that the 
platinum and palladium complexes rearrange to give species thought to contain an ortho-metallated ligand.“’ 

REFERENCES 
1. A. Albert and W. L. F. Armarego, Aab. Heterocycl. Chem. 1965, 4, 1. 
2. D. D. Perrin, Ado. Heterocycl. Chem. 1965, 4, 43. 
3. A. Albert, Adu. Heterocycl. Chem. 1976, 20, 117. 
4. E. Buncel, A. R. Norris and K. E. Russell, Q. Rev. Chem. Sot. 1968, 22, 123. 
5. P. Buck, Angew. Chem. Znt. Ed., Engl. 1969, 8, 120. 
6. M. R. Crampton, Adv. Phys. Org. Chem. 1969, 7, 211. 
7. M. J. Strauss, Chem. Rev. 1970, 70, 667. 
8. R. Foster and C. A. Fyfe, Rev. Pure Appl. Chem. 1966, 16, 61. 
9. C. F. Bemasconi, Act. Chem. Res. 1978, 11, 147. 

10. J. W. Bunting, Ado. Heterocycl. Chem. 1979, 25, 1. 
11. R. D. Gillard, Coord. Chem. Rev. 1975, 16, 67. 
12. M. S. Henry and M. Z. Hoffman, J. Am. Chem. Sot. 1977, 99 5201. 
13. J. Kotlicaka and Z. R. Grabowski, J. Photochem. 1979, 11, 413. 
14. D. W. W. Anderson, P. Roberts, M. V. Twigg and M. B. Williams, Znorg. Chim. Acta 1979, 34, L281. 
15. R. D. Gillard, R. P. Houghton and J. N. Tucker, J. Chem. Sot., Dalton Trans. 1980, 2102. 
16. R. D. Gillard, C. T. Hughes, W. S. Walters and P. A. Williams, J. Chem. Sot., Dalton Trans. 1979, 

1769. 
17. T. Kauffmann, J. Kiinig and A. Woltermann, C/rem. Ber. 1976, 109, 3864. 
18. R. F. Knott and J. G. Breckenridge, Can J. Chem. 1954, 32, 512. 
19. T. Kauffmann, J. KGnig, D. Korber, H. Lexy, H-J. Streitberger, A. Vahrenhorst and A. Woltermann, 

Tetrahedron Letters 1977, 389. 
20. J. W. Bunting and W. G. Meathrel, Can. J. Chem. 1974, 52, 975. 
21. D. J. Norris, J. W. Bunting and W. G. Meathrel, Can. J. Chem. 1977, 55, 2601. 
22. D. W. Clack, L. A. P. Kane-Maguire, D. W. Knight and P. A. Williams, Transition Met. Chem. 

(Weinheim, Ger.), 1980, 5, 376. 



570 EDWIN C. CONSTABLE 

23. F. Basolo and G. Pearson, Mechanisms of Inorganic Reactions, 2nd Edn. Wiley-Interscience, New York 
(1967). 

24. R. J. Mureinik, Coord. Chem. Rev. 1978, 25, 1. 
2.5. R. D. Gillard and J. R. Lyons, J. Chem. Sot., Chem. Commun. 1973, 585. 
26. G. Nord, Acta Chem. Stand., Sect. A 1975, 29, 270. 
27. E. Bielli, R. D. Gillard and D. W. James, J. Chem. Sot., Dalton Trans. 1976 1837. 
28. E. Bielli, P. M. Gidney, R. D. Gillard and B. T. Heaton, J. Chem. Sot., Dalton Trans. 1974, 2133. 
29. 0. Farver, 0. Monsted and G. Nord, J. Am. Chem. Sot. 1979, 101, 6118. 
30. E. C. Constable, D. Phil Thesis, Oxford, (1980). 
31. E. C. Constable, J. E. Day and K. R. Seddon, Manuscript in preparation. 
32. S. E. Livingstone and B. Wheelahan, Aust. J. Chem. 1964, 17, 219. 
33. K. H. Al-Obaidi, R. D. Gillard, L. A. P. Kane-Maguire and P. A. Williams, Transition Met. Chem. 

(Weinheim, Ger.) 1977, 2, 64. 
34. G. T. Morgan and F. H. Burstall, J. Chem. Sot. 1934, 96.5. 
35. G. Nord, Personal communication. 
36. E. D. McKenzie, Coord. Chem. Rev. 1971, 6, 187. 
37. L. H. Berka, W. T. Edwards and P. A. Christian, Inorg. Nucl. Chem. Lett. 1971, 7, 265. 
38. V. Dong, H. Endres, H. J. Keller, W. Moroni and D. Nothe and Acta Crystallogr., Sect. B 1977, 34B, 

2428. 
39. H. Endres, H. J. Keller, W. Moroni, D. Nijthe and V. Dong, Acta Crystallogr., Sect. B 1978, 34B, 

1823. 
40. 0. Wemberg and A. Hazel& J. Chem. Sot., Dalton Trans. 1980, 973. 
41. A. Hazel1 and A. Mukhopadhyay, Acta Crystallogr., Sect. B 1980, 36B, 1647. 
42. R. D. Gillard, L. A. P. Kane-Maguire and P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 

1976, 1, 247. 
43. G. Nord and B. V. Agarwala, Acta Chem. Stand., Sect. A 1981, 35, 231. 
44. G. T. Morgan and F. H. Burstall, J. Indian Chem. Sot., Ray Commem. Vol. 1933, 1. 

45. J. L. Burmeister and F. Basolo, Znorg Chem. 1964, 3, 1587. 
46. P. M. Kieman and A. Ludi, J. Chem. Sot., Dalton Trans. 1978, 1127. 
47. R. S. Osbom and D. Rogers, J. Chem. Sot., Dalton Trans. 1974, 1002. 
48. M. Textor and H. R. Oswald, 2. Anorg. Allg. Chem. 1974, 4@7, 244. 
49. P. Hoake and P. A. Cronin, Znorg. Chem. 1963, 2, 879. 
50. M. J. Blandamer, J. Burgess and J. G. Chambers, J. Chem. Sot., Dalton Trans. 1977, 60. 
51. R. C. Conrad and J. V. Rund, Znorg. Chem. 1972, 11, 129. 
52. T. Boschi, G. Deganello and G. Carturan, J. Znorg. Nucl. Chem. 1969, 31, 2423. 
53. G. W. Bushell, K. R. Dixon and M. A. Khan, Can. J. Chem. 1974, 52, 1367. 
54. P. M. Kiernan and A. Ludi, J. Chem. Sot., Dalton Trans. 1978, 1127. 
55. R. J. Mureinik and M. Bidani, Znorg. Chim. Acta 1978, 29, 37. 
56. R. J. Mureinik and M. Bidani, Znorg. Nucl. Chem. Lett. 1977, 13, 625. 
57. R. D. Gillard, L. A. P. Kane-Maguire and P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 1977, 

2, 55. 
58. J. V. Rund, Znorg. Chem. 1968, 7, 24. 
59. A. J. Carty and P. C. Chieh, J. Chem. Sot., Chem. Commun. 1972, 158. 
60. P. C. Chieh, J. Chem. Sot., Dalton Trans. 1972, 1643. 
61. L. F. Power, Znorg. Nucl. Chem. Lett. 1970, 6, 791. 
62. R. A. Plowman and L. F. Power, Aust. J. Chem. 1971, 24, 303. 
63. R. A. Plowman and L. F. Power, Aust. J. Chem. 1971, 24, 309. 
64. G. M. Intille, C. E. Ptluger and W. A. Baker Jr., J. Cryst. Mol. Struct. 1973, 3, 47. 
65. R. D. Gillard, Znorg. Chim. Acta 1974, 11, L21. 
66. R. D. Gillard and B. T. Heaton, J. Chem. Sot. 1969, 451. 
67. P. Moore, Znorg. React. Mech. 1979, 6, 174. 
68. J. Burgess, Znorg. React. Mech. 1979, 6, 278. 
69. J. Burgess and P. Moore, Znorg. React. Mech. 1981, 7, 163. 
70. P. Moore, Znorg. React. Mech. 1981, 7, 200. 
71. J. Burgess and P. Moore, Znorg. React. Mech. 1981, 7, 208. 
72. J. Burgess, Znorg. React. iUech. 1981, 7, 228. 
73. J. Burgess, Znorg. React. Mech. 1981, 7, 287. 
74. M. A. Jamieson, N. Serpone and M. Z. Hoffman, Coord. Chem. Rev. 1981, 39, 121. 
75. N. Serpone, M. A. Jamieson, M. S. Henry, M. Z. Hoffman, F. Bolletta and M. Maestri, J. Am. Chem. 

Sot. 1979, 101, 2907. 
76. M. S. Henry, J. Am. Chem. Sot. 1977, 99, 6138. 



The reactions of nucleophiles with complexes of chelating heterocyclic imines 571 

77. M. S. Henry and M. Z. Hoffman, Adv. Chem. Ser. 1978, 168, 91. 
78. G. N. La Mar and G. R. Van Hecke, Znorg. Chem. 1973, 12, 1767. 
79. W. A. Wickramasinghe, P. H. Bird and N. Serpone, Znorg. Chem., 1982, 21, 2694. 
80. Y. Kaizu and H. Kobayashi, Bull. Chem. Sot. Japan 1972, 45, 470. 
81. Y. Kaizu and H. Kobayashi, Bull. Chem. Sot. Japan. 1970, 43, 2492. 
82. M. S. Wrighton and D. L. Moore, J. Organomet. Chem. 1975, 97, 405. 
83. G. R. Dobson, Act. Chem. Res. 1976, 9, 300. 
84. R. J. Angelici and J. R. Graham, J. Am. Chem. Sot. 1965, 87, 5586. 
85. J. R. Graham and R. J. Angelici, J. Am. Chem. Sot. 1965, 87, 5590. 
86. R. J. Angelici and J. R. Graham, Znorg. Chem. 1967, 6, 988. 
87. J. R. Graham and R. J. Angelici, Znorg. Chem. 1967, 6, 992. 
88. R. J. Angelici, S. E. Jacobsen and C. M. Ingemason, Znorg. Chem. 1968, 7, 2466. 
89. J. Burgess and S. F. N. Morton, J. Chem. Sot., Dalton Trans. 1972, 1717. 
90. J. Burgess, J. G. Chambers and R. I. Haines, Transition Met. Chem. (Weinheim, Ger.) 1981, 6, 145. 
91. J. A. Connor and C. Overton, Znorg. Chim. Acta 1982, 65, Ll. 
92. J. Burgess, A. J. Duffield and R. I. Haines, Transition Met. Chem. (Weinheim, Ger.) 1977, 2, 276. 
93. J. Burgess, A. J. Duffield and R. Sherry, J. Chem. Sot., Chem. Commun. 1980, 350. 
94. M. J. Blandamer, J. Burgess, J. G. Chambers and A. J. Duffield, Transition Met. Chem. (Weinheim, Ger.) 

1981, 6, 156. 
95. N. Serpone, Personal communication. 

96. E. C. Constable, Manuscript in preparation. 
97. R. D. Gillard, C. T. Hughes, L. A. P. Kane-Maguire and P. A. Williams, Transition Met. Chem. 

(Weinheim, Ger.) 1976, 1, 226. 
98. R. D. Gillard, C. T. Hughes and P. A. Williams, Transition Met. Chem., (Weinheim, Ger.) 1976, 1, 51. 
99. E. C. Constable and K. R. Seddon, Unpublished results. 

100. R. D. Gillard, L. A. P. Kane-Maguire and P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 1977, 
2, 12. 

101. R. D. Gillard, L. A. P. Kane-Maguire and P. A. Williams, J. Chem. Sot., Dalton Trans. 1977, 1039. 
102. J. A. A. Sagiits, R. D. Gillard and P. A. Williams, Znorg. Chim. Acta 1980, 44, L253. 
103. R. D. Gillard and C. T. Hughes, J. Chem. Sot., Chem. Commun. 1977, 776. 
104. E. C. Constable, Unpublished results. 
105. E. C. Constable and J. Lewis, Znorg. Chim. Acta 1983, 70, 251. 
106. B. Bosnich and F. P. Dwyer, Aust. J. Chem. 1966, 19, 2229. 
107. B. Bosnich and F. P. Dwyer, Aust. J. Chem. 1966, 19, 2235. 
108. R. D. Gillard and P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 1977, 2, 247. 
109. A. A. Schilt, J. Am. Chem. Sot. 1963, 85, 904. 
110. S. H. Peterson and J. N. Demas, J. Am. Chem. Sot. 1976, 98, 7880. 
111. S. H. Peterson and J. N. Demas, J. Am. Chem. Sot. 1979, 101, 6571. 
112. A. A. Schilt, Znorg. Chem. 1964, 3, 1323. 
113. R. D. Gillard, Znorg. Chim. Acta 1974, 11, L21. 
114. C. Creutz and N. Sutin, Proc. Natl. Acad. Sci. 1975, 72, 2858. 
115. K. R. Seddon and E. A. Seddon, The Chemistry of Ruthenium. To be published. 
116. K. Kalyanasundaram, Coord. Chem. Rev. 1982, 46, 159. 
117. E. C. Constable and K. R. Seddon, J. Chem. Sot., Chem. Commun. 1982, 34. 
118. J. A. A. Sagiiis, R. D. Gillard, R. J. Lancashire and P. A. Willaims, J. Chem. Sco., Dalton Trans. 1979, 

193. 
119. R. D. Gillard, R. J. Lancashire and P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 1979, 4, 

115. 
120. D. J. Brown and S. F. Mason, The Pyrimidines (Edited by A. Weissberger). Wiley, New York (1962). 
121. D. J. Brown, R. F. Evans and T. J. Batterham, The Pyrimidines, Suppf. 1 (Edited by A. Weissberger 

and E. C. Taylor). Wiley-Interscience, New York (1980). 
122. R. D. Gillard and P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 1978, 3, 334. 
123. V. M. S. Gil, R. D. Gillard, P. A. Williams, R. S. Vagg and E. C. Watton, Transition Met. Chem. 

(Weinheim, Ger.) 1979, 4, 14. 
124. E. M. Smolin and L. Rapoport, S-Triazines andderivatives (Edited by A. Weissberger). Interscience, New 

York (1959). 
125. V. M. S. Gil and A. M. P. Pereira, Tetrahedron 1971, 27, 5619. 
126. E. I. Lemer and S. J. Lippard, J. Am. Chem. Sot. 1976, 98, 5397. 
127. E. I. Lemer and S. J. Lippard, Znorg. Chem. 1977, 16, 1546. 
128. G. Nord, Znorg. Chem. 1976, 15, 1921. 



572 EDWIN C. CONSTABLE 

129. A. J. Deeming, R. Peters, M. B. Hursthouse and J. D. J. Backer-Dirks, J. Chem. Sot., Dalton Trans. 
1982, 787. 

130. K. Jackson, J. H. Ridd and M. L. Tobe, J. Chem. Sot., Perkin Trans. 2, 1979, 607. 
131. K. Jackson, J. H. Ridd and M. L. Tobe, J. Chem. Sot., Perkin Trans. 2, 1979, 611. 
132. J. A. A. Sagtits, R. D. Gillard and P. A. Williams, Inorg. Chim. Acta 1979, 36, L411. 
133. R. D. Gillard and P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 1979, 4, 18. 
134. P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 1979, 4, 24. 
135. H. A. Goodwin, R. N. Sylva, R. S. Vagg and E. C. Watton, Aust. J. Chem. 1969, 22, 1605. 
136. M. J. Janmohamed and G. H. Ayres, Anal. Chem. 1972, 44, 2263. 
137. R. S. Vagg, R. N. Warrener and E. C. Watton, Aust. J. Chem. 1969, 22, 141. 
1’38. G. A. Barclay, R. S. Gagg and E. C. Watton, Acta. Crystallogr., Sect B 1978, 33B, 1833. 
139. R. D. Johnston, R. S. Vagg and E. C. Watton, Inorg. Chim. Acta 1978, 26, 103. 
140. B. Martin and G. M. Waind, J. Chem. Sot. 1958, 4284. 
141. B. Chiswell and S. E. Livingstone, J. Znorg. Nucl. Chem. 1964, 26, 47. 
142. R. E. DeSimone and R. S. Drago, Znorg. Chem. 1969, 8, 2517. 
143. K. R. Wunschel Jr. and W. E. Ohnesorge, J. Am. Chem. Sot. 1967, 89, 2777. 
144. C. M. Flynn Jr. and J. N. Demas, J. Am. Chem. Sot. 1974, 96, 1959. 
145. R. J. Watts, J. S. Harrington and J. Van Houten, J. Am. Chem. Sot. 1977, 99, 2179. 
146. R. D. Gillard, R. J. Lancashire and P. A. Williams, J. Chem. Sot., Dalton Trans. 1979, 190. 
147. R. J. Watts and S. F. Bergeron, J. Phys. Chem. 1979, 83, 425. 
148. J. L. Kahl, K. Hanck and K. DeArmond, J. Znorg. Nucl. Chem. 1979, 41, 495. 
149. P. J. Spellane and R. J. Watts, Znorg. Chem. 1981, 20, 3561. 
150. W. A. Wickramasinghe, P. H. Bird and N. Serpone, J. Chem. Sot., Chem. Commun. 1981, 1284. 
15 1. N. Serpone, Personal communication. 
152. K. R. Seddon and J. E. Tut-p, Personal communication. 
153. R. D. Gillard, Personal Communication. 
154. N. R. Davies and F. P. Dwyer, Trans. Faraday Sot. 1952, 48, 244. 
155. N. R. Davies and F. P. Dwyer, Trans. Faraday Sot. 1953, 49, 180. 
156. R. G. Wilkins and M. J. C. Williams, J. Chem. Sot. 1957, 1763. 
157. J. A. Broomhead and F. P. Dwyer, Aust. J. Chem., 1963, 16, 51. 
158. F. Basolo, J. C. Hayes and H. M. Neumann, J. Am. Chem. Sot. 1953, 75, 5103. 
159. N. R. Davies and F. P. Dwyer, Trans. Faraday Sot. 1954, 50, 1325. 
160. T. Fujiwara and Y. Yamamoto, Znorg. Nucl. Chem. L.&t. 1975, 11, 635. 
161. M. Yamamoto, T. Fujiwara and Y. Yamamoto, Znorg. Nucl. Chem. Lett. 1979, 15, 37. 
162. E. Iwamoto, T. Fujiwara and Y. Yamamoto, Znorg. Chim. Acta 1980, 43, 95. 
163. T. Fujiwara and Y. Yamamoto, Znorg. Nucl. Chem. Lett. 1979, 15, 397. 
164. R. D. Gillard and P. A. Williams, Transition Met. Chem. (Weinheim, Ger.) 1977, 2, 14. 
165. G. A. Lawrance and D. R. Stranks, Znorg. Chem. 1978, 17, 1804. 
166. B. Bosnich and D. W. Watts, Znorg. Chem. 1975, 14, 47. 
167. C. P. Cayley and D. W. Margerum, J. Chem. Sot. Chem. Commun. 1974, 1002. 
168. T. Fujiwara and Y. Yamamoto, Znorg. Chem. 1980, 19, 1903. 
169. G. E. Humiston and J. E. Brady, Znorg. Chem. 1969, 8, 1773. 
170. A. Tatehata, T. Kumamaru and Y. Yamamoto, J. Znorg. Nucl. Chem. 1971, 33, 3427. 
171. Y. Yamamoto, K. Akabori and T. Seno, Znorg. Nucl. Chem. Lett. 1973, 9, 195. 
172. C. D. Schmulbach, F. Dachille and M. E. Bunch, Znorg. Chem. 1964, 3, 808. 
173. G. K. Schweitzer and J. M. Lee, J. Phys. Chem. 1952, 56, 195. 
174. T. L. J. Huang and D. G. Brewer, Can. J. Chem. 1981, 59, 1689. 
175. D. Rablen and G. Gordon, Znorg. Chem. 1969, 8, 395. 
176. R. H. Holyer, C. D. Hubbard, S. F. A. Kettle and R. G. Wilkins, Znorg. Chem. 1966, 5, 622. 
177. G. A. Barclay, R. S. Vagg and E. C. Watten, Acta Crystallogr., Sect B 1977, 33B, 3487. 
178. R. D. Gillard and R. J. Wademan, J. Chem. Sot., Chem. Cormnun. 1981, 448. 
179. R. D. Gillard and R. J. Wademan, J. Chem. Sot., Dalton Trans. 1981, 2599. 
180. 0. Mwsted and G. Nord., J. Chem. Sot., Dalton Trans., 1981, 2599. 
181. K. R. Seddon and J. E. Turp, Personal communication. 
182. J. G. Vanderhooft and R. D. Ernst, J. Organomet. Chem. 1982, 233, 3 13. 
183. G. Nord, A. C. HazelI, R. G. Hazel1 and 0. Farver, Znorg. Chem., Manuscript submitted. 
184. S. Dholakia, R. D. Gillard and F. L. Wimmer, Znorg. Chim. Acta, 1982, 65 L121. 
185. S. Dholakia, R. D. Gillard and F. L. Wimmer, Znorg. Chim. Acta, 1983, 69, 179. 



Polyhedron Vol. 2, No. 7, pp. 573575, 1983 0277-5387/83 53.00 + .OO 
printed in Great Britain. F’crgamon F’rcss Ltd. 

LANTHANIDE PERCHLORATE COMPLEXES OF 
l-PHENYE3-METHYL4PHENACYL-PYRAZOL+ONE 

V. GIRI and P. INDRASENAN* 
Department of Chemistry, University of Kerala, Trivandrum 695034, India 

(Received 8 January 1982; accepted 24 January 1983) 

Ahstraet-Complexes of lanthanide perchlorates with 1-phenyl-3-methyl-4-phenacyl- 
pyrazol-5-one with the general formula: [Ln(PMPP),ClO,] (C1O4)2 (where Ln = La, Pr, Nd, 
Sm, Gd and Dy) have been synthesised and characterized. The physico-chemical studies 
indicate that the five ligands and one of the perchlorates are coordinated to the metal ion 
in a monodentate fashion to give approximately octahedral geometries for the complexes. 

Ligands containing the C-O group are the largest 
group of compounds forming complexes with the 
lanthanides.’ Probably the first series of lanthanide 
complexes with neutral oxygen donor ligands is 
that of anitpyrine.2 Since then a variety of lan- 
thanide complexes with ligands containing the 
pyrazolone ring have been reported.‘~3,4 Recently, 
Okafo? reported on the synthesis of some lan- 
thanide complexes of 1 - phenyl - 3 - methyl - 4 - 
benzoyl - pyrazol - 5 - one. Now we are reporting 
on the synthesis and structure elucidation of some 
interesting lanthanide perchlorate complexes of 1 - 
phenyl - 3 - methyl - 4 - phenacyl - pyrazol - 5 - 
one (hereafter abbreviated to PMPP). PMPP acts 
as a unidentate ligand unlike the above 4benzoyl 
compound,’ which acts as a bidentate ligand. 
Moreover, one of the perchlorate groups is also 
coordinated to the metal ions in the present com- 
plexes and in this way they are very interesting. 

EXPERIMENTAL 

Preparation of lanthanide perchlorates. The 
perchlorates of La, Pr, Nd, Sm, Gd and Dy were 
prepared by dissolving a slight excess of the oxide 
(99.9% pure) in hot 60% aqueous perchloric acid. 
The undissolved oxides were filtered off and the 
perchlorates were crystallised out by evaporation. 

Preparation of the ligand. 1 - phenyl - 3 - methyl- 
4 - phenacyl - pyrazol - 5 - one (PMPP) was 
prepared by the standard method.6 Solutions of 
1 - phenyl - 3 - methyl - pyrazol - 5 - one 
(0.0 1 mole) and freshly prepared phenacyl bromide 
(0.01 mole) in the minimum quantities of ethanol 
were mixed together in presence of fused sodium 
acetate (5 g) and the resulting mixture was refluxed 

*Author to whom correspondence should be ad- 
dressed. 

for 2 hr. The white solid formed was filtered, 
washed with ethanol and then with water and dried 
over phosphorus(V) oxide. 

Preparation of the complexes. To a clear warm 
solution of the lanthanide perchlorate in n- 
pentanol a slight excess of the solid ligand was 
added in small quantities. The reaction mixture 
was heated carefully up to the boiling point of the 
solvent (138°C) for 10 min. The green solution 
obtained was filtered and the filtrate was concen- 
trated to give a viscous mass. To this, solvent ether 
was added and it was stirred to separate solid 
complex. The supematant liquid was poured off 
and the solid was washed with ether and dried in 
vacuum over phosphorus(V) oxide. 

Analysis of the complexes. The lanthanide con- 
tents in the complexes were determined gravimetri- 
tally by the oxalate-oxide method7 and the 
perchlorate contents by Kurz’s method.’ 

Physical measurements. The molar conductances 
(N 10e4 M solutions) of the complexes were deter- 
mined at room temperature (28 f 2°C) using an 
ELICO conductivity bridge type CM82 with dip 
type cell (type cc-03) having platinum electrodes. 
Magnetic susceptibility measurements were carried 
out also at room temperature by the Gouy method. 
The IR spectra of the complexes and the ligand 
were taken in KBr pellets on a Perkin-Elmer 397 
IR Spectrophotometer in the range 4000- 
400 cm -I. The molecular weights of the complexes 
(N 10e4 M solutions) were determined by the cryo- 
scopic method in nitrobenzene.9 

RESULTS AND DISCUSSION 

All the six complexes are non-hygroscopic sol- 
ids. They are soluble in acetonitrile, nitrobenzene, 
methanol, ethanol, n-pentanol and dimethyl- 
formamide and are insoluble in benzene, carbo- 
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Table 1. Elemental analyses and molecular weight data 

Complex 

La 
Pr 
Nd 
Sm 
Gd 
DY 

% Metal 
Found Required 

7.30 7.32 
7.42 7.41 
7.46 7.58 
7.78 7.87 
8.33 8.21 
8.54 8.46 

% Perchlorate 
Found Required 

15.87 15.71 
15.96 15.70 
15.49 15.67 
15.97 15.63 
15.35 15.57 
15.39 15.53 

Molecular Weight 
Found Required 

1845 1899 
1915 1901 
1895 1904 
1911 1910 
1910 1917 
1933 1923 

ntetrachloride, ether and water. The elemental 
analysis data (Table 1) indicate the follow- 
ing general formula for the complexes: 
[Ln(PMPP),](CIO,),, where Ln = La, Pr, Nd, Sm, 
Gd and Dy. 

The molar conductivity values (Table 2) of the 
complexes in nitrobenzene reveal that they behave 
as 2:l electrolytes indicating that one of the 
perchlorate groups is coordinated to the metal 
ions. However, they behave as 3 : 1 electrolytes both 
in methanol and dimethylformamide indicating 
that the coordinated perchlorate group is replaced 
from the coordination sphere by the solvent mole- 
cule. 

The magnetic data are also given in Table 2. The 
La complex is diamagnetic as is to be expected. It 
may be seen from Table 2 that the observed 
magnetic moments are generally found to agree 
with the theoretical values calculated by the Van 
Vleck formula.‘o 

The important IR spectral bands are presented 
in Table 3. The side chain carbonyl stretching 
frequency in the free ligand occurs as a very strong 
band at 1675 cm-’ and the ring C==O frequency is 
shifted to 1610 cm - ‘. The discrepancy in the ring 
carbonyl frequency is due to the intermolecular 
H-bonding in the ligand.” In the complexes the 
side chain C==G frequency is shifted to 1655 cm - ’ 

as a shoulder in the strong peak of the ring 
carbonyl frequency, which is practically unaltered. 
A lowering of N 20 cm - ’ in the side chain carbonyl 
frequency is attributed to the coordination of the 
metal ion through the side chain carbonyl oxygen 
rather than the ring carbonyl oxygen. It may be 
noted that the ring carbonyl frequency is lowered 

by N 5cm-’ and a shift of only w 20cm-’ is 
observed for the side chain carbonyl frequency on 
complexation. This may be explained as follows: 
Due to complexation the frequencies of the two 
carbonyl groups come closer and the coupling is 
more effective than in the free ligand. Hence the 
ring carbonyl band is lowered slightly and the 
frequency of the side chain carbonyl group is 
slightly raised, resulting in the small shift to the 
lower frequency region (N 20 cm -I). The broad 
absorption band between 3300-2800cm-’ in the 
spectra of the complexes as well as that of the 
ligand may be attributed to the H-bonding.” 
The existence of the H-bonding in the spectra of 
the complexes confirms that the ring carbonyl 
group is not involved in the coordination. There- 
fore, the ligand shows monodenticity coordinating 
through the oxygen of the side chain carbonyl 
group. 

The IR spectra of the six complexes studied 
show a strong doubly split band with band maxima 

Table 2. Conductivity and magnetic measurements data 

Molar conductivity* 
Complex In nitrobenzene In methanol 

La 56.4 294.1 
Pr 58.7 294.9 
Nd 54.9 267.5 
Sm 55.8 278.0 
Gd 57.2 292.2 
DY 55.0 281.5 

*Ohm-’ Cm2 mole-‘; the concentration - 10e3 M. 
**Calculated using the Van Vleck equation. 

In Magnetic moment (BM) 
dimethylformamide Found Calculated** 

261.1 0.0 0.0 
252.2 3.4 3.6 
226.4 3.7 3.7 
237.2 1.8 1.6 
243.5 8.1 7.9 
236.0 10.7 10.6 
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Table 3. Important IR spectral bands (in cm-‘) 
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~(side chain) C_&lUC*ar) 
v3 ClO, v, ClO, v, ClO, 

Ligand 1675 (s) 1610 (s) 
La Complex 1655 (sh) 1605 (s) 1105 (s) 925 (m) 620 (s) 

1085 (s) 
Pr Complex 1655 (sh) 1605 (s) 1100(s) 925 (m) 620 (s) 

1085 (s) 
Nd Complex 1655 (sh) 1605 (s) 1100 (s) 925 (m) 620 (s) 

1085 (s) 
Sm Complex 1655 (sh) 1605 (s) 1110 (s) 925 (m) 620 (s) 

1085 (s) 
Cd Complex 1655 (sh) 1605 (s) 1110(s) 925 (m) 620 (s) 

1085 (s) 
Dy Complex 1655 (sh) 1605 (s) 1100(s) 925 (m) 620 (s) 

1085 (s) 

Abbreviations:-s = strong; sh = shoulder; m = medium. 

at 1100 and 1085 cm -’ which is assigned to the v3 
vibration of the perchlorate group. This splitting of 
the asymmetric stretch shows that the perchlorate 
group is coordinated to the metal ion, the coordi- 
nation probably being monodentate.12 However, 
the splitting of vj band is not so clear and in some 
cases they are broad bands with two maxima at 
1100 and 1085 cm-‘. A medium band at 925 cm-’ 
and a strong band at 620 cm-‘, which are unsplit, 
are assigned respectively to the v, and v, vibrations 
of the perchlorate groups.12 

Based on the above physical measurements the 
present series of complexes have the following 
formula: [Ln(PMPP),ClO,](ClO,), with a coordi- 
nation number of six. The molecular weight deter- 
minations show that all the six complexes are 
monomers (Table 1) in solid state. The five ligand 
molecules and one of the perchlorate groups are 
coordinated to the metal ion in a monodentate 
fashion to give presumably a distorted octahedral 
geometry but an X-ray crystal structure is clearly 
needed to determine the actual configuration. 
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Abstract-The stoichiometries and kinetics of the reactions of 12-tungstocobaltate(II1) with L-cysteine, mercap- 
toacetic (thioglycollic) acid and fl-mercaptoethylamine have been investigated in aqueous perchloric acid solution 
over a wide concentration range and at an ionic strength of 1.0 mol dm-’ (NaClO& One mole each of the thiols is 
required to reduce 124ungstocobaltate(III) to 12-tungstocobaltate(I1) ions, with the disulphide of the thiol as the 
other product. The rates of reactions decrease with increasing acidity and there is no evidence for the formation of 
an intermediate complex of significant stability. The reaction8 are interpreted in terms of an outer-sphere 
mechanism. 

INTRODUCTION 

The use of heteropoly molybdates and tungstates as 
electron-dense stains for electron microscopy’ has been 
known for a long time. In recent years, much attention 
has been focussed on the use of these complexes as 
antiviral agent? and as electron acceptors in studies of 
photosynthesis.M Very little work has been done on the 
redox reactions involving these heteropoly acids and 
their anions. Rasmussen and Brubaker’ investigated the 
kinetics of the electron exchange between IZtungstoco- 
baltate(III) [CO(III)O~W’~O~~~- and lZtungstocobal- 
tate(I1) [CO(II)O~W’~O~,J- anions, hereafter referred 
to as [Co(III))] and [Co(IIY respectively, while Lappin et 
al.” reported the reactions of [CUW,,O~]‘- anion with 
hexacyanoferrate(II1) in perchlorate media. The redox 
reactions of [Co(III)] with ligands containing di-hydroxyl 
groups have also been studied by McAuley et a1.9 and 
except for the reactions of [Co(III)], the oxidant in this 
study, with thioureas” no other reaction of the oxidant 
with sulphur-containing organic ligands have been 
reported. This paper is therefore an account of the 
kinetic investigation of the reactions of [Co(III)] with 
sulphur-containing ligands such as L-cysteine, thiogly- 
collie acid and p-mercaptoethylamine. 

Previously, oxidation of many thiols by metal ions has 
been shown to proceed through the formation of inner- 
sphere complexes. In the aquo-cobaltic ion oxidation of 
or-mercaptocaboxylic acids,“.” electron transfer was 
preceded by the formation of transient species. Similar 
results were obtained in the thallium(II1) oxidation of 
thiomalic acid,” Cr(VI) oxidation of L-cysteine,14 
thioureas,15 penicillamine,‘6 and gluthathione16 and 
Fe(III) oxidation of mercaptocaboxylic acids.” 
However, in the ceric oxidation of a-thiols” and 
thioureas,” aquo-cobaltic oxidation of the thioureas,20 
and the reactions of [Co(III)] with thioureas,” there was 
no evidence for the formation of intermediate complexes 
prior to electron transfer. In the unlikely event that 
intermediate complex formation is important in the 
present study, the choice of thiols should make possible 
the investigation of the effectiveness of 0, N and S as 
binding sites. For example, if oxygen of the carboxylic 
acid group is an important coordinating site, its absence 
in /3-mercaptoethylamine should be reflected in the rate 
and thermodynamic parameters for complex formation. 

*Author to whom correspondence should be addressed. 

In addition, the relative position of the various coor- 
dinating sites and in particular the size of the entire 
molecule may also affect these values. On the other 
hand, if there is no evidence for complex formation, it 
would be interesting to know how the mechanisms of 
these reactions relate to those of the same oxidant with 
other sulphur-containing ligands like thioureas,” where 
no evidence was found for the existence of an inter- 
mediate complex. 

Materials 
EXPERIMENTAL 

Potassium 1Ztungstocobaltate was prepared by the method 
of Baker and McCutcheon’* and characterised for purity by its 
UV-visible spectra.9 A stock solution of [Co(III)] was stan- 
dardised using a spectrophotometric titration method. The titra- 
tion was carried out with a standard solution of Fe(H) which 
quantitatively reduced [CoWI)] to [Co(H)]. 

L-Cysteine (BDH reagent), ,%mercaptoethylamine hydro- 
chloride (Koch Light) were used without further purification, but 
mercaptoacetic acid (Analar grade) was redistilled under reduced 
pressure and used as soon as possible after purification. Perch- 
loric acid (Analar grade) was used to investigate the effect of 
hydrogen ions on the rates of reaction8 while sodium perchlorate 
(Fluka puriss) was employed in maintaining the ionic strength 
constant at 1.0 mol dm- Other chemicals were used as supplied. 

Kinetics 
The reactions of the three thiols were found to be very slow 

under the conditions employed in the kinetic investigation. Con- 
sequently, the rates of the various reaction8 were measured by 
following the decrease in the concentration of [Co(III)] with time 
at 390nm using a Pye Unicam SP 8000 spectrophotometer. All 
measurements were made under pseudo-first order conditions 
using the following reactant concentrations: 

[Co(III)] = 2 x 10e4 mol dm-‘; [thiol] = 2 - 40 x 10v3 mol dme3; 

[H+], = 0.02- 0.10 mol dm-.’ and I = 1.0 mol dm-’ (NaClOd). 

The reactions were studied at temperature8 in the range 15% 
30.3”C. Temperature variation within a particular set of runs was 
not greater than 0. 1°C. 

Stoichiometry 
The stoichiometries of the reactions were determined by spec- 

trophotometric titration. Absorbance8 of solutions containing 
various concentration8 of the thiols in the range (0.80-9.60 x 
10e4 mol dm-? and a constant initial concentration of [Co(III)] 
(2.0 x 10m4 mol dmm3) at [H+] = 0.05 mol dm-’ and I = 
1.0 mol dm-’ (NaClOJ were measured at 390 mn after the reac- 
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tions had gone to completion. The stoichiometries were then 
evaluated from plots of absorbance vs thiol concentration cur- 
ves. Results were found to be independent of wavelength used. 
Similar results were obtained when the concentration of the thiol 
was kept constant at 2.0 x 10m4 mol dm-3 and those of [CoW)] 
varies between 0.448 x 10T4 mol dm--’ using the same values of 
[HTo and ionic strength as in the titrations above. 

200 1000 
I I 

RESULTS AND DISCUSSION 

For each mole of [Co(III)], 0.9220.03 moles of L- 
cysteine, 0.94 + 0.02 moles of /3-mercaptoethylamine and 
0.94 + 0.04 moles of mercaptoacetic acid were oxidized. 
These are in reasonable agreement with reaction (1) 
where RSH represents a thiol. 

2[Co(III)] t 2RSH + Z[Co(II)] t RSSR t 2H’. (1) 

Accurate knowledge of the reactant species is a 
requirement for a reasonable interpretation of kinetic 
data. An effort was therefore made to identify the im- 
portant reactant species in these redox reactions. Spectra 
of [Co(III)] monitored over the acid concentration range 
employed in the kinetic investigations indicated that 
there was no reactive species of oxidant other than 
[COO~W,~O~I-~. For the thiols, the pK. values cor- 
responding to the loss of a proton from an -SH and 
NH,’ grounds= are > 8, whereas those of the carboxylic 
acid groups are co. 2 for cysteine14 and ca. 4 for mercap- 
toacetic acid.” Hence, in the acidity range [H’] = 0.Z 
0.10 mol drne3 employed in this work, the carboxylic acid 
is the predominant species, although a small proportion 
of the zwitterion formed from the dissociation of mono- 
protonated ligand (eqn 2) is also present in solution. 

r;H, + I;H, 

HS-CH+C02H+HS-CH+CO*- t H’. 
I I 

k (2) 

This is in line with conclusions reached by McAuley and 
Olatunjip working under identical experimental con- 
ditions. Attempts were also made to determine the effect 
of these proton equilibria on the actual concentration of 
hydrogen ions present using the method employed by 
McAuley and Olatunji.z5 No significant effect was 
observed. This would tend to suggest that although the 
protonated ligand may be formed, the effective concen- 
tration of hydrogen ions remained essentially at the 
initial value, [H’],. 

Comparison of the initial absorbances in the kinetic 
investigations with those for [Co(III)J when no ligand 
was present showed no significant difference, indicating 
that no detectable intermediate was formed. Plots of 
log (A, - A,) (where A, and A, are the absorbances at 
time t and at the end of the reaction respectively) vs time 
were linear to greater than 90% completion of the reac- 
tions. The strict linearity of these plots does suggest that 
there is no strong inhibition of the reactions by products 
and that the rate is first-order in [Co(III)] in each of the 
reactions investigated. Pseudo-first order rate constants, 
k,,&, obtained from gradients of these plots at various 
values of [H’], and thiol concentrations are presented in 
Table 1. 

On plotting k_,,. vs [RSH]* (where RSH is L-cysteine 
or mercaptoacetic acid), straight lines were obtained, 
suggesting that the rates of the redox reactions are 

; 
UI 

IT 
d 

Y 

% 

20 

IO 30 50 70 

IO? Cysl: mol* dmw6 

Fig. 1. The dependence of observed rate constant (t,) on the 
concentration of mercaptoacetic acid (MAA) and L-cysteine 
(cys) at 25°C. (A) Lcysteine. $) Mercaptoacetic acid (top co- 

ordinate). [H+] = 0.04 mol dm (A). (H’] = 0.08 mol dm’ a). 

second-order in these thiols (Fig. 1). Plots of gradients of 
these lines as a function of [H’lo-* gave a straight line 
passing through the origin at constant temperature (Fig. 
2). On the other hand, when RSH is mercaptoethylamine, 
plots of k,,/RSH vs [RSH] (Fig. 3) indicate that two 
pathways are concurrently operative in the reaction, one 
being first-order in the ligand while the other has a 
second-order ligand dependence. Gradients of these plots 
vary in a linear manner with l/[H’], at constant tem- 
perature (Fig. 4). 

If the rate of protonation of the thiols is diffusion 
controlled, the rate of dissociation of such protonated 

T 
IO - 

n 

800 1600 2400 

I / C H+lt mol’ dmm6 

Fig. 2. Dependence of the gradients of plots of observed rate 
constant, koba, vs ligand concentrations (Fig. 1) on l/[H’]* for the 
reactions of mercaptoacetic acid and L-cysteine with [Co(IH)]. (Q) 
L-Cysteine: T = 2O.W (right-hand coordinate). . Mercaptoacetic 

acid: T = 158°C. 
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Table 1. Rate constants, IcobS, for the redox reactions. [Co(III)] = 2.0 X 10d4 mol dm-‘; I = 1.0 mol dm-‘; A = 390 nm; 
[RSH] = L-cysteine, mercaptoacetic acid and /3-mercaptoethylamine 

(., [Rfm] = L-Cy6teine, (T = 2S.0°C) 

[li+l,mol. lO'[RSH] Mol. 
-1 

[A+l,mol. lO'[RSRl "'$b. 

dm-3 
-3 

dm 
-3 10'kobs6 

dm-3 no1 dm lx-1 

0.02 2.00 1.00 0.03 2.00 0.65 

3.00 2.90 4.00 2.36 

5.00 7.69 

6.00 11.05 

0.04 2.00 0.45 

4.00 1.40 

5.00 1.95 

6.00 a.79 

6.00 5.00 

0.06 2.00 0.15 

4.00 0.50 

5.00 0.66 

6.00 0.60 

6.00 2.W 

(b) JR"] - Herc6pto6eetic mid (T = 25.6'C) 

0.06 

5.00 3.48 

6.00 4.75 

6.00 9.16 

2.06 0.16 

4.00 0.65 

5.00 0.66 

8.00 1.44 

6.00 2.68 

0.02 10.00 0.65 0.03 10.00 0.36 

15.00 1.66 15.00 0.64 

20.00 3.92 20.00 1.41 

25.00 6.92 26.W 2.62 

30.w 6.77 so.00 9.16 

S6.W 4.23 

*.I,4 19.a 0.27 0.06 15.00 0.25 

15.GG 0.61 16.00 0.37 

20.00 1.07 20.00 0.48 

26.00 1.46 26.00 0.59 

30.00 2.40 30.00 0.75 

35.00 3.13 35.00 1.16 

40.00 1.00 

0.06 20.00 0.19 

25.w 0.36 

30.00 0.46 

35.00 0.50 

40.00 0.56 

(c) [RSR] = B-mrc6pto6thyluiae (T = aS.lV) 

0.04 10.00 0.23 0.06 10.00 0.19 

20.00 0.66 20.00 0.49 

as.00 0.60 25.00 0.63 

30.00 1.20 SO.00 0.66 

35.00 1.46 35.00 1.01 

0.08 10.00 0.16 0.10 10.00 0.61 

20.00 0.42 20.00 0.34 

25.00 0.56 26.00 0.44 

SO.00 0.72 30.00 0.57 

35.00 0.00 35.00 0.66 
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Fig. 3. The dependence of observed rate constant (k& on ligand 
concentration for the reaction of [Co(III)] with b-mercapto- 
ethylamine (MEA) at WC. [H+] = 0.06moI dm3 (A). [H ] = 

0.08 mol dm’ (0). (Hf] = 0.10 mol dm3 (X). 

species may be estimated from the dissociation constant 
of the thiol gro~p.‘~*‘~ 

RSHSRS- + H’ (3) 

K,=$- (4) 

kd = 10” K, . (9 

Since the value of K, for the thiol?” is approx. 
10-7-10-8, the value of k,, obtained using eqn (5) is of the 
order of lo’-10’s_‘. This value is much higher than the 

I/CH+l, molm’dm3 

Fig. 4. Dependence of gradients of plots of I&/[MEAl vs 
[MEA] (Fig. 3) on l/[H+] for the reactions of [Co(III)] with mer- 
captoethylamine. T = 30.3”C (0); T = 2J.O”C (8); T = 2O.W a). 

observed rate constants, kobs, for the redox steps; it is 
therefore reasonable to assume that dissociation of -SH 
precedes electron transfer. 

From the observed experimental data, the mechanism 
below can be postulated for the reactions of L-cysteine 
and mercaptoacetic acid with 12-tungstocobaltate(III) 
ions, where the protons released are derived from the 
thiol group as shown above. 

Mechanism I 

2RSH& 2RS- t 2H’ (6) 

[Co(III)] t RS-&[Co(III)], RS- (7) 

[Co(III)], RS- t RS-A[Co(II)] t RSSR’ (8) 

RSSR’ + [Co(III)] s[Co(II)] t RSSR (9) 

where K,, is the outer-sphere equilibrium constant. This’ 
reaction scheme is consistent with the rate of loss of 
[Co(III)] as expressed in eqn (10) 

-d[CoW)It = k,K,K.[RSH]2[Co(III)]t 
dt [H+]‘t K,,K,“‘[H+][RSHl’ (lo) 

If [H’]’ P K,,K,“*[H+][RSH], then kobs can be derived 

(11) 

This is in good agreement with the observed data as 
shown in Figs. 1 and 2. Values of k,K,,K, = k,” derived 
at different temperatures and the corresponding activa- 
tion parameters are shown in Table 2. 

An alternative mechanism in which dimerization of 
RSH with loss of protons to give RSSR*- is proposed as 
a first step, followed by a rate-determining electron 
transfer reaction to give the product [Co(II)] and a dithio 
radical RSSR’ is also in agreement with the observed 
data. This t 
by Carlyle” 

e of mechanism was, in fact, put forward 
to explain the observed second-order 

dependence of the ligand HSOs- on the rate of reduction 
of Fe(phen)33+ ions. However, this mechanism is not 
likely to be operating in the present study in view of the 
kinetic inertness of the dithio anion” RSSR2-. The 
favoured mechanism outlined above is similar to the one 
postulated by Olatunji” for the reactions of the same 
oxidant with the thioureas. However, the second path- 
way involving first-order dependence on ligand concen- 
tration observed by that author was not obtained in the 
present investigation. 

The significance of second-order ligand-dependent 
processes has been discussed.28 In a number of 
reactions,‘4.‘“26 recourse had to be made to this type of 
process in order to rationalize the observed kinetic 
parameters. For sulphur-containing one-electron reduc- 
tants such as those under consideration (L-cysteine and 
mercaptoacetic acid), routes corresponding to such terms 
are considered important in providing a pathway for the 
generation of the disulphide product. However, a rate- 
determining dimerization process leadin) to the for- 
mation of a four-centred M& complex 9 in the tran- 
sition state, which yields the disulphide without the 
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Table 2. Dependence of kl” on temperature where k,” = k&K, 

L-CTst.in. mra~Ptosc*tlo Maid 

T/W 11 
Lx/n 

-1 
T/W 10+L1 

20.1 0.10 15.0 1.81 

26.0 0.14 2O.T 2.71 

30.1 0.18 28.5 4.11 

AtfhCJmol -1 42.7 f 2 57.3 f 3 

AShrl ml -l 
/ 

-113.3 f 8 -91.7 i 10 
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In the reaction of [Co(III)] with fi-mercaptoethyl- 
amine, the two-term experimental rate law encountered 
appears to require two parallel reaction pathways leading 
to the disulphide product. Mechanisms consistent with 
these kinetic observations are embodied in the equations 
below 

Mechanism I1 

[Co(III)] + RSH~[Co(III)], RS- + H’ (12) 

[Co(III)] t RSHz[Co(II)] t RS’ t H’ (13) 

[Co(III)], RS- t RSH+Co(II)] t RSSRH’ (14) 

RSSRH’ t [Co(III) =[Co(II)]+RSSRtH+ (15) 

2RS’ --‘RSSR. (16) 

This mechanism gives the rate law: 

-d[Co(III)I~ = [Co(~I~It[RSH] LkdRSHl+ k 

dt 1 [H’] ’ * 3 
(17) 

From eqn (17), kOb, can be derived 

kobs= [RSHI [ LMRSHI + k iH+l 2 . 1 (18) 

The linearity of the plots of kOb./[RSH] against [RSHI is 
in good agreement with this rate law (Figs. 3 and 4). 
Values of the rate and activation parameters derived 
from such plots are shown in Table 3. 

Earlier results obtained from the reactions of cys- 
teinem0’3’ with Fe(CN)3- were also rationalized by a 
two-term rate expression. Interestingly, the rate constant 
for the first-order ligand-dependent pathway was found 
to increase with increasing temperature. A similar trend 
was observed by us in an earlier investigation of the 
oxidation of the thioureas” by Fe(phen)33’ and [C0(111)].‘~ 

According to Walling,‘3 the values of entropy of 
activation AS* within the range -83 to -143 KJ mol-’ 
obtained in the reaction of P-mercaptoethylamine with 
[Co(III)] suggested a mechanism involving free radicals. 
An obvious possibility for such a radical is RS’, but 
radiolysis studies have shown that thioradicals formed 
from cysteine” and a variety of thiols of simple and 
complex structures35 are in equilibrium with the cor- 
responding dithio radical anion, RSSR’. In some in- 
stances, these species may be protonated to give 
RSSRH’. This is in excellent agreement with mechanism 
II where the radical RSSRH’ has been proposed as a 
shortlived product formed in reaction (14) and also in the 
oxidation of cysteine and related ligandsMT3’ by 
Fe(CN&-. 

In conclusion, the oxidations of L-cysteine, mercap- 
toacetic (thioglycollic) acid and p-mercaptoethylamine 
by [Co(III)] appear to follow a route leading to the forma- 

Table 3. Dependence of k2 and kj” on temperature for the reaction of p-mercaptoethylamine with the oxidant, 
[Co(III)l, where kj” = K,,kl 

T/V k2/mql da' .-l lo5kjl/uJ1-l dm3 8-1 

20.1 0.010 2.120 

26.1 0.014 3.110 

30.3 0.018 5.400 

AB*/XJ ml-l 42.3 f 7 59.8 f 7 

As*/Jx-1 -1-l -133.6 f 2s -123.0 f 22 
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tion of [Co(II)] and disulphides as products without 
the formation of intermediate complexes of significant 
stability. A similarity in the modes of activation of these 
reactions and those of the thioureas” with the same 
oxidant is therefore implied. The thermodynamic 
parameters for the steps involving a second-order ligand 
dependence are quite similar to those obtained for the 
di-hydroxyl ligand?. This may be an indication that the 
mode of reactions with both sulphur- and oxygen-con- 
taining ligands are the same and independent of the 
active groups in these ligands. This type of behaviour 
would not be expected if the reactions proceeded by an 
inner-shpere mechanism. 
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Abstract-Biacetylmonoxime-salicoylhydrazone (BMSH) complexes of the types [Hg(BMSH)C12] and [M(BMSH- 
H)J, where M = Cu(II), Co(H), Ni(III), Mn(II), Zn(II), Cd(I1) and UO,(VI), have been prepared and characterized 
by conventional chemical and physical measurements. The IR spectra show that the ligand usually coordinates via 
carbonyl oxygen (GO), azomethine nitrogen (C=N) and phenolic OH pith replacement of hydrogen by metal ions, 
but acts as a bidentate molecule coordinating through (GO) and (C=N) in the Hg(I1) complex. The magnetic and 
spectral data of the Co(I1) and Ni(I1) complexes support octahedral stereochemistry, whilst tetragonally distorted 
octahedral geometry is suggested for the Cu(I1) complex. 

Our earlier work’,* on the complexes of hydrazone- 
oxime has been extended to the complexes of biacetyl- 
monoxime-salicoylhydrazone (BMSH) with some tran- 
sition metal ions. Recently, Saha ef ~1.~ have isolated the 
Cu(II) complex of BMSH using ammonia as a buffering 
agent. However, no structural studies on transition metal 
complexes of BMSH have been undertaken to date. In 
the present paper, tentative structures are proposed for 
some complexes on the basis of molar conductance, 
elemental analyses, IR, magnetic and spectral data. 

RESULTS AND DISCUSSION 

The IR spectrum of BMSH shows three bands at 3410, 
3340 and 3260cm-’ considered to be v(OH) (phenolic), 
v(OH) (oxime) and v(NH) respectively. The existence of 
bands at lower wavenumbers in the spectrum of the 
l&and may be due to inter- or intra-molecular hydrogen 
bonding? The observation of two weak and broad bands 
entered at 2280 and 1950 cm-’ due to O-H-O stretching 
and bending vibration? confirms the presence of in- 

*Author to whom correspondence should be addressed. 
Present address: Chemistry Department, Illinois State University, 
Normal, IL 61716, U.S.A. 

Compound 

tramolecular hydrogen bonding which is presumed to be 
form between phenolic OH and carbonyl oxygen as shown 
in structure (I). 

d 
(1) 

The complexes of this ligand which have been isolated 
from absolute ethanol and in presence of sodium acetate 
as a buffering agent are listed in Table 1. They are 
insoluble in non-polar solvents but dissolve in DMF and 
DMSO. Molar conductivities in DMF at 25°C (Table 1) 
indicate’ these complexes to be non-electrolytes in this 
solvent. 

The phenolic OH band at 3410 cm-’ is not present in 
the spectra of the complexes (except the HgCl* com- 
plex). The band at 1240 ch-’ is assigned to the phenolic 
(C-O) vibration in the spectrum of BMSH as reported in 
previous assignmentssg but is shifted to higher 
wavenumbers in the spectra of the complexes suggesting 
that the o-hydroxy group entered into bond formation 

Table 1. Analytical and physical data for the complexes 

Calc. x Found X 

zolour 

BWUll 

Yellow 

Yellclw 

Green 

Yellow 

Yellow 

Yellow 

Yellow 

M.P.. 

OC F 
.360 

>360 

>360 

>360 

>360 

>360 

>360 

>360 

C M Cl F C 
50.10 

50.12 

50.48 

48.21 

49.49 

45.40 

35.01 

26.07 

H 
- 

4.50 

4.50 

4.62 

4.41 

4.53 

4.16 

3.01 

2.59 

- 

- 13.95 1 

- 

50.46 

50.66 

50.42 

47.93 

49.92 

46.07 

35.54 

25.34 

H 
- 

4.68 

4.20 

3.99 

3.94 

3.86 

3.44 

2.88 

2.57 

- 

M Cl 
T i 
I 

35 

3 

11 

18 

7 

4 

9 

20 

t in cm2 -1 
ohm ml 
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with displacement of hydrogen. Moreover, spot test 
identification of the phenolic OH” in metal complexes 
proves the replacement of hydrogen by metal ions. 

The bands at 3340, 1310 and 945 cm-’ in the spectrum 
of the ligand attributable respectively to v(OH) (oxime), 

v(c=i+OH) and v(N0) appear more or less at the 
same positiotns for the complexes indicating that neither 

NO nor C=N groups take part in complex formation. 
Also, the presence of OH (oxime) in the complexes was 
detected by a spot test,” indicating that the oxime group 
does not participate in coordination. Strong evidence for 
the presence of a free -OH (oxime) in the complexes 
comes from the proton magnetic resonance spectra of 
solutions of the diamagnetic complexes in drDMF. In. 
for example, a solution of [Cd(BMSH-H)J, the -OH 
proton signal at 10.55ppm downfield from TMS disap- 
pears upon addition of 40. 

Medium and strong bands at 1630 and 1545 cm-’ are due 
respectively to the azomethine groups of the hydrazone 

v(C=N) and oxime v(C=l$. The v(C=N) band suffers a 

negative shift, while the v(C=l$ band is shifted to higher 
wavenumbers indicating the involvement of only axometh- 
ine from the hydraxone moiety in coordination. Also. the 
positive shifts of the band at lOOOcm- due to u(N-N)12 

can be taken as an evidence for the involvement of v(C=N) 
in bonding. The carbonyl band v(C=O) at 166Ocm-’ is 
shifted to lower wavenumbers in all complexes suggesting 
that the carbonyl oxygen is also a potential site for bonding. 
The low frequency bands in the regions 430410 and 
365-320 cm-’ are tentatively assigned to z~(M-0)‘~~~~ and 
v(M-N)‘~ respectively. 

The IR absorptions due to the UO, group are observed 
at 930 and &Ocm-’ as sharp bands correspondit@ to 
the asymmetric stretching frequencies 4 and y1 respec- 
tively. These observations indicate that the UO1 moiety 
is virtually linear.‘6 All these observations together with 
the elemental analyses suggest structure (II) for all 
complexes except that of HgO which may have struc- 
ture (III). The mercury (II) complex shows @g-Cl) at 
255cm-’ which is in the region typically found for 
tetrahedral structures.” 

H3C--C 

II 
NOH 

M-Cu (I I ), COW, Ni (Ii), MnW, Zn (II) and Cd (II) 

Table 2. Spectral and magnetic properties of BMSH complexes 

Compound 

Magnetic 
moment 
u(B.M.) 

Electronic spectra (in cm-’ X lo’) 
Ligand field bands Cbe-transfer 

[Co(BMSBH)~l 

[NYBMSH-HhI 
[Cu(BMSH-H)J3H20 
[Mn(BMSH-H)J 
[Zn(BMSH-H)J 
[Cd(BMSH-H)z] 
[Hg@MSH)C),I 

4.85 

3.32 
1.79 
6.02 
diiag. 
diiag. 
diamag. 

7.7, 15.3, 18.6; Dq=840, B=796, f3=0.81 23.9,30.8,36.3 
7.3,11.2,15.1,23.1,25.8; 
Dq=730, B=802, /?=0.77 29.6,35.5 
14.6(sh), 16.9 22.7,24.2 
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Abstract-The complexes Fe(po),.H,O, Fe(Ppo),.H,O and Fe(Ppo),.2py, where poH = 3 - methyl - 4 - 
oxime - IH - pyraxole - 45 - dione and PpoH = 3 - methyl - 4 - oxime - 1 - phenyl - 1H - pyraxole - 
45 - dione, have been prepared. The magnetic susceptibilities and Miissbauer spectra of the complexes 
have been investigated. 

The reactions of 2-nitrosophenols (mono-oximes of 
1,2-quinones) (LH) with metal salts or with metal 
carbonyls give neutral metal complexes of type ML, 
(n = 2 or 3).‘-’ In certain cases deoxygenation of the 
ligand can occur to give heterocyclic or other organic 
products. We now report on the reactions of the 
related ligands 3 - methyl - 4 - oxime - 1H - pyrazole - 
4,5 - dione (poH) (1; R = H, R’= CH,) and 3 - 

methyl - 4 - oxime - 1 - phenyl - 1H - pyrazole - 4,5 - 
dione (RpoH) (1; R = C,H,, R’ = CH,) with iron(I1) 
ammonium sulphate and with iron(O) pentacarbonyl. 
We also report on the properties and structure of the 
metal complexes which arise from these reactions. 
Complexes of copper( nickel(II), zinc(II), cad- 
mium(H) and magnesium(H) derived from ligands of 
type 1 (R = H, C6HS, C(NO,)C,H,, CClC& 
2,4-(NOr)&H,; R’ = H, CH,, C,H,) have been re.- 
ported earlier.4d 

EXPERIMENTAL 
The ligands were prepared as described in the literature.’ 

Interaction of 3 - methyl - 1 - phenyl - 4 - oxime - 1H - 
pyrazole - 4,5 - dione or 3 - methyl - 4 - oxime 1H -pyrazole - 
4,5 - dione with iron ammonium suiphate 

3 - Methyl - 1 - phenyl - 4 - oxime - 1H - pyraxole - 4,5 - 
dione (2.Og, 2mol equiv.) and iron(H) ammonium sul- 
phate (1.9 g. 1 mol equiv.) were stirred in ethanol-water 
(2:1)(120cm3)(1 hr). Turquoise bb(3 -methyl- 1 -phenyf- 
4 - oximato - IH - pyrazole - 4,5 - dione)iron(II) - 
monohydrate (1.4 g, 597,), (Found: C, 50.2; H, 4.1; Fe, 11.7; 

N, 17.1. C&l,,FeN,O, requires: C, 50.2; H, 3.8; Fe, 11.7; 
N, 17.6x), was filtered off, washed with water (2 x 100 cm’) 
and ethanol (2 x 100cm3) and dried at 3O”C/O.l mm. 

Unchanged 3 - methyl - 4 - oxime - 1H - pyraxole - 4,5 - 
dione (88%) (identified by IR) was recovered after stirring 
(4 hr) with the iron(H) salt in ethanol-water. 

Interaction of 3 - methyl - 4 - oxime - 1H - pyrazole - 4,5 - 
dione with iron pentacarbonyl 

3 - Methyl - 4 - oxime - 1H - pyrazol - 4,5 - dione (2.51 g, 
1 mol equiv.) and iron pentacarbonyl (19.4 g, 5 mol equiv.) 
were heated under reflux for 12 hr in dry tetrahydrofuran 
(100 cm’) under nitrogen. The mixture was filtered to give 
dark green bis(3 - methyl - 4 - oximato - 1H - pyrazol - 4,5 - 
dione)iron(II) - monohydrate (1.49g 54X). (Found: C, 
29.9; .H, 2:8;‘Fe, 17.1, N, 25.9) C,H~OFeN& requires: C, 
29.5: H. 3.1: Fe, 17.1: N. 25.8% which was washed with 
tetrahydrofuran ‘and dried at 3@C/O. 1 mm. The washings 
were concentrated and filtered to give orange 2.4 - dihydro - 
4 - (5 - hydroxy - 3 - methyl - 1H - pyrazol - 4 - yl)imino - 
5 - methyl - 3H - pyrazole - 3 - one (O.l4g, 8%). (Found C, 
47.1; H, 4.9; N, 33.6%; C,H,N,O, requires: C, 46.9; H, 4.8; 
N, 33.8%) m.p. 265-67”C sub.; m/e 207 (M+). 

Interaction of 3 - methyl - I - phenyl - 4 - oxime - 1H - 
pyrazole - 4,5 - dione with iron pentacarbonyl 

3 - Methyl - 1 - phenyl - 4 - oxime - 1I-j - pyrazole - 4,5 - 
dione (2.04 g, 2 mol equiv.) and iron pentacarbonyl(O.98 g, 
1 mol cquiv.) were heated under reflux for 12 hr under 
nitrogen in dry tetrahydrofuran (100 cm’). Chromatography 
of the mixture (silica gel) gave, with toluene as eluant 2,4 - 
dihydro - 4 - (5 - hydroxy - 3 - methyl - 1 - phenyl - 1H - 
pymxol - 4 - yl) - imino - 5 - methyl - I - phenyl - pyraxol- 
3 - one (0.41 g 66x), m.p. 185-7°C (lit.,* 183”C), (Found: 
C, 67.1; H, 5.1; N, 19.2%). Calc. for C&,H,,N,O,: C, 66.8; 
H, 4.8; N, 19.5x), m/e 359 (M+). Further elution with 
toluene gave 1,2,5 - oxadiaxole[3,4-6) - 6 - methyl - 4 - 
phenyl - 4H - pyraxole (0.04g. 6”/,), m.p. 868°C (lit., 
91”Q m/e 200 (M +). Methanol eluted bis(5 - methyl - 1 - 
phenyl - 4 - oximato - 1H - pyrazol - 4,5 - dione)iron(II) - 
hydrate, (0.11 g, 14%) (identified by IR). 

Interaction of bis(3 - methyl - I - phenyl - 4 - oximato 1H - 
pyrazole - 4,5 - dione)iron(II) - monohydrate with pyridine 
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Bis(3 - methyl - I- phenyl - 4 - oximato - 1H - pyrazole - 
4,s - dione)iron(II) - monohydrate (2.6g) and pyridine 
(10 cm3 were stirred for 24 hr. &(3 - merhyl - 1 - phenyl - 
4 - oximaro - 19 - pyrazole - 4,5 - dione)iron(If) - dipyridine 
(2.7g, 790/,) (Found: C, 57.7; H, 4.4; Fe, 8.6; N, 17.7. 
C&IXFeN,O, requires C, 58.2; H, 4.2; Fe, 9.0; N, 18.1%) 
was filtered off, washed with diethyl ether (2 x 50 cm3) and 
dried at 3O”C/O.l mm. 

Thermal gravimetric analysis data for Fe(Ppo),.2py 
Weight of sample: 206 mg. Weight loss: 55 mg (Calc. for 

2 mol of pyridine per mol of adduct: 53 mg). Temperature 
of loss: 172-8°C. 

Measurements 
Magnetic susceptibility and thermogravimetric analysis 

data, also IR and NMR spectra were obtained as described 
earlier.’ Miissbauer spectra were recorded on a constant 
acceleration MBssbauer spectrometer (J and P Engineering, 
Reading) using a 57Co source in a rhodium matrix (Spire 
Corporation). The velocity calibration was based on the 
inner four lines of the spectrum of natural iron. 

RESULTS AND DISCUSSION 

The reaction of iron ammonium sulphate with 
PpoH in aqueous ethanol gave a turquoise complex of 
stoichiometry Fe(Ppo)z*H,O. In contrast poH failed 
to react with the iron(I1) salt under similar conditions. 
However, the complex Fe(po),*H,O was obtained 
along with some 2,4 - dihydro - 4 - (5 - hydroxy - 3 - 
methyl - lI_I - pyrazol - 4 - yl)imino - 5 - methyl - 38 - 
pyrazol - 3 - one (2; R = H) from the reaction of the 
oxime with iron pentacarbonyl. The reaction of iron 
pentacarbonyl with PpoH afforded mainly 2,4 - dihy- 

HC 

q 
I 

N\ 
\Y N/" 

b-6 

3 

dro - 4 - (5 - hydroxy - 3 - methyl - 1 - phenyl - 18 - 
pyrazol - 4 - yl)imino - 5 - methyl - 2 - phenyl - 3H - 
pyrazol - 3 - one (2; R = C,H,), together with 1,2,5 - 
oxadiazole[3,4-_dl - 6 - methyl - 4 - phenyl - 4H - 
pyrazole (3) and Fe(Ppo)*. HzO. The formation of the 
organic products can be rationalised in terms of de- 
oxygenation of the protonated ligands as discussed 
for analogous reactions of complexes of quinone 
mono-oximes.‘“~” 

The complex Fe(Ppo)2-Hz0 reacted with pyridine 
to give Fe(Ppo)Z*2py. The thermal gravimetric anal- 
ysis of the adduct showed that pyridine (2 mol/mol 
adduct) was lost at cu. 175°C. The room temperature 
magnetic moments (Table 1) of the hydrates and of 

Table 1. Magnetic and MBssbauer data 

Fe(4o),.H,O 6 (mms-‘)t A(mms-‘)t 

T 6) 
10% 

363 333 303 272 243 214 184 154 124 
10443 11202 11383 12032 12789 13481 14437 14920 16367 1.19 2.58 at 300 K 
5.51 5.47 5.26 5.13 4.99 4.80 4.61 4.28 4.03 1.18 2.55 at 75 K 

280 

T(K) 
10% 

363 335 303 273 243 213 184 153 124 
10399 11402 12515 13431 15650 17870 20688 24645 30768 1.10 2.51 at 300K 
5.50 5.53 5.51 5.42 5.52 5.52 5.52 2.49 5.53 
0 

T(K) 
10% 
k. 
-@Oo 

363 333 302 273 244 214 183 153 123 
10402 11121 11665 11828 12297 12858 13886 14771 16096 1.03 2.61 at 300K 
5.50 5.45 5.31 5.09 4.90 4.69 4.51 4.26 3.99 1.14 262 at 75 K 

316 

tThe isomer shifts (6) are given relative to iron foil. The errors in 6 and A are of the order 0.02 and 0.03 mm s- ’ 
respectively. 
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the pyridine adduct lie between 5.2 B.M. and 5.4 B.M. Acknowledgements-We thank the S. E. R. C. for a research 
and are indicative of high-spin iron(H). scholarship (W.M.S.). 

The magnetic behaviour of the complexes was mea- 
sured at variable field strength and at variable tem- 
perature (Table 1). All complexes follow the 
Cur&Weiss Law. The decreasing magnetic moment 
with temperature of the hydrates and their large 
negative Weiss constants indicate antiferromagnetic 
behaviour and suggest association (4). However the 
experimental data do not rule out the possibility of 
spin-orbit coupling. Some indirect support for associ- 
ation is provided by the insolubility of the complexes 
and the contrasting magnetic behaviour of the pyri- 
dine adduct. The room magnetic moment, the negli- 
gible Weiss constant and the lack of significant vari- 
ation of magnetic moment within the temperature 
range used all suggest that the pyridine adduct is 
monomeric. The value of fJ = 0 for Fe(Ppo),.2py sug- 
gests that the pyridine adduct is magnetically dilute, 
indicating a pseudooctahedral structure. The MBss- 
bauer parameters of all the complexes (Table) indicate 
that the materials are essentially free from iron(II1) 
impurities, and are in accord with high-spin iron( 
and the structural suggestions.‘* 
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Abstrad-The metal chelates of I-acetylpyridinium chloride4phenyl-3-thiosemicarbazide [(APTS)]+Cl- 
of the type [M(AF”IS)XJ+CI- (M = Co(H), Ni(II), Cu(II), Zn(I1) or Cd(I1); X = Cl, Br or $0,) have 
been prepared and characterized on the basis of elemental analysis, molar conductance, IR, electronic 

spectra and magnetic studies. IR spectral studies showed that the ligand coordinates via thioketo and AH 
groups. Magnetic and spectral studies suggest a tetrahedral structure for Ni(II), pseudo-tetrahedral for 
Co(R) and square planar and/or distorted tetrahedral for Cu(I1) chelates. 

INTRODUCTION 
Our previous study’-5 on the ligands containing thio- 
semicarbazide moiety are extended to l-acetyl- 
pyridinium chloride-4-phenyl-3-thiosemicarbazide 
[(ApTS)]+Cl- . Also, we have reported’-’ the iso- 
lation of some metal complexes both in the keto and 
the enol forms of the same ligand by changing the pH 
of the solution using sodium acetate. In contrast to 
this observation, we prepared herein only the keto 
chelates even though the pH of the solution was 
changed. Moreover, the ligand coordinates exclu- 

sively via the thioketo and kH groups forming a five 
membered ring around the metal ion. The isolated 
metal chelates are characterized by conventional 
physical and chemical studies. Finally, the stereo- 
chemistry of the chelates is discussed on the basis of 
magnetic and spectral studies. 

EXPERIMENTAL 
All the chemicals used are BDH quality. The ligand (I) 

was prepared by adding slowly phenyl isothiocyanate 
(13.5cm3) to a solution of (18.5g) Girard’s reagent P 
(carbohydraxidopyridinium chloride) in absolute ethanol. 
The mixture was refluxed on a water bath for a half-hour. 
The white product was crystallized from absolute ethanol 
and dried in a vacuum desiccator over anhydrous calcium 
chloride; m.p., 161°C. 

/ 1 [C 
12 4 

N - CH2 CONHNHCSNH / \ - 01 - (1) 
Preparation of the metal chelates 

The metal chelates were prepared by adding equimolar 
amounts (lo-‘moles) of APTS and the metal salts in 
absolute ethanol. The mixture was refluxed on a water bath 
for approximately a half-hour. The product was filtered off, 
washed with hot ethanol and diethylether respectively and 
finally dried in a vacuum desiccator over anhydrous calcium 
chloride. Even in presence of excess ligand attempts to 
prepare the his-chelates were unsuccessful. 

*Author to whom correspondence should be addressed. 
Present address: Chemistry Department, Illinois State Uni- 
versity, Normal, IL 61761, U.S.A. 

Analyses 
Elemental analyses were carried out by the Micro- 

analytical Unit of the Mansoura University. The metals and 
chloride contents were carried out by standard methods.6 

Physical measurements 
Molar conductance measurements were obtained with a 

Tacussel type CD6NG conductivity bridge using 10m3M 
solutions in dimethylsulphoxide at 25°C. The electronic 
spectra of the metal chelates in DMSO, pyridine and nujol 
mull were recorded on a Pye Unicam SP. 1800 spec- 
trophotometer. The magnetic susceptibility measurements 
were carried out using Gouy method and HgCo(SCN), as 
calibrant at Alexandria University, Egypt. Diamagnetic 
corrections were made using Pascal’s constants.’ IR spectra 
were recorded as nujol mulls on Pye Unicam SP.2000 
spectrophotometer. 

RESULTS AND DI!JCUsSION 
Analytical results and some physical properties of 

the isolated metal chelates are listed in Table 1. The 
chelates w(APTS)Xd+Cl- are stable in air and in- 
soluble in common organic solvents, but quite soluble 
in DMF and DMSO. The molar conductance of the 
ligand in DMSO was found to be 54 R - ’ cm2 mole - ’ 
which falls in the range reported for 1: 1 electrolytes.* 
Also, the molar conductance values of the metal 
chelates in DMSO are in the range expected for 1: 1 
electrolytes (i.e. 25-70 a-’ cm2 mole-‘).8. The rela- 
tively high value (70 R -’ cm2 mole -I) for [Ni 
(AFTS)ClJ + Cl - may suggest 1: 2 electrolyte or more 
likely some dissociation of this complex in DMSO. 

All the isolated metal chelates have the same gen- 
eral formula w(APTS)XJ + Cl - irrespective of the 
divalent metal ion and the pH of the preparative 
mixture. The existence of the free ligand as a salt as 
well as the distribution of the positive charge over the 
cation may stabilize both the thioketo and carbonyl 
groups and thereby prevent the deprotonation. To 

explain the chelation via the thioketo and &H and not 

through the carbonyl and h groups, we believe that 

the &I-I is less basic than AH. Also, the carbonyl 

group is under the influence of the tautomeric effect 
and/or hydrogen bonding which decreases the activity 
of the carbonyl oxygen as a coordination site. Both 
factors therefore favour chelation by the thioketo and 
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Table 1. Elemental analyses and some physical properties of lM[APTS)X~+Cl- chelates 

Compound 

[ (APTS)]+Cl- 

[C”(APTS)Cl,]+Cl- 

[LWAPTS)Cl,]+Cl- 

[Ni (APTS)Cl,]+Cl- 

[Cd(APTS)Cl,]+Cl- 

[II~(APTS)Cl2]+Cl- 

[C”[APTS)Br2]+Cl- 

(Cd(APTS)Br,l+Cl- 

[Zn(APTS)Br2]+Cl- 

[cu(Ar.rs)so,j+cl- 

+in ohm-1cm2mole~1 

T M.P., 
OC COlOUr 

161 white 

145 deep green 

235 green 

250 reddish 
brown 

205 white 

243 white 

140 brown 

236 white 

224 white 

194 deep green 

c 
52.26 

36.86 

37.25 

37.22 

% ( 
-IT- 

4.38 

3.10 

3.13 

3.12 

33.28 2.79 

28.36 2.38 

30.84 2.58 

28.30 2.37 

30.72 2.57 

34.93 2.93 

NH groups. In contrast to this, we have found’-5 that 
similar neutral ligands were easily deprotonated in the 
presence of sodium acetate as a buffering agent. 

IR spectral studies 
The infrared spectrum of [(APT!?+] + Cl- indicates 

that it exists mainly in the keto form; it shows v(C0) 
and v(CS) bands at 1730 and 1290 cm-’ respectively 
and no bands above 3480 cm - ’ as well as in the region 
2600-2550 cn- ’ which would be expected for the enol 
forms (IV) and (V). 

T 
1C. 

M Cl 

__ 11.01 

14.07 23.31 

12.91 23.56 

13.05 23.55 

22.25 21.05 

-_ 17.94 

11.65 -- 

18.92 -- 

11.94 -- 

13.19 -- 

c 
51.61 

36.51 

36.58 

37.08 

34.07 

28.10 

30.58 

28.18 

30.78 

34.11 

% FOI 
” T’ 

A 

4.64 

3.15 

3.49 

3.81 

2.54 

: 

2.20 

2.23 

2.80 

2.08 

2.84 

- 

d 
M 

T 

14.28 

12.95 

12.85 

Ti---- 

11.09 

23.69 

22.90 

23.38 

A 
m in + 

DM.50 

54 

52 

50 

70 

21.72 

__ 

21.53 

17.69 

32 

__ 

11.83 _- 43 

18.80 _- 35 

11.60 _- 27 

12.59 _- 41 

gether with elemental analyses suggest that the ligand 
acts in a bideqtate manner and coordinates via its 
thioketo and NH groups with the formation of a 
5-membered rings around the central metal ion. 

The stereochemistry of the metal chelates are as- 
signed on the basis of their electronic spectra in nujol, 
DMSO as well as pyridine solutions and confirmed 
by magnetic measurements. The results of electronic 
spectra together with magnetic moments are reported 
in Table 2. The magnetic moment of the compound 
[Co(APTS)ClJ+Cl- is found to be 4.62 B.M., which 

RNHC=NNHCOR’=RNHCSNHNHCOR’~RNHCSNHN=~R 

HS 

W) : ~ 1 3 (III) 

where R = phenyl and R’ =- t CH,- i )Cl-. is acceptable for either tetrahedral or five coordinate 
The spectra of all these metal chelates are very structure depending on the extent of chlorine coordi- 

similar. The band at 1730 cm - ’ in the spectrum of the nation. Both the spectra in nujol and DMSO are 
ligand is essentially unchanged in the spectra of the identical and show three bands at 14,700, 16,000 and 
metal chelates. Also, the band at 1570 cm-’ due to 17,850 cm-’ which excludes a five coordinate struc- 
v(C0 + NH) is not affected by chelation. These ob- ture.” The strong band at 14,700 cm- ’ is assigned to 
servations can be taken as evidence that the carbonyl 4A2d4T (P) transition, while the band at 17,900 cm-’ 
group is not involved in coordination to the metal may be assigned to spin-forbidden transitionI which 
ions. The three bands at 1540,150O and 1460 cm - ’ in is typically found for pseudo-tetrahedral structure 
the spectrum of the ligand are likely due to around Co(I1). On dissolution of the Co(I1) chelate 
v(-N-C = S) vibrations9 These bands are assigned as in pyridine the colour changes from green to brown- 
coupled modes principally of fi(NH) and v(CN).” ish red and the spectrum exhibits four bands at 
Also, the bands at 1290 and 790 cm - ’ are due to 14,900; 15,900, 17,900 and 18,900 cm - ‘. These values 
v(C= S) with contribution of v(CN). The negative are different from those obtained in nujol and DMSO 
shifts of these bands to lower wavenumbers in the and are similar to those reported for six coordinate 
spectra of all metal chelates can be taken as evidence Co(R) complexes. I3 The spectra of Ni(II) chelate in 
that the ligand coordinates via the thioketo group. nujol and DMSO exhibit a split band at 14,300 and 
The three v(NH) mode of vibrations undergo a nega- 14,900 cm-’ along with a weak band at 12,200 cm-’ 
tive shift in the spectra of the metal chelates indicating which support the presence of tetrahedral structure 
the involvement of at least one of the v(NH) groups around Ni(I1) ion. Also, the value of magnetic mo- 
in bonding. This supported by the small positive shifts ment k = 3.38 B.M., for Ni(I1) ion suggests a tet- 
of the band at 1020 cn- ’ assigned to v(N-N)” in the rahedral structure around Ni(I1). The spectrum of 
spectrum of the ligand and the appearance of a new Ni(I1) chelate in pyridine shows two bands at 18,900 
band at ca. 335 cm- ’ which may be attributed to and 13,508 cm-’ which are assigned respectively to, 
v (M-N). ‘* In summary, all these observations to- ‘Ati-r3Tl, and 3A2g+‘Eb transitions in octahedral 
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Table 2. Magnetic moments and electronic spectra of the metal chelates 

Compound 
ueff. 

(B.M.) Medium Electronic spectra (in cm 
-1 

7. 103) 

[Co(APTS)C12]+Cl- Nujol mull 13.7(sh), 14.8, 16.1, 17.9 
4.62 DMSO 14.7. 16.0. 17.9 

[Ni(APTS)C12]*C1- 

[CufAPTS)C12]+Cl- 

Pyridine 14.9; 15.9; 17.9. 18.9 

Nujol mull 12.2, 14.3, 14.9, 18.9 
3.38 DMSO 12.2, 14.3, 16.1. lR.S(sh) 

Pyridine 13.5, 18.9 

Nujol mull 11.9, 14.1, 16.9 
2.15 DMSO 12.2, 14.3 

Pyridine 12.2. 16.7 

[Cu(APTS)Br,)+Cl- Nujol mull 12.2(sh), 14.1, lb.l(sh), 19.0, 25.6 
1.93 DMSO 12.(l(sh), 14.1 18.9, 25.6 

Pyridinc 12.2(sh), 16.9 

[Cu(APTS)S04]+C1- 
1.84 

Nujol mull 12.0, 14.1, 14.9(sh), 17.5(sh), 25.0 
DMSO 12.0, 14.1, 14.9(sh). 25.0 
Pyridinc 12.2, 15.4(sh) 16.7 

structure.‘3 Two different types of spectra were 
recorded for Cu(I1) chelates. The spectra of cop- 
per(I1) chloride and sulphate chelates show a broad 
band centred at cu. 14,OOOcm-’ with no discernible 
shoulders, while the bromide chelate shows three 
bands at 12,OOO(sh), 14,100 and l9,OOOcm-’ which 
suggests a square planar for the former and pseudo 
tetrahedral for the latter. The band at 19,000 cm- ’ in 
the spectrum of Cu(II) bromide may be attributed to 
II(Br)+Cu(II).‘S Also, the bands at 25,000 and 
25,600 cm- ’ in the spectra of Cu(I1) sulphate and 
bromide respectively are assumed to arise from 
charge transfer M+L. I6 Finally, the solution spectra 
in pyridine for Cu(I1) chelates were also recorded and 
exhibit a broad band centred at - 16,OOOcn- with 
a low energy shoulder. On this basis all the chelates 
in pyridine are seen to be tetragonally distorted.” The 
values of magnetic moments for the Cu(I1) chelates 
are in a good agreement with those reported for d9 
configuration.1*~‘9 
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Abstract-The reactions of solutions of B,H, in ethers with a variety of aromatic heterocycles containing 
one or more six-membered rings with only one nitrogen per ring have been examined. Quinoline and 
isoquinoline form monoborane adducts which hydroborate in the presence of an excess of B,H,. 
Protonolysis gives the 1,2,3,4-tetrahydro-compounds in both cases. N-Methylquinolinium and N- 
methylisoquinolinium iodides both hydroborate. Hydroboration and halogen loss occur with 2-, 3- or 
4haloquinolines (chlorine or bromine). Prior to hydroboration %-hydroxyquinoline forms a borane 
adduct which rapidly eliminates one equivalent of hydrogen in a probable intramolecular ring closure. 
Sodium 8-hydroxyquinolinate combines with B,H, in an unsymmetrical cleavage reaction to form B,H,- 
or BH,-, and the same ring closed product formed by I-hydroxyquinoline. Phenanthridine and 
N-methylphenanthridinium iodide both readily undergo hydroboration. The products formed by the latter 
with B,H, are 5-methyl-5,6-dihydrophenanthridine-borane and an iodoborane etherate. 
1,8-Naphthyridine forms a transient borane complex which rapidly undergoes hydroboration; pro- 
tonolysis gives 1,2,3,4-tetrahydro-1,8-naphthyridine. 2,2’-Bipyridyl undergoes a complex reaction with one 
equivalent of BH, giving a mixture of bpy.ZBH, and hydroborated products, but 4,4’-bipyridyl does not 
appear to hydroborate. l,lO- and 1,7-Phenanthroline both hydroborate giving a mixture of reduced 
products on protonolysis. Pyridine-borane and 2-phenylpyridine-borane both decompose in refluxing 
diglyme, but protonolysis gives no reduced products in either case. 

During-the past few years we have been interested in 
the reactions of diborane with rigid polydentate 
chelating ligands. In experiments with bases like 
1,l O-phenanthroline, Ghydroxyquinoline and 
1,8naphthyridine we observed unexpectedly complex 
reactions which in most instances turned out to in- 
volve hydroboration of the heterocyclic aromatic 
ring. Since little is known of the reactions of diborane 
with aromatic heterocycles, we decided to explore this 
area for the purpose of determining the scope of this 
reaction. This and subsequent papers contain the 
results of our examination of the reactions of di- 
borane with a wide variety of aromatic heterocycles. 
In this article we describe results with heterocycles 
containing one or more six-membered rings with only 
one nitrogen atom per ring. 

RESULTS AND DISCUSSION 

Quinoline, isoquinoline and their N-methyl cations 
The stable monoborane complexes of quinoline (I) 

and isoquinoline (II) have been known for a number 
of years. 

The adducts may be prepared by the direct reaction 
of the bases with stoichiometric quantities of 
diborane3 or by displacement of borane from weak 
base complexes like Me2S.BH9.4 

In a recent paper Martin et al. reported that quin- 
oline and isoquinoline react with quantities of 
Me,SBH, in excess of that required for adduct for- 
mation to give complex mixtures of high melting point 
which the authors postulate as resulting from hydro- 
boration of the heterocyclic ring.4 

In another recent publication Nose and Kudo re- 
ported the reduction of quinoline, isoquinoline, and a 
number of their C-methyl derivatives by treatment 
with two equivalents of THF.BH3 followed by hydro- 
lysis with hydrochloric acid.5 The authors propose 
that ring reduction occurs during the hydrolysis step 
by the action of B-H-containing intermediates. Al- 
though this is evidently the case when immediate 
hydrolysis is involved, the studies of Martin et aL4 and 
the results presented in this article demonstrate that 
hydroboration occurs before hydrolysis when the re- 
action time is sufficient. 

We have obtained results similar to those of Martin 
et al. in reactions of quinoline and isoquinoline with 
THFaBH, in excess of that required for simple adduct 
formation. Protonolysis gave the tetrahydro deriva- 
tives of quinoline (III) and isoquinoline (IV) in 34 and 
50% yield, respectively. 

We have also observed that yields of III and IV 
improve if reactions are carried out using borane 
complexes of somewhat stronger bases. Thus, treat- 
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ment of quinoline with Me$*BHr or py*BHS followed 
by protonolysis gave III in 53 and 73% yields, re- 
spectively. 

Reaction of quinoline with excess THF.BH, fol- 
lowed by deuteronolysis with 20% DCI/D20 then 50% 
CH,COOD/D,O gave the trideutero compound V. 

D v D 

:I N 

D ’ Ii 

V 

The presence of deuterium on the aromatic ring re- 
sults from electrophilic aromatic substitution during 
workup. The position of the deuterium on the reduced 
ring reveals the site of the boron+arbon bond in the 
hydroborated intermediate.6 

The first step in these reactions is undoubtedly 
coordination of BHx to the nitrogen lone pair. Once 
this site is blocked, the n-bonds in the heterocyclic 
ring are susceptible to attack by additional BH,. In 
support of this hypothesis we studied the reactions of 
the N-methyl cation salts with diborane. The reac- 
tions in both cases were slower, taking cc 3 weeks at 
ambient temperature, but the usual workup gave the 
reduced products VI and VII in 34 and 51% yield, 
respectively. 

C”3 

VI VII 

Scheme 1 illustrates the proposed reaction sequence 
for the case of quinoline. After initial hydroboration, 
reduction of the isolated CN double bond would 
probably follow easily by hydride shift from coordi- 
nated BH, to give an aminoborane. The final struc- 
ture shown is an oversimplification since the BH, 
group on the 3-position and possibly the BH, group 
attached to nitrogen can engage in further hydro- 
borations to form complex crosslinked products. 
That this situation probably exists is supported by our 
boron-l 1 NMR studies of heterocycleexcess borane 
solutions. Spectra usually comprise only very broad 
featureless signals, and no resolved quartets or triplets 
characteristic of amine-boranes or aminoboranes are 
present. 

As an extension of this work, the reactions of 
diborane with the 2-, 3-, and Chaloquinolines VIII, 
IX, and X were examined. In all cases heterocyclic 
ring reduction with loss of halogen occurred. After 
protonolysis and workup, VIII, and IX afforded 
1,2,3,4_tetrahydroquinoline III in 4 and 37% yield, 
respectively. The 7-chloro derivative of III was ob- 
tained from X in 19% yield. 

I 

d :I 1 
Cl N 

X 

These results are consistent with the studies of 
Pasto and coworkers on haloborane eliminations in 
the hydroborations of halogen-substituted olefins.‘,” 
Assuming boron-carbon bond formation at the 
3-position, the situation with VIII and X would re- 
semble that found by Pasto and Hickman in the 
hydroboration of 3-chlorocyclohexene.’ In this sys- 
tem the principal hydroboration product was rruns-2- 

IiH, 

scheme 1. 
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H 

Scheme 2. 

chlorocyclohexylborane from which BH$l was 
readily eliminated in the presence of THF. The re- 
sulting cyclohexene subsequently underwent rapid hy- 
droboration. This sequence is illustrated for the case 
of VIII in Scheme 2. 

Again assuming boron addition at the 3-position, 
the hydroboration of IX would parallel the reaction 
found by Past0 and Snyder with 2-bromostyrene in 
which a-transfer rather than BHzBr elimination oc- 
curred.* A possible sequence for IX is illustrated in 
Scheme 3. If BC bond formation occurred at the 
Cposition on IX, the situation would resemble 
Scheme 2. 

I-Hya’roxyquinoline and its sodium salt 
Reaction with diborane is a two-stage process in 

which complexation and chelate formation are fol- 
lowed by a slower hydroboration. In the early stage of 
the reaction 8-hydroxyquinoline combines with one 
equivalent of BH, and rapidly evolves 1 mole of 
hydrogen. A boron-l 1 NMR spectrum of the reacting 
solution taken immediately after mixing shows a 
quartet and a triplet in addition to the signal of excess 

diborane itself. During a period of Smin at room 
temperature the triplet completely replaces the quar- 
tet, and hydrogen evolution ceases. Prompt hydro- 
lysis yields only unaltered %hydroxyquinoline. These 
observations are consistent with the sequence shown 
in eqn (1). The borane complex XI gives rise to the 

p=-q?q 

OH BH, 

XI 

‘BH, 

XII 
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quartet in the boron-l 1 NMR spectrum. The complex 
then eliminates hydrogen, and we speculate that this 
step may be intramolecular giving the ring compound 
XII. Hydrolysis of XII would give unaltered 
I-hydroxyquinoline. 

The reaction of excess diborane with the salt so- 
dium 8-hydroxyquinolinate proceeds in a similar 
manner. A boron-11 NMR spectrum run moments 
after initiation of the reaction shows the same triplet 
as that assigned to XII plus a relatively sharp singlet. 
The chemical shift of the latter depends directly on the 
quantity of excess diborane present and results from 
the rapid hydride ion exchange between B,Hs and 
B,Hr- .9 These observations are consistent with the 
unsymmetrical cleavage reaction” (eqn 2) and the 
associated exchange reaction (eqns 3 and 4) shown. 

y3 

N 

0-b 

/\ /\ 
- - 

Prompt hydrolysis again yields unaltered 
8-hydroxyquinoline. 

xv 

If these reactions are allowed to stand 24 hr before 
hydrolysis, no 8-hydroxyquinoline is recovered, and 
the triplet in the boron-11 NMR spectrum assigned 
to XII disappears and is replaced by a very broad 
featureless signal. Protonolysis affords small yields 
(7% with I-hydroxyquinoline) of 1,2,3,4-tetra-hydro- 
8-hydroquinoline. Excess diborane is not necessary 
for the loss of XII, although it is consumed if present. 

Phenanthridine and N-methylphenanthridinium iodide 

(quartet, 6 = - 7.7 ppm, J = 81 Hz). This was proved 
by isolation of the intermediate and comparison of its 
IR and boron-11 NMR spectra with those of the 
actual borane complex prepared from the tertiary 
amine XIV. In addition to the quartet assigned to 
XV, the boron-l 1 NMR spectrum contained a singlet 
(6 = 17.8 ppm) and a sharp doublet (S = 27.3 ppm, 
J = 160 Hz) suggestive of the presence of the tri- 
and dialkoxyboranes B(OR), and HB(OR)*, re- 
spectively.” 

Borane adds across the CN double bond in phen- These observations are consistent with the addition 
anthridine in THF at room temperature. Protonolysis of the elements of BH4- across the CN double bond 
gives 5,6-dihydrophenanthridine XIII in 53% yield. (eqn 5). The presence of the alkoxyboranes can be 
In the presence of excess diborane solid explained by an ether cleavage by the iodoborane12 
N-methylphenanthridinium iodide dissolves in a few followed by known disproportionation reactions 
hours in monoglyme, but requires several weeks in (eqns 6 and 7).13 Cleavage of monoglyme could give 
ethyl ether. Methanolysis of the resulting solution several products, but with ethyl ether only ethyl 
gives the tertiary amine XIV in 99% yield. A boron- 11 iodide and ethoxyboranes would form. The isolation 
NMR study of this reaction revealed that the hydro- of ethyl iodide established the occurrence of ether 
boration intermediate is the borane complex XV cleavage. 

+‘32’43 - + BH; 

BH< + l/2 B,H, -B2H7- 

BzH7- + BzH6 e Bz H6 + B2H,- 

BH,I.OR, -RI 

BH,OR - HB (OR), , 

+ BH,OR 

BEf?), BH, 

(2) 

(3) 

(4) 

(5) 

(6 1 

(7) 
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A similar addition of the elements of BI-&- to an 
N-methyl iminium group has been reported by Yam- 
ada and Ikegami in the reaction of THF-BH, with 
1,2-dimethyl-34dihydroisoquinolinium iodide 
XVII4 The product was found to be the tertiary 
amine-borane XVII, but no investigation of possible 
ether cleavage was undertaken. 

C’43 

CHFI@ 

XVI 

CH3 

XVII 

1 ,I-Naphthyridine 
Boron-11 NMR study reveals that at low tem- 

perature 1,8-naphthyridine forms a borane complex 
of as yet undetermined stoichiometry. Above 0” the 
quartet signal of the adduct loses intensity, and an 
irreversible hydroboration occurs which is complete 
within 4 hr at room temperature. Approximately 
1.19 mol of diborane is consumed per mol of 
1,8-naphthyridine. The IR spectrum of the hydro- 
boration product shows both BH terminal and bridge 
stretching. Protonolysis gives the 1,2,3,4- 
tetrahydro-derivative XVIII in 44% yield. Similar 
workup using CH&OOD gives a product with deu- 
terium in both the 3 and 4 positions on the saturated 
ring. 

I 
Ii 

XVIII 

2,2’ and 4,4’-bipyridyl 
Excess diborane reacts immediately with 

2,2’-bipyridyl (bpy) in monoglyme to form an in- 
soluble air-stable bis-borane complex bpy.2BH,.” In 
an attempt to prepare and characterise the mono- 
borane adduct bpy.BHg, we reacted bpy with one half 
mole of diborane in monoglyme. Surprisingly, the 
reaction proved to be more complex as evidenced by 
the precipitation of solid products over a 1-2-day 
period and the gradual coloring of the initially clear 
colorless solution to a deep orange-red. The IR 
spectrum of the insoluble material comprised all the 
absorptions of bpy.2BHS plus bands from an 
unidentified substance. Tbe IR spectrum of the 
monoglyme-soluble products showed no BH stretch- 
ing bands and was not that of bpy itself. Protonolysis 
of these products gave unaltered bpy and a mixture 
of partially reduced products (PMR and mass spec- 
troscopic evidence). The further separation and char- 
acterisation of these materials was not pursued. 

As with bpy, excess diborane reacts with 4,4’- 
bipyridyl in monoglyme to form an insoluble air- 
stable bisborane complex which regenerates 
4,4‘-bipyridyl on hydrolysis. Reaction of 
4,4’-bipyridyl with one half mole of diborane gives no 
evidence for hydroboration, and hydrolysis regen- 
erates unaltered 4,4’-bipyridyl in high yield. 

In the case of the 2,2’-isomer it appears that 
bpy*BH3 may form initially, but a variety of more 
complex reactions including disproportionation and 
hydroboration subsequently occur. As pure specu- 
lation, we suggest that the difference in behavior of 
the 2,2’- and 4,4’-isomers toward one equivalent of 
BHS may hinge upon a chelate effect. Reduction of 
the 2,2’-isomer may be promoted by a hydride dis- 
placement from coordinated BH3 assisted by a neigh- 
boring nitrogen lone pair (eqn 8). 

J 
further 
hydroborotion 

l,lO- and 1,7-phenanthroline 
Both bases react rapidly with diborane in a com- 

plex manner giving colored intermediates and com- 
plex stoichiometry. The products give broad, un- 
resolved boron-11 NMR spectra and IR spectra 
showing both terminal and bridge BH stretching 
absorptions. Protonolysis gives poor yields of mixed 
tetra- and octahydrophenthrolines (mass spectral ev- 
idence). The further separation and characterisation 
of these substances was not pursued. 

Pyridine and 2-phenylpyridine 
The borane adducts of many pyridine (py) deriva- 

tives are relatively stable, well characterized sub- 
stances. Pyridine-borane itself (pyBH,) is commonly 
used as a reducing agent and is available commer- 
cially. Although these substances can be handled 
safely at room temperature, py-BH, is known to 
undergo a violent reaction when heated.i6s” To deter- 
mine whether this process might be a hydroboration, 
we examined the products formed by heating diglyme 
solutions of py.BH, and 2-phenylpyridine-borane. We 
found that refluxing diglyme solutions of py*BH, as 
dilute as 0.29 M underwent violent exothermic reac- 
tion, suddenly generating large amounts of colorless 
insoluble material after induction periods of 
30-45 min. The decomposition of 
2-phenylpyridine-borane was not violent. Pro- 
tonolysis gave no product at all in the case of py.BH, 
and only a small amount of starting material with 
2-phenylpyridine-borane. Substantial quantities of 
intractable materials were formed in both workup 
procedures. The decomposition reactions may in- 
volve a Lewis-acid promoted ring-opening poly- 
merization rather than a hydroboration.‘* 

Note on protonolysis procedure 
In the early stages of this work we found that the 

standard protonolysis procedure of adding propionic 
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or acetic acid to cleave boron-carbon bonds in 
organoboranes” often resulted in the isolation of 
N-propyl or N-ethyl derivatives of reduced hetero- 
cycles. These products probably arise through the 
reducing action of intermediate acyloxyboranes 
formed by the action of the carboxylic acid on 
residual or unreacted borane. Processes of this type 
have been proposed by Gribble et al. in studies of 
amine alkylations using sodium borohydride in car- 
boxylic acid media. *O The problem of unwanted N- 
alkylation was circumvented by carrying out the 
protonolysis step with 50% aqueous acetic or pro- 
pionic acid. The effect of the added water is most 
likely the rapid destruction of residual boranes or 
acyloxyboranes before reduction can occur. 

EXPERIMENTAL 

Reagents. The following were purchased from the Aldrich 
Chemical Co.: quinoline, isoquinoline, 2_chloroquinoline, 
3-bromoquinoline, 4,7dichloroquinoline, 8-hydroxyquino- 
line, phenanthridine, 2,2’-bipyridyl, 4,4’-bipyridyl, 
I,1 0-phenanthroline, pyridine-borane, 2-phenylpyridine, 
THF.BH,, and Me,SBH,. 1,7-Phenanthroline was obtained 
from the Pfaltz and Batter Chemical Co. Purification, 
dehydration, or conversion from hydrochloride salts of 
some of the above bases was performed as needed by 
standard methods. N-methylquinolinium iodide, N- 
methyhsoquinolinium iodide, and N-methylphenan- 
thridinium iodide were prepared by treating the appropriate 
base with CH,I followed by standard purification. Di- 
borane,*’ acetic acid-d,” and 1,8-naphthyridine? were pre- 
pared by standard methods. The solvents ethyl ether, 
monoglyme (1 ,Zdimethoxyethane), diglyme 
(bis(2-methoxyethyl) ether), tetrahydrofuran (THF), and 
methanol were purchased commercially and were dried by 
standard methods. For use on the vacuum line the first four 
were siored in evacuated bulbs over LiAlH, and were 
vacuum transferred directly into reaction vessels when 
needed. 

Spectra. Boron-11 NMR spectra were obtained using a 
Varian HA-100 spectrometer operating at 32.1 MHz. 
Chemical shifts are relative to Et,O.BF,, and downfield 
shifts are positive. NMR reactions were performed in a 
vessel of about 10 ml volume designed to fit into the probe 
of the spectrometer. Proton NMR spectra were obtained 
with a Varian T60 spectrometer. IR spectra were obtained 
with a Perkin-Elmer 337 spectrophotometer. Mass spectra 
were run on a Hewlet-Packard 593OA spectrometer oper- 
ated by the University of Arizona Analytical Center. 

Methods. Standard high vacuum and inert atmosphere 
techniques were used in all small quantitative experiments.24 
On a larger scale the basic methods described by Brown et 
al. were employed. 2J In most cases the workup of hydro- 
boration products was generaily the same and involved 
preliminary refluxing with Soo/, acetic or propionic acid (see 
above) followed by treatment with aqueous NaOH until 
basic, extraction with CHCI,, drying with MgSO,, evapo- 
ration, and recrystallization or distillation as appropriate. 

Quinoline and diborane 
A freshly dried and distilled sample of 5.0 g (39 mmol) of 

quinoline was added to 116 cm’ of 1M BH, in THF in a 
nitrogen filled dry box and the mixture was allowed to 
stand at room temperature for 5 days. The resulting yellow 
solution was concentrated under vacuum and treated with 
100 cm3 of methanol to destroy residual active hydride. The 
solution was again concentrated and worked up as de- 
scribed above. Vacuum distillation of the dried CHCl, 
extract gave 1.7 g (34%) of 1,2,3,Qtetrahydroquinoline (III) 
(b.p. 88-90°. at 1 torr; identification by IR and PMR). 

In an experiment similar to the above, the hydroborated 

quinoline was treated with 40, then 20”/. DCl/D,O to 
destroy active hydride and was then refluxed with 50% 
CH,CDOD/D,O. Workup gave 3,6,8&deuterio- 
1,2,3,4_tetrahydroquinoline (V). IR (neat, v CD) 2251, 
2166cm-‘; PMR (neat) 1.78 (m, lH), 2.69 (d, 2H, 56.3 Hz), 
3.08 (d, 2H, J54Hz), 3.75 (s, lH), 7.02 and 7.07 (s, 2H 
combined); MS, m/e 136 [p+], base peak at low ionization 
energy. 

Isoquinoline and diborane 
An experiment paralleling the above with 19g 

(148 mmol) of isoquinoline and 220 cm3 of 0.45M BH, in 
THF gave 9.78 g (SPA) of 1,2,3,4_tetrahydroisoquinoline 
(IV), identified by comparison of IR and PMR spectra with 
an authentic sample. In a vacuum line experiment, 2.78 g 
(21.6mmol) of isoquinoline in diglyme consumed 
27.6 mmol of B2H, (1: 1.28 ratio). 

N-Methylquinolinium iodide and riiborane 
Treatment of 22.2 g (82 mmol) of N-methylquinolinium 

iodie in 5Ocm’ of THF with 164ml 1M BH, in THF for 
3 weeks gave, after workup, 4.1 g (34%) e by vacuum 
distillation (85” at 1 torr). The product was identified by IR, 
PMR and mass spectrometry. 

N-Methvlisoauinolinium iodide and diborane 
Treatment of 22.2 g (82mmol) of N-methyliso- 

auinolinium iodide in 5Ocm’ THF with 164ml 1M BH, in 
TI-IF for 3 weeks gave, after workup, 6.2 g (51%) of b, 
m.p. methiodide, 189190”, lit. 190”.” 

2-Chloro-, 3-bromo- and 4,7-dichloroquinoline and diborane 
Reactions were carried out in the usual way with the 

quantities of reactants listed below. After standard workup 
the crude products were chromatographed in alumina using 
hexane, hexan&sopropanol(9 : 1), and hexan+isopropanol 
(3: 1) as successive eluants. Much tarry material was re- 
tained on the column in all cases. Product identification was 
bv IR and PMR. 

-Treatment of 5.07 g (31.0 mmol) of Z-chloroquinoline in 
50 cm3 THF with 95 ml 1M BH, in THF for 1 week at 25” 
gave after workup 0.161 g (3.YA) III. 

Reaction of 4.97 g (23.9 mmol) of 3-bromoquinoline in 
50 cm3 THF with 72 ml 1M BH, in THF for 1 week at 25 
produced after workup 1.17 g (36.7%) III. 

Treatment of 5.08 g (25.7 mmol) of 4,7dichloroquinoline 
in 50 cm3 THF with 80 ml 1M BH, in THF for 1 week at 25” 
gave after workup 0.8 I g (18.8%j of the 7-chloroderivative 
of III. 

I-Hydroxyquinoline and diborane 
A freshly-combined mixture of 0.131 g (0.906 mmol) of 

8-hydroxyquinoline, 1 cm3 monoglyme, and 1.2 mmol of 
B,H, was allowed to warm from the solvent melting point 
to - 5” in the NMR probe. The boron-l 1 NMR spectrum 
initially consisted of three approximately equal signals: that 
of unreacted B,H,, a triplet at 5.1 ppm, J, 112 Hz<XII), and 
a auartet at - 11.1 uom. J. 93 Hz 0. Within 15 min the 
quartet had disappe&d’leaving the diborane signal and a 
greatly enhanced triplet. The evolution of hydrogen, which 
had been steady since the start of the reaction, stopped at 
this point. Over a 20-hr period at room temperature the 
triplet and the diborane signals were replaced by very broad 
featureless absorptions. 

In a larger scale reaction, a 1.016-g (7.01 mmol) sample of 
8-hydroxyquinoline dissolved in 20 cm3 of monoglyme was 
allowed to react with 7.74mmol of B,H, at 25”. Vigorous 
hydrogen evolution ceased within 30min leaving a clear 
yellow solution. The vessel was opened after standing 
several days and 7.35mmol of hydrogen was collected. 
Vacuum fractionation of volatile products gave 0.99 mm01 
of recovered B,H, (6.75mmol consumed). The usual 
workup of the yellow, oily residue gave a low yield (< 10%) 
of 1,2,3,4-tetrahydro-8-hydroxyquinoline m.p. 119121”, lit. 
122.5”.*’ Mass spec. parent ion m/e 149. 
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A similar experiment in which workup was performed 
3 hr after initiation of the reaction gave only unchanged 
I-hydroxyquinoline (62% recovery). 

Sodiwn 8-hydroxyquinolinate and diborane 
An NMR reaction was carried out using 0.129 g 

(0.774 mmol) of sodium I-hydroxyquinohnate and 
1.02mmol of BrH, in 1 cm-’ of monoglyme. The solid dis- 
solved readily giving a clear yellow solution. No hydrogen 
was produced. The boron-11 NMR consisted of a strong 
triplet identical with that of XII and a singlet due to 
B,H,--B,H, exchangelo at -20.7ppm. After 24 hr the 
triplet had disappeared, and the spectrum comprised the 
&H,--B,H, exchange singlet and a very broad featureless 
absorption at lower field. 

Phenanthridine and diborane 
A 1.55-g (9.99mmol) sample of phenanthridine was al- 

lowed to react with 13.9 cm3 of IMBH, in THF at room 
temperature for 2 weeks. Workup gave 0.96g (53%) of 
5,ddihydrophenanthridine (XIII), m.p. 122%123”, ht. 
123”.*s In a separate quantitative vacuum line experiment 
0.358 g (2.00 mmol) of phenanthridine consumed 2.72 mm01 
BrH, (1: 1.36 ratio). 

N-Methylphenanthridinium iodide and diborane 
A 0.587-g (1.83 mmol) sample of N-methylphenan- 

thridinium iodide was sealed in an all-glass vessel with 10 cm3 
Et,0 and 1.83 mm01 B,H,. The solid gradually dissolved 
over a 6-week period giving a clear colorless solution. 
Vacuum line separation of volatile products gave 0.27 mm01 
of unreacted B,H, and a small amount of C,H,I (gas IR). 
A mass spectrum of the colorless solid residue showed it to 
be 5,6-dihydro-5-methylphenanthridin&orane (XV) (par- 
ent ion m/e 209). IR vBH (in cm-‘): 24OOs, 235Os, 2255m. 
Treatment of XV with anhydrous methanol followed by 
vacuum evaporation of the clear colorless solution gave 
0.409g (99.4%) of the 5,6_dihydro compound XIV, m.p. 
49-51”. lit 46-48”.r, Reaction of 0.215 g (1.10 mmol) of XIV 
with 1.51 mm01 B,H, in monoglyme foilowed by separation 
of volatiles (0.56 mmol B2H6 consumed) gave a solid with an 
IR spectrum superimposable upon that of XV. 

In- a separate NMR reaction, a 0.283 g (0.878mmol) 
sample of N-methylphenanthridinium iodide dissolved in 
1 cm3 of monoglyme in the presence of 1.13 mm01 B,H, in 
24 hr. The boron-11 NMR spectrum is described above. 

1,8-Naphthyridine and diborane 
A 0.622-g (4.79mmol) sample of 1,8-naphthyridine in 

10 cm3 of monoglyme was allowed to react with 7.36 mm01 
of B,H, at room temperature for 24 hr. Vacuum line sepa- 
ration of volatile materials indicated the consumption of 
5.71 mmol of B,H,. The involatile solid residue was air- 
sensitive and showed BH and BHB IR stretching bands at 
2400, 2390, 2310, 2000 and 188Ocm-i. Treatment of this 
residue with 50% acetic acid followed by the usual recovery 
procedure gave 0.283 g (44%) of the tetrahydro compound 
XVIII, identified by PMR.r” 

In an NMR experiment a 1.62~mm01 sample of BsH6 was 
condensed on to 0.142 g (1.09 mmol) of 1.8-naphthyridine 
and 1 cm3 of monoglyme at - 196”. The vessel was warmed 
until the solvent melted and was placed in the NMR probe 
cooled to -40”. The boron-11 NMR spectrum at this 
temperature consisted of a B,H, signal and a broad quartet 
at approx. 7ppm, J, 80Hz. Upon warming to room tem- 
perature the quartet rapidly disappeared and was replaced 
by a broad unresolved signal. 

4,Y-Bipyridyl and diborane 
A 1.8~mm01 sample of B2H6 was condensed into a vessel 

containing a solution of 0.208 g (1.33 mmol) of 
4,4’-bipyridyl in 10 cm3 of monoglyme. As the solvent melted, 
a colorless solid formed and persisted at room temperature. 
No further change was seen. After 24 hr, fractionation of 
volatiles showed 1.37 mm01 of B2H6 had been consumed 

(complex composition bpyl.03 BsH6). The colorless solid 
bisborane adduct was air stable and showed IR BH stretch- 
ing bands at 2350 s, br; 2275 m, sh. Solvolysis in acidified 
ethanol and treatment with base gave unchanged 
4,4’-bipyridyl. 

In a long term experiment 2.09 mm01 of BrI-&, 0.226 g 
(1.45 mmol) of 4,4’-bipytidyl, and 10 cm3 of monoglyme were 
left to stand at room temperature in a sealed Pyrex tube for 
1 yr. Solvolysis as above gave unchanged starting material 
(80%). 

AsampleofO.217a(1.39mmol)of4,4’-bipyridylin 10cm3 
of mondglyme was ahowed to react with 0.691 mm01 of 
B-H, in a sealed Pvrex tube. The solid-free. light-vellow - “. 

- _ 

solutton was allowed to stand at ambient temperature for 
1 yr prior to standard workup. Only starting material was 
recovered (91%). 

2,2’-Bipyridyl and 0.5 equivalent of diborane 
A 2.275-g (14.6 mmol) sample of 2,2’-bipyridyl in 10 cm3 

of monoglyme was treated with 7.22 mm01 of diborane in a 
100-cm3 reaction vessel. The originally clear colorless solu- 
tion turned dark orange over several hours and a colorless 
solid, identified as bpyZBH, by its IR spectrmn,‘5 formed 
over a period of 2 days. The usual workup gave a dark red 
liquid product. The PMR of this material showed it to be 
a mixture of starting material and nonaromatic products. A 
mass spectrum of the mixture showed parent peaks at m/e 
156 (bpy) and m/e 166 (a decahydro product). No further 
separation or characterization of the products was at- 
tempted. 

l,lO-Phenanthroline and diborme 
A 0.106 g (0.588 mmol) sample of l,lO-phenanthroline in 

5 cm3 of monoglyme was treated with 1.43 mm01 of BsH,. 
The initially colorless mixture rapidly turned dark purple as 
the vessel came to room temperature, then changed to dark 
green over 1 hr and finally lightened to yellow with the 
formation of a solid of the same color after 24 hr. No further 
changes occurred and no hydrogen was evolved. A sample 
of the air-sensitive yellow solid showed BH stretching 
absorotions at 2580. 2470. 2410. 2360. 2310. 2030 and 
1940&n-‘. Fractionation’ of volatilks showed that 
1.49mmol of bH6 had been consumed per mm01 of 
1, IO-phenanthroline. Standard workup gave an air-stable oil 
which was chromatographed on alumina using 
benxenechloroform (80/20) as an eluant to give a light 
yellow oil which was a mixture of tetra- and octa-hydro- 
I,lO-phenanthrolines (MS parent ions m/e 184, 188) in less 
than loO/, yield. No further separation was attempted. 

1,7-Phenanthroline and diborane 
A 0.363-g (2.01 mmol) sample of 1,7-phenanthroline in 

10 cm3 of monoglyme was treated with 3.87 mm01 of di- 
borane. Reaction was evidenced by the appearance of 
yellow-brown crystals on standing 24 hr. After 3 days, 
fractionation of volatiles showed 1.65 mm01 B,H, absorbed 
per mm01 phenanthroline. Standard workup gave a 
red-orange oil which was a mixture of tetra- and octahydro- 
derivatives (MS parent ions m/e 184, 188). No further 
separation or characterization was attempted. 

Decomposition of pyridbw-borane 
A 0.560-g (6.02mmol) sample of pyridin*borane in 

21 cm3 of diglyme (0.29 M solution) was heated to reflux in 
a nitrogen atmosphere. After 45min, cream+zolored solid 
began to separate from solution. Within 4min the for- 
mation of this material became so vigorous and exothermic 
that much of the solution and solid bumped to the top of 
the reflux condenser. On cooling, the products were subjec- 
ted to standard workup. Nothing was recovered. 

2-Phenylpyridine ond diborane 
A diglyme solution of 2-phenylpyridine-borane, formed 

by treating 4.0 g (25.8 mmol) of 2-phenylpyridine in 20 cm3 
diglyme with 28.2 mm01 of B,H, followed by vacuum evap 
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oration of excess B,H,, was rcfluxed in a nitrogen atmo- 
sphere for 2 days. The usual workup followed by distillation 
gave 1.2 g (30%) of unchanged 2-phenylpyridine and cu 1.5 g 
of tarry residue in the distilling flask. 
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AIrstrati-With several chloro ruthenium phosphine complexes, allyldifluorophosphite, F,PGC,H,, dis- 
places triphenylphosphine to form new compounds in which it acts as a phosphorus donor hgand. The 
new complexes ~Ph&[F$GC,H~Ru(CO][Cl]~, I, and [(PPh,),(F*POC,H,),RuCl~“, II, have been 
character&d by chemical, spectroscopic, and, in the case of I, crystallographic means. This behaviour of 
F,PGC,H, contrasts to its reactions with several platinum and palladium chloro complexes where it 
undergoes Arbuxov-type rearrangements. 

Both PF, and phosphite esters, P(OR),, are im- 
portant ligands in organometallic and coordination 
chemistry. Consequently, it is somewhat surprising 
that the metal chemistry of the organofluoro- 
phosphites, F,P(OR),_,, n = 1 or 2, has not received 
much attention. In previous studies a few complexes 
in which compounds of the type F,P(OR), _ n serve as 
conventional phosphorus ligands have been iso- 
lated.“’ Of greater interest, however, is the ability 
of certain organodifluorophosphites to undergo 
reactions, formally related to the classic 
“Michaelis-Arbuxov” reaction, producing complexes 
of FzPG .= The F,PO- ion is isoelectronic with 
PF,, and is known to serve both as a monodentate 
ligand bonding through phosphorus and a bridging 
ligand in which both phosphorus and oxygen are 
coordinated.w 

The lack of simple synthetic routes to F,PO - or its 
complexes has, no doubt, prevented a systematic 
evaluation of its ligand properties. Thus, the possi- 
bility that reactions of F,POR could provide a gen- 
eral route to its preparation is an interesting question 
to explore. Previously square planar platinum group 
halides have been shown to effect the transformation 
in several cases. )-8 In this note we would like to report 
the reaction of F,POCH,CH= CH, with several 
ruthenium complexes. Allydifluorophosphite, 
F2POCSH,, was chosen for these studies since it is the 
organodifluorophosphite which is known to form 
most easily F*PO- complexes via a 
Michaelis-Arbuzov reaction. 

*Authors to whom correspondence should be addressed. 
tDepartment of Chemistry, University of Hawaii 

Honolulu, HI 96822, U.S.A. 

EXPERIMENTAL 
All manipulations were carried out under a dry nitrogen 

or argon atmosphere using standard techniques. Solvents 
were dried and deoxygenated by appropriate means and 
distilled immediately before use. Published procedures were 
used to prepare F,PGC,H,,’ (Ph~)rRu(CO)(H)(Cl),io 
(Ph,P),RuCl,,” and (Ph,P),RuCl,.” 

NMR spectra were recorded on CDCI, solutions using a 
Varian XL-100 spectrometer. Chemical shifts are referenced 
to internal Si(CH,), for ‘H, external CC&F for 19F, and 
external 85% H,PG, for 3’P. Chemical shifts are positive to 
high frequency. IR spectra were obtained on Nujol mulls, 
KBr pellets and solutions using a Perkin-Elmer IR 4260 
spectrometer. Elemental analysis was performed by Mi- 
kroanalytisches Laboratorium Belier, Gottingen, West Ger- 
many. 

Reaction of (Ph,P),Ru(H)(CO)(CI) with F,POC,H,. The 
preparation of (Ph,P),(F,POC,H,)Ru(CO)(H)(Cf), I 

A 0.24 g sample of (Ph,P),Ru(HHCOMCl) was dissolved 
in 10 cm3 of CH$l,. From a&tinge b.46.g (3.6 mmol, about 
0.5 cm’) of F,PGC,H, was added to the solution. After 1 hr 
stirring’ the vbhmre was reduced to about 3 cm3 by evapo- 
ration under vacuum; the mixture was then placed in a 
freezer at -20” for about 18 hr. After this period white 
crystals had formed. They were removed, washed with 
two IO-cm3 portions of diethylether and dried under 
vacuum to yield 0.12 g of (Ph~P)2(F2PGC,H~)Ru(CO)- 
(CI)(H)H,CCl,. Anal. for C,‘H,Cl’F,OrP,Ru. Calc. C, 
55.7; H, 4.02; P, 11.68. Found: C, 56.69; H, 4.43; P, 11.66%. 
IR v(CO), 1985cm-’ (s); v(Ru-H), 1915cm’(w). 

Reaction of (Ph,P),RuC1, with F,POC,H,. The preparation 
of (Ph,P)z(FzPOC,H,),RuClz, JI 

A 1.06 g sample of (Ph,P),RuCl, was dissolved in 20 cm3 
of benzene and 0.9 cm3 of FmC,H, added. Over a l/2 hr 
period the initially very deeply coloured solution faded to a 
light yellow color and a pale yellow solid began to precip 
itate. After 24hr the solution was filtered, the precipitate 
washed with four 10 cm’ portions of diethylether and dried 
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under vacuum to give 0.56 g of (Ph,P)r(F,POC,HJ,RuCl~ 
Anal. for C&,,,Cl,F,O~P,Ru. Calc. C, 53.16; H, 4.22; Cl, 
7.49; P, 13.08. Found: C, 53.63; H, 4.35; Cl, 7.56; P, 
13.WA. 

Using the same procedure., II, can be obtained by the 
reaction of (Ph$‘),RuCl, with FJ’OCrH,. II can be re- 
crystallized from CH&I, or CHCI,. 

RESULTS AND DISCUSSION 

The reaction of (Ph,P)rRu(H)(CO)(Cl) with an ex- 
cess of F,POC,H, at ambient temperature produces 
(PhsP),(FrPOC,H,)Ru(H)(CO)(Cl), I. This white 
complex has been characterized by the usual anal- 
ytical and spectroscopic methods. NMR data, ob- 
tained on freshly prepared CDCl, solutions, are sum- 
marized in Table 1, and are consistent with the 
proposed empirical formula for I. The 27.7 Hz cou- 
pling of the phosphorus in F,POC,Hr with two equiv- 
alent PPh, phosphorus nuclei is typical of couplings 
between cis phosphorus ligands in octahedral com- 
plexes,‘2 and the 224 Hz J(PRuH) coupling observed 
between FrPOCrH, and the Ru-H is in the character- 
istic range for a phosphite lranr to a hydride.13 In the 
IR spectrum, a strong band at 1983 k 3 cm-’ can be 
assigned as v(C0) while a weak absorption at 
1918 f Scm-’ arises from v(Ru-H). Thus, v(C=O) 
is shifted to a higher frequency in I than in the starting 
material, where it appears at about 1920 cm-‘. Such 
shifts are typical when a PPh, group is substituted by 
a better x-accepting ligand, and have previously 
been seen with phosphite, P(OR),, derivatives, 
(Ph,P), -.(P(OR)3),Ru(H)(CO)(Cl).‘3 The IR spec- 
trum also contains peaks virtually identical to those of 
free F,POC,H, and indicates that extensive ligand 
rearrangement has not occmred during the formation 
of I. 

These data suggest that I is an octahedral complex 
derived from (Ph,P),Ru(H)(CO)(Cl) by substitution 
of the Ph,P group trans to the hydride ligand by 

F,POC,HS. This structure has been confirmed by 
single crystal X-ray diffraction’” and the resulting 
structure is shown in Fig. 1. It is noteworthy that 
F,POCrH, is coordinated through the phosphorus 
atom and that no interaction occurs between the ally1 
fragment and any other portion of the molecule.‘4 

Reaction of FrPOCrH, with both (Ph,P),RuCl, and 
(Ph,P),RuClr produces a pale yellow complex of em- 
pirical formula (Ph3P),(FrPOC3H5)rRuClz, II. Re- 
tween 750 and 4OOOcrn the IR spectrum of II is 
essentially a superposition of the spectra of Ph3P and 
F,POC,H,, and thus strongly implies that no mar- 
rangements have occurred in these ligands upon their 
coordination to ruthenium. NMR data indicate that 
II is an octahedral complex with truns F,POC,H, 
ligands located cb to two cis Ph,P groups. If ‘H 
couplings are ignored, ‘9F and “P spectra obtained on 
freshly prepared samples of II in DCCI, represent a 
well-resolved A,A,‘MM’XX’ spin system. While the 
spectra are not first order, they can be analyzed and 
computer simulated, yielding the parameters given in 
Table 1. The 889.9 Hz coupling between phosphorus 
atoms in two equivalent F,POC,H, ligands indicates’* 
that they are rranr while the 53.3 Hz coupling between 
F,POC,H, and PPh, phosphorus atoms is character- 
istic of cis ligand configurations. The following stereo- 
chemistry for II is thus indicated 

WWHS 
Ph,P., 1 ,Cl 

Ph 
W’WH, 

Whether II is monomeric or possesses an oli 
chloride-bridged, ionic structure similar to t 

omeric, 
% ose of 

Fig. 1. Molecular structure of (PhsP)2(FJQC,H,)Ru(H)(CO)(Cl).14 A hydrogen atom (which was 
located) is assumed to occupy the vacant position in the coordination sphere about ruthenium. 

not 
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SYNTHESIS AND CHARACTERIZATION OF LAYERED 
TETRAVALENT METAL TERPHENYL MONO- 

AND BIS-PHOSPHONATES 
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(Received 20 September 1982; accepted 20 December 1982) 

Abatraet-The syntheses of p-terphenylphosphonic acid and p,p”-terphenyl-bb-phosphonic acid have 
been developed, and the resulting products were used to prepare layered Th(IV) and Zr(IV) 
phosphonates. The monoacidic terphenyl species formed a bilayered structure while the diacid created 
a pillared geometry. Mixed component phases were also produced. Synthesis, characterization, X-ray 
and thermal properties of these materials are discussed. 

INTRODUCTION 

Several reports of the preparation and properties of 
the tetravalent metal phosphonates -M(O,PR),- 
which have a layered structure and therefore access to 
the bulky -R groups via intercalcation have now ap- 
peared.‘-’ The terminal functions of the appended 
organic group can thus interact with guest species in 
a variety of selective sorption, ion-exchange or cata- 
lytic reactions. Furthermore, since the coexistence of 
more than one group between the layers is possible3s6 
polyfunctional systems can be conceived, micro- 
porosity can be incorporated (using pillaring cross- 
linking groups) and groups larger than the limiting 
cross-sectional area per site (about 24A* for the 
zirconium salts) can be included by adding compen- 
satory small groups. 

The synthesis of these compounds usually involves 
simple precipitation of the phosphonic acid with the 
metal ion. However, in many cases some of the most 
desirable -R groups are not readily available as 
phosphonic acids, either commercially or via the sim- 
ple Arbuzov or related reactions.7 We have chosen 
one of the more difficult, and most useful, of the class, 
the polyaromatic mono- and bb-phosphonic deriva- 
tives, to illustrate how the layered compounds can be 
prepared and characterized. We focus upon the tho- 
rium salts because they are found to be generally more 
crystalline (i.e. they yield sharper X-ray diffraction 
reflections). The polyphenyl-bz’s-phosphonic acids are 
particularly good pillars because they are rigid and 
oriented perpendicularly between the lamellae. They 
are potentially valuable, therefore, in the architecture 
of microporosity in the interlayer regions. 

Figure 1 shows a simplified structure of the layered 
phosphonates. 

EXPERIMENTAL 

All reagents and starting materials were obtained from 
commercial suppliers and used as received. Powder patterns 
were run on a Philips diffractometer using Cu & radiation. 
The thermogravimetry was performed on a DuPont 
DTA/TGA instrument, using air, and a heating rate of 
2O”/min. 

p-Bromoterphenyl and p,p”-dibromoterphenyl. These wm- 

mDeceased 16 August 1982. 

pounds were prepared by method8 described in the litera- 
ture: and were actually obtained in the same reaction. They 
can be separated into pure components by selective extrac- 
tion with hot ethanol. Each had the proper melting point. 

Diethyl-p-terphenylphosphonate. p-Bromoterphenyl, 4.0 g 
(0.0129 mol), was slurried in 50 cm3 of mdiisopropylbenz- 
ene, heated to 14O”C, and 1OOmg of palladium dichloride 
were added to the solution. Then, while the reaction mixture 
was maintained at 16O”C, 2.55 cm3 (0.0148mol) of tri- 
ethylphosphite were added over a period of 1 hr. This slow 
addition is required to prevent deactivation of the catalyst. 
After 3 hr at 16O”C, the reaction mixture was cooled and the 
product fractionally distilled using a Kugelrohr at 
17O”C/O.4 torr, leading to a residual dark solid (4.0 g) whit 
h proved to be a 1: 1 mixture of starting material and 
product. This assessment was made on grounds of both 
NMR and elemental analysis. Since we planned sub- 
sequently to hydrolyze and precipitate the phosphonate, this 
mixture was used without further purification. This “short- 
cut” could not be used in the case of the bLr-phosphonic acid 
(vi& infia), since contaminants would also react in later 
steps, unlike the case with bromoterphenyl. 

p,p”-Terphenyf(bis)diethyfphosphonate. Using the same 
route as before, S.OOg (0.0129mol) of dibiomoterphenyl 
were added to 50cm3 mdiisopropylbenzene and heated to 
150°C. To the slurry which resulted, 0.220 g of palladium 
dichloride was added and the mixture brought to 16O”C, 
whence 4.86 cm3 (0.0283 mol) triethylphosphite were added 

/‘I\ /‘I\ /‘I\ 1 

\?/O ; O\p” ;, “\i/O 
,:‘, I 
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I 

A\ 

O 

A 

“1 /O 7 

/“I\ 

O\ /O O O 

Zr Zr Zr 

Fig. 1. Depiction of the framework sheet structure of the 
tetravalent metal phosphonates. 
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dropwise over 3 hr. (The addition was timed so that no 
triethylphosphite reflux occurred) Vacuum distillation 
(12O”C/l torr) of the solvent and phosphite left a dark solid 
which still contained some bromoaromatic, so the procedure 
was repeated to yield finally 5.8 g (90%) of solid having the 
appropriate NMR, but containing residual palladium. 
(Calcd. for C H 0 P C, 62.1x, H; 6.43, P, 1213; Found: 26 32 6 2’ 
C, 59.6. H. 6.01. P. 11.3. Pd. 3.1.) The oalladium was 
removed in .the next step, the hydrolysis of ihe phosphonic 
ester to the acid. When chromatography was attempted to 
purify the ester, much was lost on the column, presumably 
due to its association with the palladium. 

Hydrolysis of the phosphonate esters andprecipitation with 
thorium(W). In the case of both phosphonate esters, the 
mono- and bi.r-substituted terphenyls, suitable conditions 
were sought for hydrolysis and separation of contaminating 
palladium. Furthermore, in the case of the mono- 
phosphonate, the product has to be freed of bromoterphenyl 
which was present (oi& supra). The best conditions for 
hydrolysis were found to be heating for 1 hr in 30 cm3 of 30% 
HBr in acetic acid, cooling, and filtering to remove pal- 
ladium and the product phosphonic acid. The latter was 
extracted into hot dioxane to which was added a solution 
of thorium nitrate in 80% dioxane/water. The resulting 
precipitate after refluxing for 20 hr. was washed with hot 
ethanol, then ether, and dried at 105°C for several hours. 
The phosphonic acid should always be in excess over the 
metal ion in the precipitation. This procedure led to a 
satisfactory product in the case of the his-phosphonic acid 
(Calcd. for Th(O,PC,,H,,PO,): C, 34.9x, H, 1.96; Found: 
C, 32.5, H, 3.OO-other data in Results and Discussion); 
however, for the monophosphonic acid it remained to 
remove the significant contamination by bromoterphenyl. 
Based on the observation of two distinct weight loss pro- 
cesses in the thermogravimetric curve at 280 and 52O”C, the 
first of which is sublimation of the bromoterphenyl, the 
product of precipitation in dioxane/water was heated in 
flowing helium at 240°C until no more material sublimed, 
leaving the product (Calcd. for Th(O,PC,,H,,),: C, 50.9, H, 
3.09, Found: C, 52.3, H, 3.33). 

Corresponding zirconium products were prepared in 
analogous reactions, using xirconyl chloride. Mixed com- 
ponent phases described in the text were prepared by 
precipitating combined solutions of the phosphonic acids. 

RESULTS AND DISCUSSION 
The general strategy for the preparation of both the 

bilayered, singly-bound terphenyl derivative and the 
cross-linking (monolayered) analogue is outlined 
in Fig. 2. Starting with the monobromo- and 
p,p”-dibromoaromatic, which are both formed by 
bromination of terphenyl and are separable due to 
their solubility difference in ethanol, the phos- 
phorylated products can be made by a modified Ar- 
buzov reaction (aryl halides required a group 8 metal 
catalyst,’ see eqns 1 and 2). 

Arbuzov reaction: 

R-X + P(OR’),-r[R-P(OR’),X-]+RPO(OR), 

+R’-X (1) 

Modilied: 

Ar-X + P(OR’), - ‘d(u) [Ar-Pd-X]+ArPO(OR’), 

+ R-X. (2) 

After hydrolysis to the phosphonic acid, the precip- 
itation with tetravalent metal ion is carried out in an 
appropriate solvent system, i.e. one in which reactants 

m + Er, 

Erm + Br-Q-Q-Q-Br 

PtOEt), 
C Pd 1 

P(OW, 
CPdl 

33 A 

I -_ 

Fig. 2. The strategy for the preparation of the terphenyl 
compounds. 

are all soluble. Given the nature of the aryl substitu- 
ent, this was not achievable in straight aqueous me- 
dia, as are most of the preparations of the layered 
metal phosphonates. 

The choice of conditions for the precipitation (and 
purification) of the final products is not the only 
complication in the synthesis; we found it necessary to 
modify the preceding steps as well, and this is spelled 
out in the Experimental. 

In the next sections we shall discuss some of the 
characterization of the products, compare the results 
of zirconium use to thorium, and touch upon some 
mixed composition compounds containing the ter- 
phenyl substituent. 

Th(O,P-terphenyl), 
This product was prepared under conditions in 

which contaminating bromoterphenyl had to be re- 
moved. The presence of the halide was apparent in the 
thermogravimetric curve of the product of the tho- 
rium precipitation, which clearly showed two weight 
loss processes, at 280 and 520°C. The tirst weight loss 
is attributed to evaporation of the aryl bromide from 
the solid, the second is the decomposition of the 
layered phosphonate. The organic component is not 
intercalated in the thorium compound, as evidenced 
by its X-ray diffraction pattern, which shows the 
d-spacing series at about 33 A. Since this is approxi- 
mately the value expected for a b&layered terphenyl 
structure, no guest is included in the crystalline prod- 
uct. This does not preclude the possibility of an 
amorphous or very poorly crystalline intercalated 
phase coexisting with the simple terphenyl- 
phosphonate. 

On heating the impure product to 240°C in flowing 
helium, about half of the weight is lost, and the clean 
product results. The TGA now exhibits a single pro- 
cess at 52O”C, and the XRD still has the 001 series 
corresponding to an interlayer distance of 33 A (Fig. 
3). This value is exactly that predicted based on a 
structure of non-interleaving perpendicularly oriented 
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Fig. 3. X-ray diffraction powder patterns of the terphenyl compounds: A, Th(O,P-terphenyl),; B, 
Th(O,P-terphenyl-PO,). 

terphenyl groups appended from every site on the 
basal surface of a thorium-PO, sheet similar in struc- 
ture to a-zirconium phosphate. The corresponding 
layer-layer spacings for mono- and diphenyl- 
substituted thorium phosphonates6 are 15 and 24 A, 
which make for a good linear relationship (Fig. 4). 
The slope, 9A/(2) phenyl groups, agrees with the 

value of 4.2 A for e from CPK models. 

Th(O,P-lerphenyf-PO,) 
The preparation and characterization of this prod- 

uct was actually more straightforward than the 
monophosphonate, because the starting material was 
purer. Although the thermogravimetric curve did 
not show any occluded organic as before, the decom- 
position process was not as sharp. Instead of a single 
narrow weight loss, there was a broadened con- 
tinuous decomposition which occurred from 250 to 
8OO”C, corresponding to the loss of the organic 
component (calcd loss for ClsHu, 37%; found, 
37.5%). The cause of this extended range may be the 
fact that the organic groups are doubly bound, and 
that deintercalation of the products of decomposition 
is inhibited, necessitating an edge-inwards process. 

The XRD spacing found for the crosslinked ter- 
phenyl was 18.6 A (see Fig. 3), which when compared 
with the diphenyl analogue’O yields a slope of 4.1 A 
per phenyl group, in good agreement with the model 
discussed for the monophosphonate. It is also inter- 
esting that the intercept, which implies a value for the 
thickness of the Th(O,P-)z inorganic layer, is the same 
in both cases, 6.2 A (Fig. 5). The corresponding value 
for the zirconium compounds is 5.4& in close 
enough agreement (after correcting for the greater 
ionic radius of Th4+) to suggest that both series have 
the a-zirconium phosphate sheet structure. 

The value estimate for the pillar length of the 
terphenyl group (18.6-6.2 = 12.4 A) suggests that this 
might be an attractive candidate for mixed com- 
ponent microporous products. Our only attempt at 
this, using the terphenyl-bir-phosphonate together 
with phenylphosphonic acid, led to a product whose 
X-ray powder pattern indicated that mostly a pure 
phase of the phenyl derivative had formed. This could 
occur if the rate of precipitation of the phenyl 
product is much faster than that of the b&acid, a 
situation we have observed in other instances. In such 
situations mixed component products can often be 
formed by using excessive amounts of the slower 
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Fig. 6. Representation of two alternative structures for the 
mixed component thorium phenyl/terphenyl phosphonate 
product. Top, ordered with the same group covering basal 
surfaces; bottom, ordered or disordered with variable basal 
content. In both cases, the interlayer distance corresponds 
to phenyl-terphenyl interactions dictating the interlayer 

distance. 

precipitating species, but we did not explore this 
possibility in the case at hand. 

Other terphenyl-containing products 
Although the attempt at the preparation of a 

mixed-component cross-linked compound was not 
successful, it did prove possible to produce one 
containing a monophosphonate group, namely 
Th(O,PC,H,)(O,PC,,H,,). In this case, by co- 
precipitation of the corresponding phosphonic acids, 
a product having the correct analysis, and more 
significantly an X-ray powder pattern exhibiting pre- 
dominantly the series of reflections for a d-spacing of 
24.3 A was afforded. This dimension is just what 
would be expected for a structure in which terphenyl 
groups oppose phenyl groups across the interlayer 
(i.e. l/2(15 A + 33 A). Two alternative ways this 
could be arranged are: (a) either one entire face 
contains one group and the other the opposite group 
(an ordered array), or (b) a random structure in 
which somehow terphenyls are fitted efficiently with 
phenyls (Fig. 6). We cannot differentiate experi- 
mentally between these alternatives, although one 
might expect that there would be density differences 
between the two structures. 

The analogous zirconium compounds were pre- 
pared for most of the cases under discussion and true 
to our past experience, they were generally found to 
be of inferior crystallinity as implied by their poor 
XRD patterns. 
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Ahstraet-A series of dichlorobis(N-alkyl-substituted salicylideneaminato)anganese(IV) complexes, 
Mn(N-R-Xsal)& was prepared by the reaction of Mn(N-R-Xsal),CI complexes with hydrogen 
chloride, where R can be n-CsH,, (Ott), n-&H,, (Dad), n-C,,H,, (Octd), and CH,C,H, (Bz) and X can 
be S-bromo, Snitro, and S,6-benzo groups. These complexes were characterized by the magnetic 
susceptibilities, IR and electronic spectra, and cyclic voltammograms. 

Manganese(II1) and -(IV) complexes are of interest in 
relation to the biological redox systems catalyzed by 
manganese ions, which include the dis- 
proportionation of superoxide ion (0,) by the 
manganese-containing superoxide dismutases and the 
photosynthetic oxygen evolution by water oxidation 
in green plants.‘J Although a number of man- 
ganese(II1) complexes with various ligands have been 
investigated, very few manganese(W) complexes have 
been isolated and characterized so far. The reason 
seems to be that manganese(W) ion is a strong ox- 
idizing agent and its complexes are unstable toward 
moisture.3.4 

Previously we have found that a series of chloro- 
manganese(II1) complexes with the bidentate and tet- 
radentate Schiff base ligands reacts with hydrogen 
chloride to give the corresponding dichloroman- 
ganese(IV) complexes as deep green crystals.5 These 
complexes, however, are not stable toward water 
even in the solid state and decompose gradually to 
their reduced manganese(II1) complexes. In an earlier 
paper we have shown that the dichloromanganese(IV) 
complexes with the bidenatae Schiff bases which were 
derived from salicylaldehyde and long-chain aliphatic 
monoamines such as n-C,2H,,NH2 and n-C,8H3,NH, 
are more stable toward water than those derived from 
n-C3H,NH2 and n-C4H9NH2.6 

Present paper describes the preparation and char- 
acterization of new dichloromanganese(IV) com- 
plexes as shown in Fig. 1. 

EXPERIMENTAL 
Preparation of Mn(III) Schiff Base Complexes, Mn(N-R- 

Xsal)$l. Chlorobis(N - dodecyl - 5 - bro- 
mosalicylideneaminato)manganese(III), Mn(N - Dod - 5 - 
Brsal)$l. N - Dodecyl - 5 - bromosalicylideneamine (N - 
Dod - 5 - BrsalH) was prepared by the condensation of 
5-bromosahcylaldehyde and equimolar dodecylamine in tet- 
rahydrofuran. This was recrystallized from ether. The other 
bidentate Schiff bases were prepared in a similar manner. 
Their melting points and analytical data are listed in Table 
1. 

To an ethanol solution (100cm3) of N-Dod-5-BrsalH 
(7.37 g, 0.02 mol), Mn(III) (CHsCOJr-2HsO (2.68 g, 
0.01 mol) and LiCl (O%g, 0.02 mol) were added. The 
mixture was warmed at 60°C for 1 hr with stirring and then 

evaporated to remove the solvent under reduced pressure. 
The resulting brown solids ware collected on a glass filter, 
washed with small amounts of ethanol, and dried in vaerw. 
They were extracted with dichloromethane (150 cm3), and 
the solution was evaporated to give brown solids. They were 
recrystallized from acetonitrile. 

The other manganese(II1) complexes were prepared in a 
similar manner. The solvents employed for recrystallization 
were acetonitrile for Mn(N-Ott-5-Brsal),Cl, Mn(N-O&-5,6- 
Benzosal)rCl, Mni.N-Dad-5,6-BenzosaijrCl, Mn(N-Ott-5- 
NO,sal),Cl, and Mn(N-Dod-5-NO,sal),Cl, acetone for 
Mn(N-Octd-5-Brsal),Cl and Mn(N-Octd-5.6Benzosal),Cl, 
dichloromethane for-Mn(N-Bz-5Brsal)rCl and Mn(N-&I- 
5-NO+al)$l, methanol for Mn(N-Bz-5-Brsal)$l, and 
N,Ndimethylformamide for Mn(N-Bz-5-NO,sal),OH. 
These complexes are soluble in dichloromethane, methanol, 
and acetonitrile, slightly soluble in ether, and insoluble in 
water. The analytical data for these complexes are given in 
Table 2. 

Preparation of Mn(IV) Schiff Base Complexes, Mn(N-R- 
Xsal)&. Dichlorobis(N - dodecyl - 5 - bro- 
mosalicylideneaminato)manganese(IV), Mn(N-Dod-5- 
Brsal),CI,. To a 2-propanol (70cm3) containing 
Mn(N-Dbd-5-Brsal),Cl (l:O gj was added a 2-propanol soiu- 
tion of hydrogen chloride (1.5 molar folds over the complex) 
at room temperature. The mixture was stirred for 1 hr to 
give deep green precipitates. They were collected on a glass 
filter, washed with Zpropanol, and dried in vacua. They 
were recrystallized from benzene to give deep green crystals. 
The yield was ca. 0.2 g. This complex is soluble in dichlo- 
romethane, benzene, and acetone to give deep green colour. 
These. solutions show no measurable change in colour allow- 

ing to stand for 1 hr in an aerial atmosphere. This complex 

Cl Ati - 

Mn(N-R-X sa$CIz 

R X 

n-C6+7 (Ott 1 5-Br 

n-C12H25(Dod) 5,6-Benzo 

n-C1gl-$7(Octd) 5-NO2 

CH2C6ki5 (Bz) 

Fig. 1. Mn(IV) complexes. 
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Table 1. Melting points and analytical data for Schiff base ligands 

M.P. Found (Calcd) (%) 

Ligand oC C H N 

N-Dod-S-BrsaiH 24 - 25 61.51(61.95) 8.30( 8.21) 3.83(3.80) 

N-Octd-S-BrsafH 50.5 - 51 65.98(66.36) 9.39( 9.36) 3.07(3.10) 

N-Dod-5,6-BenzosaiH 64.5 81.07(81.61) 9.80( 9.53) 4.20(4.14) 

N-Octd-5,6-BenzosaaH 82 - 82.5 82.25(82.41) 10.84(10.49) 3.37(3.31) 

N-Dod-S-N02saiH 93 - 93.5 67.97(68.23) 9.05( 9.04) 8.31(8.38) 

N-Octd-S-N02saiH 99.5 - 100 71.69(71.73) 10.18(10.11) 6.78(6.69) 

Table 2. Analytical data for manganese(II1) Schiff base complexes 

Mn(N-R-Xsai)2C1 Found (Calcd) (%) 

R X C H N MIl 

Ott S-Br 50.88(50.54) 6.08(5.94) 3.96(3.93) 7.62(7.71) 

Dod S-Br 55.33(55.32) 7.12(7.09) 3.32(3.40) 6.74(6.66) 

Octd S-Br 60.06(60.45) 8.30(8.32) 2.84(2.82) 5.59(5.53) 

Bz 5-Br 50.30(50.29) 3.40(3.32) 4.07(4.19) 8.32(8.22) 

Ott 5,6-Benzo 69.52(69.66) 7.44(7.38) 4.19(4.28) 8.46(8.38) 

Dod 5,6-Benzo 72.31(72.00) 8.56(8.41) 3.71(3.65) 7.13(7.16) 

Octd 5,6-Benzo 74.19(74.45) 9.40(9.48) 2.96(2.99) 6.02(5.87) 

BZ 5,6-Benzo 70.61(70.77) 4.69(4.62) 4.54(4.58) 9.02(8.99) 

Ott S-NO2 SS.SO(55.86) 8.60(8.69) 6.63(6.56) 8.45(8.52] 

Dod S-NO2 59.79(60.27) 7.77(7.72) 7.38(7.40) 7.11(7.25) 

Octd S-NO2 64.80(64.88) 9.07(8.93) S.gS(6.05) 5.92(5.94) 

Bz S-NO2 a) 57.96(57.64) 4.06(3.97) 9.54(9.60) 9.38(9.42) 

a) Values for Mn(N-Bz-5-N02sai)20H. 

also is soluble in pyridine and methanol but these solutions 
change in colour from green to brown gradually. 

The other dichloromanganese(IV) Schiff base complexes 
were prepared in a similar manner. The analytical data for 
the manganese(W) complexes are given in Table 3. 

Measurements. The melting points were determined by 
means of a Yanagimoto MP-1 melting point apparatus and 
uncorrected. The UV and VIS spectra were obtained by a 
Hitachi 340 spectrophotometer. The IR spectra were 
recorded on a Hitachi EPI-215 grating spectrophotometer in 
the 650-4000 cm-’ regions and on a Hitachi EPI-L grating 
spectrophotometer in the 200-700 cm - ’ regions. The mag- 
netic susceptibilities were measured by the Gouy method at 
room temperature. The cyclic voltammetry was performed 
with a Yanagimoto P-8 polarograph connected with a Yan- 
agimoto P8-PT potentiostat. The working electrode was 
a platinum-inlay electrode, while the auxiliary electrode was 
a platinum wire. The reference electrode was a saturated 
calomel electrode which was inserted in an aqueous solution 
of 1 M KC1 in a 100 cm3 beaker connected with a con- 
ventional brown H-Type cell by means of a 4”/, agar- 
saturated KC1 gel bridge. Tetrabutylammonium 
perchlorate, Bu,NClO,, was used as the supporting electro- 
lyte (0.1 M). The dissolved oxygen was removed by passing 
N, gas through a sample solution for 20min. The cyclic 

voltammograms were recorded under the following condi- 
tions: concentration of the complexes was 5 x 10-‘M, the 
scan rate was 0.06 V/s, and temperature was kept at 25°C. 

Materials. All reagents were of reagent grade. The sol- 
vents were purified by a usual manner. Acetonitrile was 
distilled twice over diphosphorus pentaoxide prior to use. 
Benzene was distilled over sodium. 

RESULTS AND DISCUSSION 
Preparation. We reported previously the prepara- 

tion and characterization of dichlorobis (N-butyl- 
substituted salicylideneaminato)manganese(IV) com- 
plexes, Mn(N-Bu-Xsal),CI,, where X can be H, S-Br, 
S-NO*, and 5,6-Benxo group~.~ These complexes were 
decomposed gradually to the reduced manganese(II1) 
complexes by moisture allowing to stand in an aerial 
condition even in the solid state. Thus in order to 
obtain pure manganese (IV) complexes much care 
should be taken to remove trace amounts of water in 
the solvents used. In an earlier paper6 we have re- 
ported that the manganese(IV) complexes incorpo- 
rating long-chain alkyl groups such as n-C,,Hzs and 
n-C18HJ7 can be protected from attack of water. These 
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Table 3. Analvtical data for manuanese(IVl Schiff base comnlexes 

Mn(N-R-Xsai)2C12 

R X C 

Found (Calcd) (%) 

H N Cl Mn 

Ott 5-Br 48.28(48.15) 5.82(5.66) 3.74(3.74) 30.55(30.84)aJ7.33(7.34) 

Dod 5-Br 53.12(53.04) 6.90(6.79) 3.28(3.26) 26.56(26.81)a)6.52(6.38) 

Octd 5-Br 57.92(58.37) 8.18(8.03) 2.81(2.72) 22.91(22.53)a)5.31(5.34) 

BZ 5-Br 47.96(47.76) 3.26(3.15) 3.95(3.98) 32.62(32.77)a)7.80(7.80) 

Ott 5,6-Benzo 66.39(66.08) 7.11(7.01) 4.42(4.06) 10.75(10.27) 8.11(7.95) 

Dod 5,6-Benzo 68.58(68.82) 8.09(8.03) 3.50(3.49) 8.67( 8.83) 7.05(6.84) 

Octd 5,6-Benzo 71.44(71.73) 9.21(9.13) 2.91(2.88) 7.52( 7.30) 5.70(5.66) 

BZ 5,6-Benzo 66.69(66.89) 4.41(4.37) 4.45(4.33) ll.lO(10.97) 8.54(8.50) 

Ott 5-NO2 52.74(52.95) 6.23(6.22) 8.39(8.24) lO.OO(10.42) 8.10(8.07) 

Dod 5-NO2 57.74(57.57) 7.53(7.37) 7.05(7.07) 9.05( 8.94) 6.93(6.93) 

Octd S-NO2 62.24(62.49) 8.78(8.50) 5.92(5.83) 8.34( 7.34) 5.69(5.72) 

BZ 5-NO2 b, 50.19(50.42) 3.53(3.42) 8.22(8.25) 16.33(15.67) 8.56(8.09) 

a) Cl+Br. b) Inclusion of (CH2C12)0 5 as a crystalline solvent. 

findings led us to prepare a series of dichlo- 
romanganese(IV) Schiff base complexes having long- 
chain alkyl groups. All the manganese(II1) complexes 
which were prepared have a composition of Mn(N-R- 
Xsal),Cl, with the exception of Mn(N-Bz-S- 
NOzsal)20H (Table 2). All the manganese(W) com- 
plexes which were obtained have a composition of 
Mn(N-R-Xsal),Cl, (Table 3). The properties for the 

manganese(II1) and manganese(IV) complexes are 
summarized in Tables 4 and 5, respectively. 

Melting points. The manganese(II1) complexes hav- 
ing the long-chain alkyl groups showed low melting 
points without decomposition. As seen in Table 4, the 
longer the alkyl groups the lower melting points are 
obtained in the order of Bz > Ott > Dod > Octd. As 
to the substituents on the aromatic ring the melting 

Table 4. Properties of manganese@) Schiff base complexes 

Mn(N-R-Xsai)2C1 M.P. ueff 
a) 

R X oC BM 

Ott 5-Br 

Dod 5-Br 

Octd 5-Br 

BZ 5-Br 

Ott 5,6-Benzo 

Dod 5,6-Benzo 

Octd 5,6-Benzo 

BZ 5,6-Benzo 

Ott 5-NO2 

Dod 5-NO2 

Octd 5-NO2 

BZ 5-NO2 

Ott H e, 

141 - 145 4.95 

122 - 123 4.92 

104 - 105 4.83 

229 - 
f) 

230 4.91 

136 - 137 4.91 

109 - 110 4.83 

94- 95 4.82 

208 - 209 
f) 

3.25 

197 - 198 3.89 

181 - 182 3.79 

179 - 180 3.53 

220 - 222 
f) 

4.20 

154 - 155 4.93 

14.97 (2.72) 306 0.08 

14.93 (2.75) 305 0.08 

14.97 (2.75) 306 0.07 

14.86 (2.77) 330 0.08 

15.11 (2.70) 306 -0.09 

15.15 (2.72) 305 -0.08 

15.13 (2.71) 305 -0.06 

15.08 (2.70) 313 -0.07 

15.92 (2.84) 293 0.28 

15.67 (2.70) 294 0.25 

15.72 (2.72) 293 0.30 

15.82 (2.65) 293 0.28 

15.20 (2.60) 317 -0.16 

a) Measured at room temperature. b) Measured in dichloromethane. c) Measured in 

Nujol mulls. d) Measured in acetonitrile containing (Bu)~NC~O~ (0.1 mol dmm3) at 

25 ‘C. e) In a previous work. 6 f) With decomposition. 
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Table 5. Properties of manganese(IV) Schiff base complexes 

Mn(N-R-Xsal)2C12 M.P. a) Cl d) 
"eff 

v 
-- 

b) V(Mn-Cl) E /*vs. SCE 

R X oC BM 
-(log E) - p 

lo3 cm -1 V 
cm 

Mn(IV)-rMn(III)iMn(II) 

Ott S-Br 123 - 124 4.07 15.72 (3.72) 329 0.87 -0.12 

Dod S-Br 115 - 116 4.02 15.72 (3.73) 326 0.85 -o.lof) 

Octd S-Br 111 - 112 4.07 15.67 (3.66) 337 0.85 -o.lof) 

BZ S-Br 184 - 185 3.87 15.77 (3.55) 337 0.90 -0.03 

Ott 5,6-Benzo 94 - 95 4.02 14.84 (3.68) 336 0.40 -0.13 

Dod 5,6-Benzo 06 - 87 4.04 14.7s (3.77) 327 0.39 -o.13f) 

Octd 5,6-Benzo 83 - 84 3.91 14.75 (3.75) 326 0.40 -o.07f) 

B.t 5,6-Benzo 148 - 149 3.90 14.83 (3.77) 326 0.41 -0.07 

Ott S-NO2 190 - 193 3.93 16.98 (3.72) 358 0.93 0.06 

Dod S-NO2 185 - 190 4.06 17.01 (3.77) 354 0.92 0.06 

Octd 5-NO2 180 - 184 4.10 16.85 (3.74) 358 0.93 o.lzf) 

BZ S-NO2 >280 3.94 17.12 (3.74) 355 1.00 0.21 

Ott He) 106 - 107 3.92 16.00 (3.62) 348 0.83 -0.12 

a) Measured at room temperature. b) Measured in dichloromethane. c) Measured in 

Nujol mulls. d) Measured in acetonitrile containing (Bu)~NC~O~ (0.1 mol dme3) at 25 'C. 

e) In a previous work. 6 f) Measured in a mixture of acetonitrile and dichloromethane 

(l/l volume ratio). All the melting points were observed with decomposition. 

points are lowered in the order of 
5-NO2 > H > 5-Br > 5,dBenzo groups. The melting 
points for Mn(N-R-sal),Cl which were prepared in a 
preceding work are 154-155, 129-130, 119.5-120, 
and 205-206°C for R = Ott, Dod, Octd and Bz, 
respectively. On the other hand, the melting points of 
the manganese(W) complexes are lower than those of 
the corresponding manganese(II1) complexes, and 
they decompose at near melting points, showing 
colour changes from green to brown (Table 5). As to 
the alkyl groups the melting points are lowered in the 
same order as that for the manganese(II1) complexes, 
and as to the substituents on the aromatic ring they 
are lowered in the order of 5-NO2 > 5-Br > H > 
5,6-Benzo groups, with the exception of Mn(N- 
Bzsal),Cl,. The melting points of Mn(N-R-sal)zClz 
which were prepared in a preceding work are 
106-107, 97.5-98.5, 9495, and 112-113°C for 
R = Ott, Dod, Octd and Bz, respectively. 

Magnetic properties. The magnetic moments for 
the manganese(II1) complexes fall within the range of 
4.824.95BM, with the exception of Mn(N-Bz-5,6- 
Benzosal),Cl and all the 5-nitro derivatives (Table 4). 
These values are consistent with the spin-only value 
expected for a complex having a d4 high-spin electron 
configuration. The lower values observed for the 
above complexes may be caused by antiferromagnetic 
interaction between manganese atoms due to a bi- 
nuclear structure in which they are bridged by two 
phenolic oxygen atoms. No further investigation on 
magnetic properties for these complexes has been 
made. 

The magnetic moments for the manganese(IV) 
complexes fall within the range of 3.87-4.10 BM 

(Table 5). These values are consistent with the spin- 
only value expected for a complex having a d’ 
electron conliguration. 

Electronic spectra. The electronic spectra of the 
manganese(II1) complexes measured in dichlo- 
romethane show the absorption bands (log L = 2.7) 
around 15000 cm - ‘. These complexes may have a 
five-coordinate conIiguration around the central 
manganese atom in such a noncoordinating solvent.’ 
Therefore, these bands can be assigned to a ligand 
field transition due to dv-*dx2_yz. The absorption 
maxima are affected by the aromatic ring substituents 
and are shifted to higher energies in the order of 5- 
NO2 > H > 5,6-Benz0 > 5-Br groups (Table 4). The 
alkyl groups attached to the nitrogen atoms have 
little effect on the absorption maxima. On the other 
hand, the electronic spectra of the manganese(W) 
complexes in dichloromethane show the more intense 
absorption bands (loge = 3.7) in the range of 
14700-17100 cm-’ compared with those for the man- 
ganese(II1) complexes. These bands can be assigned 
to a charge-transfer transition due to 
Cl(px)+Mn(dn) from their intensities as discussed in 
the previous papers. w These absorption maxima are 
also a&ted by the aromatic ring substituents and 
are shifted to higher energies in the order of 
5-NO2 > H > 5-Br > 5,6-Benz0 groups (Table 5). The 
alkyl groups have little effect on the absorption 
maxima as well as the manganese(II1) complexes. 

IR spectra. The IR spectra of the manganese(IV) 
complexes show almost the same pattern as those of 
the manganese(II1) complexes in the region from 500 
to 4000 cm- ‘, but both spectra are significantly 
different in the region from 200 to 500 cm-‘. In this 



Dichlorobis(N-alkyl-substituted sxlicylidenearninato)anganese(IV) complexes 617 

region the absorption bands due to Mn-CI stretching 
vibrations should be observed.* Both manganese(II1) 
and manganese(IV) complexes showed one absorp- 
tion band assignable to v&In-Cl) (Tables 4 and 5). 
The frequencies for the manganese(IV) complexes are 
observed in higher energies compared with those for 
the corresponding manganese(II1) complexes. This 
may be caused by the change in the oxidation state 
of the central manganese atom from Mn(II1) to 
Mn(IV). The results that one absorption band due to 
v(Mn-Cl) is observed for the manganese(IV) com- 
plexes imply that two chlorine atoms coordinate to 
the manganese atom as a rransconfiguration. Thus 
we propose a bans-octahedral cor@uration for the 
manganese(IV) complexes investigated here as shown 
above. 

Electrochemical properties. The cyclic volta- 
mmograms of the manganese(II1) and man- 
ganese(IV) complexes were measured in acetonitrile. 
Some of the manganese(IV) complexes were mea- 
sured in a mixtute of acetonitrile and dichlo- 
romethane (1:l) owing to their poor solubility in 
acetonitrile. The current-potential curves for the 
manganese(II1) complexes showed the one cathodic 
wave around 0.0 V (vs SCE) in the + 1.2 to - 0.8 V 
range. This can be assigned to the one-electron 
reduction from Mn(II1) to Mn(II).9 On the other 
hand, the current-potential curves for the man- 
ganese(IV) complexes showed the two-step cathodic 
waves around + 0.9 and O.OV with similar wave 
heights. These waves can be assigned to the one- 
electron reductions from Mn(IV) to Mn(II1) and 
from Mn(II1) to Mn(II), respectively. The separations 
of the peak potentials between the cathodic wave and 
the corresponding anodic wave for both redox waves 
are larger than the 57mV expected for a reversible 

one-electron redox wave, so these electrode reactions 
may be irreversible. Thus the half-peak potentials 
(E& of the cathodic waves for the manganese(II1) 
and manganese(IV) complexes are summarized in 
Tables 4 and 5, respectively. The reduction potentials 
for the manganese(II1) complexes are affected by 
the aromatic ring substituents and are shifted to more 
positive potentials in the order of 
S-NO2 > 5-Br > 5,6Benzo groups. And they are little 
affected by the alkyl groups. On the other hand, the 
reduction potentials for the manganese(IV) com- 
plexes are significantly affected by the aromatic ring 
substituents and are shifted to more positive poten- 
tials in the order of S-NO2 > 5-Br > 5,6-Benzo 
groups. These potential shifts can be explained by the 
electron-withdrawing ability of the substituent 
groups. And also the alkyl groups have little effect on 
the reduction potentials. These results are not incon- 
sistent with those obtained in the electronic and IR 
spectra. 
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Abstract-The reaction of LiAlH, with CO, or NaHCO, at elevated temperatures has been investigated. 
Methane and ethylene are the primary products of each reaction. These molecules are probably the 
“explosive” reaction products formed when CO, fire extinguishers are used on LiAIH, tires. 

Recently several letters have appeared in the literature 
discussing the hazards of lithium aluminium hydride 
(LiAl~ or LAH) fires.lm3 It was reported that burning 
LAH pellets could not be quenched in a nitrogen 
atmosphere and an intert gas such as argon was 
required to extinguish the fire safely. It was also noted 
that the use of a sodium bicarbonate or carbon 
dioxide (CO3 lire extinguisher to extinguish a LAH 
fire formed “explosive” reaction products.” LAH is 
a common reducing reagent for both organic and 
inorganic reactions. 5*6 In addition, there has been a 
considerable amount of interest generated in C, chem- 
istry.7-‘0 The reaction of CO and CO2 with H, in the 
presence of metal reducing catalysts can produce a 
variety of organic molecules ranging from methane to 
gasoline hydrocarbons.’ Since LAH is such a good 
reducing agent and there are hazards in trying to 
extinguish a LAH tie, an investigation of the reaction 
of LAH with CO2 and with NaHC03 was undertaken. 
This paper presents the results of this investigation. 

EXPERIMENTAL 
The apparatus used to investigate the LAH reactions has 

been described in detail previ~usly.~‘~~~ Briefly, the reactions 
were carried out in a quartz tube attached to an MDC 
Manufacturing Company stainless steel 4-way cross vacuum 
flange. Two opposing sides of the flange were equipped with 
KBr windows to make an infrared gas cell. The entire 
system was maintained under vacumn by a liquid nitrogen 
trap, 2 in. oil diffusion pump and a rotary vammm pump. 
An uncalibrated thermocouple gauge was used to monitor 
the pressure in the system. This cell was placed in the sample 
compartment of a Nicolet MX-1 Fourier Transform IR 
Spectrometer (FTIR). The spectra were taken using 1 min 
scans at 1 cm-’ resolution as the reaction progressed. After 
completion of the reactions, the trapped gases were either 
allowed to flow back into the cell so spectra could be retaken 
or they were collected in a mass spectrometer sampling bulb. 
In most cases the IR spectrum was suIBcient to identify the 
reaction products, however, mass spectra, taken on a Varian 
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EM-600, were occasionally used to confirm the product 
assignments. 

All of the experiments were performed in essentially the 
same way. LAH or mixtures of LAH and various reactants 
were placed in the quartz tube and the system was evacuated 
to 0.1 Pa pressure. The tube was resistively heated with a 
nichrome wire. Sufficient CO, was added to the reaction 
mixture to produce. a combined total pressure of 102 Pa and 
the spectrum was taken as the reaction prcceeded. 

RESULTS AND DISCUSSION 
From the reaction of LiAIHI with COr, the follow- 

ing products were identified from the IR absorption 
bands (cm-‘) cited: CH., (3016,1305); C;H., 
(3100,949); CO (2144). At approximately 4OOK. 
small amounts of methane (CHJ were formed. When 
the quartz tube was heated to 600 K, CH, and ethyl- 
ene (CrH,) were rapidly formed. After prolonged 
heating which partially depleted the LAH, carbon 
monoxide bands also appeared in the spectrum. Reac- 
tions involving CO* and CO in solution with LAH 
have been investigated previously.1*‘6 Apparently, 
the reaction products from solution are very different 
from the gas/solid reaction products found here. Cox 
et a1.‘6 reported that methane and carbon monoxide 
were not present as reduction products of the solution 
reaction. However, while carrying out methanolysis 
reactions using CO and LAH in solution, Martin et al. 
determined that methane was one of the reaction 
products.14 The lower reaction temperatures 
(N 373 K) of these solution reactions, solvent effects, 
stirring, etc. apparently can combine to yield a variety 
of different products. In the gas/solid reactions per- 
formed here, only CO, CH, and GH, have been 
observed as the reaction products. 

The second experiment performed was the reaction 
between sodium bicarbonate and LAH. In this experi- 
ment the LAH and NaHCO, were mxied 
(N SO/SO, v/v) and placed in the quartz tube. This 
mixture was heated and the spectra were taken. As the 
mixture was warmed to 325 K, bands for Hz0 
(1600 cm - ‘) and CO2 (2350,667 cm - ‘) could be ob- 
served. As the temperature was increased, the bands 

619 



620 B. T. THOMPSON et al. 

for water decreased and bands for methane 
(3016,130s cm-‘) and ethylene (3100,949cm-‘) ap- 
peared in a manner similar to the COJLAH experi- 
ments. NaHC03 is known to decompose at w 325 K 
to form Hz0 and C02” which readily explains the 
observation of these bands in the spectra at these 
temperatures. The other products resulted from the 
reaction of COz and LAH. 

Differential Thermal Analysis (DTA) indicates that 
LAH decomposes through several steps.” The first of 
these occurs at 421-43 1 K where part of the hydrogen 
is evolved. As the LAH is heated to higher tem- 
peratures (- W-555 K) significant amounts of H2 
are evolved as the compound decomposes. Since no 
CH, was observed at temperatures lower than 
N 400 K, it was assumed that the reactions of LAH 
with COz and NaHCO, must lirst proceed with the 
partial decomposition of the LAH to form finely 
divided Al metal. This Al would then react with CO2 
to form CO and aluminium oxide. The CO must then 
further react to form a CHr radical. This radical could 
either react with H, to form CH., or with additional 
CH, to form C,H,. To test this hypothesis another 
experiment was performed. In this experiment CO* 
and H2 were passed over finely divided aluminium 
powder placed in the quartz tube. The tube was 
heated and the spectrum taken. No reaction was 
observed until the tube was heated to 650-800 K. At 
these temperatures the bands for CO2 slowly disap- 
peared and bands for CH,,, GH,, CO and Hz0 grew 
into the spectrum. It is interesting that Hz0 was 
produced in this experiment since it was not observed 
in the LAH reactions with C02. One possible expla- 
nation of this observation is that any H,O produced 
in the previous experiments rapidly reacted with LAH 
and thus was not observed. The Al formed from the 
thermal decomposition of LAH is expected to be 
more finely divided and hence more reactive than the 
Al powder used in these experiments. These results 
suggest that Al metal takes part in the reaction mech- 
anism. Since Hz0 was observed in this set of reactions, 
it is not certain if Al functions as a reactant or a 
catalyst. In either case, the first step of the reaction 
probably is 

Al + CO,-*“AIO” + CO. 

This is not unlike the mechanism,proposed by Fon- 
tijn et a/. for the reaction of Al atoms and C02.19 This 
“AlO” may then react with hydrogen to reform the 
Al and H,O or it may further react with CO2 to form 
A1203. The failure to observe clearly A&O9 suggests 
that the former may have occurred. However, since 
the total amount of A&O3 formed is expected to be 
small, this cannot be taken as definite proof that Al 
is acting as a catalyst. The role of Hz gas in the 
mechanism is also not known with certainty. It is 
likely that some of the hydrogenations occur on the 
Al surface. The reaction of hydrogen in the gas phase 
may also occur for some steps in the mechanism. The 
steps where each is the case could not be clearly 
established. 

Bellama and MacDiarmid investigated the solid 
phase reactions of SiO*, Get&, P,O,, As,O~ and 
Sb,O,, with LAH.20 They found that these reactions 
produced the various hydrides of these elements. In 
addition, they reported that some of their samples of 

LAH were contaminated with small quantities of 
diethylether and ethylene since they also observed 
these molecules in their system. Based on the results 
of the experiments performed here, it appears reason- 
able to suggest that they may have actually observed 
products from the reaction of the LAH with residual 
CO2 in the reaction vessel. To test this hypothesis, 
one of their experiments was repeated using this 
apparatus. In this experiment SiOz and LAH were 
mixed (- SO/SO, v/v), placed in the quartz tube, and 
heated. In addition to the expected silane (SiHJ 
bands at 2188 and 909 cm-‘, bands for methane and 
ethylene were clearly visible in the spectrum even 
though no COz was passed over this reaction mixture. 
No bands were observed which could be assigned to 
diethyl ether. It does, however, appear that Bellama 
and MacDiarmid may also have observed the reac- 
tion of LAH with residual CO* in their reaction 
vessel. Methane probably was not observed in their 
experiments because of a failure to trap it. Any 
methane produced may have been pumped out of 
their system with the evolved hydrogen. 

CONCLUSION 

Based on the results of these experiments, a reac- 
tion scheme may be written for the gas/solid reaction 
of CO2 and LAH. 

(1) LiAlH,- -“OK Al + LiH + 3H,. 

(2) 2A1+ 3C02- - xa K A&O, + 3C0. 

(3) 2Al+ 3H2 + 3C0 +A1203 + 3CH,. 
(4) CH1 + H2+CH4. 
(5) CH2 + CH,+C,H,. 
The formulas shown are meant to indicate only the 

overall stoichiometry of the reaction. As stated pre- 
viously, it is not certain that A&O3 forms directly 
from the reaction of Al and COz. It is possible that 
it could be produced by the sequence 

(a) Al + CO,+“AlO” + CO. 
(b) “AlO” + H,-+HJO + Al. 
(c) 4H20 + LiAlH,+LiOH + Al(OH), + 4H2. 

(d) 2Al(OH), 2 A&O, + 3H,O. 

Since no Hz0 was observed in the LAH reaction and 
the final products are largely the same, the simpler 
overall scheme (not involving H,O) is proposed as the 
actual reaction sequence. Sapienza et al. have pro- 
posed a mechanism for the formation of methanol 
from the reaction of CO2 and Hz on metal oxide 
surfaces.*’ They propose that CO2 is dissociated to 
CO and 0 which are chemisorbed on to the surface 
of the metal oxide. In the presence of Hz the CO is 
reduced to methanol. No bands for methanol were 
observed in the spectra from these epxeriments. 
Whether the absence of methanol bands indicates 
that no A&O, is formed or that the Hz is largely 
depleted by the time it forms cannot be determined 
from these experiments. CH, radical also was not 
observed. Its presence is inferred from the obser- 
vation of only ethylene and methane as the reaction 
products. Additionally, the decomposition products 
of LAH have not been well characterized. Thus, while 
the proposed reaction scheme accounts for all of the 
products, many details of the mechanism still have 
not been established. 

Based on these experiments, it appears that the 
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“explosive” reaction products reported for the bum- 
ing LAH/C02 reaction are methane and ethylene. 
Both molecules would react explosively with oxygen 
in the air if ignited. A CHJC,H,/Air mixture could 
easily be ignited by the heat from the burning LAH. 
Additionally, when NaHC03 is used to put out a 
LAH fire, Hz0 is formed. Normally this would be 
desirable for a Iire extinguisher. In this case, however, 
it would only serve to aggravate the situation since 
LAH and H,O react violently. 
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Abstract-The preparation, vibrational and luminescence spectra of the title compound are described. The 
complex has bidentate nitrate groups and bridging guoride ions. The spectra are assigned in detail and 
interpreted as showing couplings between the many1 antisymmetric stretching modes and between the 
nitrate modes within the dimet, the coupling energy being 17 cm-’ in the former case. There is no clear 
evidence for electronic coupling involving the many1 groups. 

INTRODUCI’ION 
During recent synthetic and spectroscopic studies of 
the coordination chemistry of the uranyl ion’J we 
prepared a new uranyl complex of stoichiometry 
](C~HWlUO~F(NO,)~. A preliminary X-ray 
investigation) indicated that the compound is bi- 
nuclear, fluorine-bridged with bidentate nitrate 
groups completing an in-plane six-fold coordination 
of the uranyl group. By contrast to the other 
fluorine-bridged uranyl complexes we have studied, 
the low-temperature luminescence spectrum is well 
resolved and free from traps. This permits a clear 
comparison of the uranyl vibrations and the nitrate 
vibrations observed in the luminescence spectra with 
those observed in the infrared and Raman Spectra. 

EXPERIMENTAL 
[(C,H,)JVlr12[U0,F(N0,)J, was prepared as well-formed 

lime green crystals by the following method. A solution of 
5 g uranyl nitrate in 20 cm3 of water was added to a solution 
prepared from tetraethylammonium hydroxide (2 cm’ of 

25% aqueous solution) and hydrofluoric acid (0.5cm3 of 
40% aqueous solution) in 20cm’ water and the mixture 
allowed to stand at room temperature. The initial lemon- 
yellow precipitate was discarded and the solution deposited 
crystals of the product after several days. Analysis: Calcd. 
for [(C,H,),N),[UO,F(NO& C, 17.7; H, 3.7; N, 7.7; F, 
3.5; U, 43.8%. Found: C, 17.5; H, 3.6; N, 7.6; F, 3.5; U, 
43.9%. 

Spectroscopic measurements 

These were made as previously described.’ 

STRUCTURAL DATA 

A preliminary X-ray study3 shows that the com- 
pound [(C,H,).,Nh[U02F(N03)Jz crystallises in the 
P2Jc - CL space group with two centrosymmetric 
binuclear units in the Bravais cell. The crys- 
tallographic site symmetry of the uranyl ion is there- 
fore C, but nearly C,,. The space group and number 
of formula units per Bravais cell are the same’ as 
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those of the binuclear fluorine-bridged complex 
Cs,(UOJzF8.2H20. 

RESULTS 

The high-energy region of the 15 K luminescence 
spectrum is shown in Fig. 1. The relative intensities 
of features were observed to be independent of the 
exciting line, and the decay of emission from a 4 cm - ’ 
band width is exponential with a (e -‘) lifetime of 
2.5 ms. The lT,+Zg+ electronic origin of the uranyl 
ion is intense and the excited state is split into two 
components at 20 547,20 555 cm - ’ due to the low site 
symmetry. These origins are only 2OOcm-’ to low 
energy of their positions in (GH,),N[UO,(NO,),] 
where the uranyl groups have an in-plane coordi- 
nation of six oxygen atoms,6 but more than 700 cm- ’ 
to high energy of the origins in Cs,(UOz),F,.2H,0 
where the uranyl groups have an in-plane coordi- 
nation of five fluorine atoms. Between the origins and 
20,250 cm-’ there is a complex group of incom- 
pletely resolved vibronic bands. The most intense 
features occur near 145, 200 and 25Ocn-’ from the 
origin. The first of these is almost coincident with a 
strong Raman shift (155 cm - ‘) and by comparison 
with the Raman and luminescence spectra of 
CsUO,(NO,), these probably correspond to one or 
more ligand bending modes. The remaining two 
strong bands shift some 15 cm-’ to low vibrational 
wavenumber in the absorption spectrum and are 
therefore assigned as the uranyl rocking and bending 
modes. These bending and rocking modes are also 
observed in both the IR and Raman spectra. As usual 
the rock is stronger in the Raman and the bend in the 
IR spectrum. Other weaker bands in this region show 
smaller shifts in the absorption spectrum and are 
therefore attributed to uranyl-ligand stretching 
modes coupled to the rock and bend. 

During our recent studies of bi-’ and polynuclear* 
uranyl fluoride complexes, we correlated modes of 
vibration with those of the U02F,3- monomer, ne- 
glecting specific assignments for U-F (bridge) modes. 
These vibrations are more conveniently studied in 
[(C~HJ,NMUO~F(NO~)$ due to the absence of 
U-F (terminal) bonds. The two bands at 405, 
365cn-’ in the luminescence spectrum of 
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20.6 20.2 19.8 

wavenumbed i 03cm-’ 

Fig. 1. The high energy part of the 457 nm-excited 15 K luminescence spectrum of 

[(C,H,),rul*[vO,F(NO~)~~. 

[(C,H,),Nj#_JO,F(NO&rj clearly involve motion of 
the bridging fluorides. The higher wavenumber band 
is strong in the IR spectrum whereas the other is 
barely detected; both bands are weak in the Raman 
spectrum. The 405 cm- ’ mode is therefore assigned 
as the in-phase fluoride motion along the U-U axis 
and the 365 cm - ’ mode as the corresponding anti- 
phase motion. The assignment of the two other 
motions with substantial uranium-fluoride stretch 
character is less certain. A mode at 3 15 cm - ’ appears 
with moderate strength in the luminescence spectrum 
but weakly in the 120 K Raman spectrum. This is 
nearly but not exactly coincident with a strong 300 K 
IR band at 308 cm - ‘. It is not certain whether these 
features are one or both of the expected modes. If the 
former is the case, the differences in wavenumber can 
be attributed to the different temperatures of mea- 
surement and selection rules. The remaining U-F 
mode may then lie in the complex vibronic structure 
below 300cxu’. 

The O-U0 stretching vibrations in 
[(C,H,).&[UO,F(NO,M are readily accounted for 
under a dimer model contrasting with our results 
from other binuclear uranyl systems.’ For the 
O-U-O symmetric stretch (v’), a centrosymmetric 
dimer model predicts the occurrence of one IR and 
one Raman band. This mode is observed at 854 cm - ’ 
as the strongest band in the Raman spectrum but 
weakly in the IR spectrum (852 cm -I). In lumi- 
nescence, progressions in v, on the electronic origin 

/ 

and all the vibronic features may be followed to at 
least six members, the modes with one quantum of v, 
being the most intense. The I16-Zg+ + nv’ bands 
(n = 2-6) exhibit the same splitting (7.5 + 1.5 cm-‘) 
as the electronic origin. However, for n = 3 these 
bands are accompanied by a third component at 
5 cm-’ to high vibrational energy which moves fur- 
ther away and loses intensity in successive members 
(Fig. 2). The behaviour of the antisymmetric O-U-O 
stretch (vJ is more complex. From studies of other 
binuclear uranyl complexes we expect the coupling 
between uranyl groups to be largest for this mode. In 
the 300 K IR spectrum v3 occurs as a single band at 
934 cm - ’ but at 85 K a shoulder near 920 cm - ’ 
becomes resolved. The luminescence spectrum in the 
region of the vr vibronic origin is rather different, 
consisting of a weaker, sharp feature at 921 cm-’ and 
a broader band at 938 cm - ’ from the lower energy 
origin. We attribute these two bands to the in-phase 
(938 cm-‘) and antiphase components of the O-U-O 
antisymmetric stretch. It is curious, however, that the 
origin splitting is not resolved in the 921 cm-’ fea- 
ture. The behaviour of successive members of the v, 
progression based on the v, vibronic origin raises 
further problems. For the n = 1 member of the 
Q+Z,+ + nvl + v, progression, three bands are re- 
solved between 1775 and 1792cm-‘, the separation 
of the lower energy components being 4ctr-’ (Fig. 
2). For the n = 2-5 members the highest vibrational 
energy component of vj moves away from and loses 

kA.“;.xd;& 
” Y ” 

I In 1 In , 1 N 1 c 
5.1 5.0 4.3 4.2 3.5 3.4 2.6 2.5 1.8 1.7 

1. 
wavenumber/ 1 O’cm -’ from electronic origin 

0:e 

Fig. 2. The 15 K luminescence spectrum of [(C,HJ,N,[UO,F(NO,)J, in the region of the lT,+Xr+ + nv, 
and Q+Z,+ + v2 + (n - I)v, transitions for n = l-6. (The wavenumbers are measured from the lower 

energy electronic origin, 20,547 cm - ‘. Note the scale discontinuities.) 
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Table 1. Internal nitrate vibrational modes in [(C,H,),~,[vO,F(NO,)~* 

Isolated Nitrate Binuclear Complex 
Mode Mode 

Observed Wavenumber/cdl 

D3h %v 

a{ stretch al 

'i 

2ag, 2au 

Bamen Infra+red Luminescence 
85 K 85 K 15 K 

1023m 1024s 1030 
10308 1032~1 1037 

cr’ 2 O.O.P. B, 2a g’ 2all Il.0. 808m 804 
bend 812m 810 

< bend 

2a g’ 2au 

2a 2au 
‘3’ 

2a g. 2aU 

Zag. 2aU 

nil-. 

Il.0. 

74.3 
748m 

1525eh 
1531s 
1550s 
1563 
1259s 
1267~ 
1271~ 

ZE 

n.0. 

1519 
1528 

E 

740 
747 
753 

710 

II.0. not observed; n.r. not recorded 

0.o.p. out-of-plane 

intensity relative to the other component. The split- 
ting of 6.7 k 1.5 cm-’ observed for the latter is the 
same as that of the electronic origin within experi- 
mental error. For the &+X8+ +v, +v, and 
II,+Zg+ + 3v, bands, the most reasonable assign- 
ment of the additional component in each case is to 
a Fermi resonance with nitrate modes. 

All of the internal modes of the coordinated nitrate 
ions may be observed in either the IR or Raman 
spectra and also in the luminescence spectrum (Ta- 
ble). In most cases all four components expected for 
a centrosyrmuetric dimer may be resolved, together 
with additional features which may be due to Fermi 
resonances or unit cell group couplings. As expected 
the coupling between cis nitrate groups (as reflected 
by the separation of the two IR- or two Raman-active 
components) is larger than the trans-coupling across 
the bridge. 

DISCUSSION 
The most interesting feature of the spectroscopic 

behaviour of [(C,H,),Nh[(UOJF(NO,)~~ is the cou- 
pling between the UO,F(NO,), entities. We consider 
first the evidence for an electronic coupling between 
the uranyl groups. If significant this would produce 
a splitting of the electronic origin and of the 
progressions in v, proportional to the square of the 
dipole strength of the individual lines, but no appre- 
ciable splitting of the vibronic origins. The con- 
stant splitting of the I$+E8+ +nv, and 
II,-PZ~+ + vg + nq(n > 2) transitions (which is equal 
to the origin splitting) is not consistent with this. This 
splitting must then be attributed to a site symmetry 

splitting of the degenerate excited electronic state, 
although we are unable to give a convincing expla- 
nation for the absence of this splitting for several 
vibronic features, notably II -Z#+ + vj. A similar 
observation may be made’ horn the luminescence 
spectrum of Cs4(U0&F,*2H,0. 

By contrast, the splitting of about 17 cm-’ in 
v,[v,(O-U-O)] in both the IR and luminescence 
spectra of [(C,H,),NjJIJO,F(NO& is attributed to 
a vibrational coupling within the dimer. This is 
consistent with our previous assignment’ of the two 
strong IR vj bands (split by 15cn-‘) in 
Cs4(U0&F8.2Hz0 to a,, &(C,) unit cell group 
modes. The similar intensity of these two components 
cannot be explained under a centrosymmetric dimer 
model since the &(D& a,(Ci) antiphase vj dimer 
mode is IR-inactive, but this vibration gives rise to 
one IR-active and one IR-inactive mode under C% 
unit cell group rules, (the irreducible representation 
corresponding to the IR-active mode depends upon 
the location of the Cu symmetry elements). The 
intensity of the antiphase. intradimer v, mode in 
CS,(UO~)~F,~~H~O thus arises from the interdimer 
coupling dipole. The same splitting of v, in the IR 
spectra (16 + 1 cm-‘) of CS.,(UO,)~F,.~H,O and 
[(C,H,),Nj#JOzF(NO,)J, but the very different in- 
tensity ratios of the two components are both consis- 
tent with structural da&s5 since although the U-U 
intradimer distances are similar, the interdimer cou- 
pling in the latter compound is reduced due to 
shielding by the large organic cations. 

The v) antiphase mode is more intense (relative to 
the in-phase mode) in luminescence, rather than 
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in the IR absorption spectrum of [(C,H,),lQ. 
[UO,F(NO,),], since for the former pro- 
cess the selection rules are relaxed at the CrV many1 
site. As in the luminescence spectrum of 
Cs,(U0,),F,.2H20, progressions are observed in the 
vj mode. The agreement between the IR and lumi- 
nescence frequencies for the vg modes in 
[(C,H,),Nh[UO,F(NO,)J~ illustrates the small dis- 
persion of these local dimer modes, by contrast to the 
v,(O-U-0) vibrations in other luminescence spec- 
tra.‘*2x7 
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Ah&act-Complex formation constants of Np(V) with 22 organic ligands, 7 hydroxycarboxylic acids, 4 dicar- 
boxylic acids, 4 aminocarboxylic acids, 3 pyridinecarboxylic acids, 8-hydroxyquinoline-5-sulfonic acid, IDA, NTA 
and EDTA, have been determined in IM NaClO, at 25°C by using the solvent extraction method with TTA and 1, 
IO-nhenanthroline. The factors influencina the stabilities of Np(V) complexes are discussed in connection with the 
linear structure of NpO,+. 

The aqueous solution chemistry of actinides, particularly 
of U, Np, Pu and Am, offers us an enormous task 
because of its complicated features connected with 
redox, disproportionation, hydrolysis and complex for- 
mation reactions. Among the actinide ions, penta- and 
hexavalent actinides assume the form of dioxo ions 
called “yl” ions which are a special type of cations as 
regards complex chemistry. Although a vast amount of 
data exists on complex formation of actinides in solution, 
pentavalent actinides have not been so extensively stu- 
died because of their reduced reactivity with various 
ligands as a result of their low ionic potential. 

Since the valence stability of Np(V) in aqueous solu- 
tion makes neptunium a useful representative element for 
studying the aqueous complex chemistry of pentavalent 
actinides, we decided to study the complex formation of 
Np(V) with different organic ligands by using a solvent 
extraction technique. Recently, we succeeded in ex- 
tracting Np(V) by the combined use of either thenoyl- 
trifluoroacetone (TTA) and quatemary alkylammonium 
salts’ or TTA and l,lO-phenanthroline (phen).’ The 
former system has been successfully applied to the 
determination of stability constants of the complexes of 
Np(V) with several hydroxycarboxylic acids.3 This sys- 
tem, however, has limited applicability because it does 
not allow the presence of large, hydrophobic anions such 
as perchlorate, or dissociated anions of organic acids 
because of their interaction with the quaternary alkyl- 
ammonium cation. Although the synergistic enhancement 
of TTA extraction of Np(V) is somewhat smaller with 
phen than with quaternary alkylammonium salts, the 
TTA-phen system permits us to study the aqueous 
chemistry of Np(V) with fewer restrictions. By using this 
extraction system in the presence of 1M NaC104, we 
have obtained complex formation constants of Np(V) 
with 22 organic ligands including hydroxycarboxylic 
acids, dicarboxylic acids, aminocarboxylic acids and 
some other widely-known chelating reagents. 

EJtl’EIUMBNTAL 
Reagents. 239Np tracer was prepared by milking from -‘Am 

(obtained from the Commissariat a 1’Energie Atomique) by the 
method of Sill’ and adjusted to the pentavalent state by evapora- 

*Author to whom correspondence should be addressed. 

tion to dryness and dissolution in water.’ TTA and 2-(N-Mor- 
pholino)ethanesulphonic acid monohydrate (MES) were obtained 
from Dojindo Laboratories (Kumamoto, Japan) and used as 
received. All the other reagents were of A.R. grade and used 
without further purification. The solutions of these chemicals 
were freshly prepared just prior to use. 

Procedures. An aoueous solution (4 cm’) containing 23%p, IM 
sodium perchlorate, buffer reagents (a proper mixture of 0.05 M 
of MES and 0.05 M of THAM [Tris(hydroxymethyl)amino- 
methane] and a variable concentration of complex forming 
reagent was mixed in a glass tube with the same volume of 
organic solution containing the desired concentration of T’TA and 
phen, and the tube was shaken mechanically for 15min (140 
timeslmin) at 25?1”C. The phases were separated and a l-cm’ 
portion of each phase was pipetted into a counting tube and the 
y-activity of each phase was measured in a well-type NaI(Tl) 
scintillation counter (Fuji Denki ModefNHS2). The remaining 
part of the aqueous phase was used for pH measurement with a 
pH meter (Toa Dempa HM-SBS) equipped with a glass elec- 
trode. Conditions adopted in the experiments are listed in 
Table 1. 

Calculation of stability constants. The distribution ratio of 
neptunium in the absence of complexing agents, Do, can be 
represented by2: 

where HT and phen denote the neutral form of TTA and phen, 
K,, the extraction constant, m number of molecules of phen in 
the extracted species, and 0 refers to the organic phase. From the 
published data of distribution constants of ‘ITA and phen be- 
tween water and organic solvents6, [HTjo and [phenlo were 
assumed to be equal to the total added concentrations CrrA and 
C,, in the conditions adopted in the experiment. Contributions 
from the formation of water-soluble complexes of Np(V) with 
TTA anion to the log #l (stability constant) values were estimated 
to be less than 0.02, using the reported value of the stability of 
Np(V)-TTA complexes’, and were neglected under all conditions 
shown in Table I. The distribution ratio D of Np(V) in the 
presence of a complexing agent (L) can be expressed by: 

D=Do/(l+C. g.Ll”), (2) II 

where the values of fin are the overall formation constants of 
Np(V) complexes with ligand L (charges of ions are omitted for 
simplicity). [L] was evaluated from the total added concentration 
of liid acid, Cc, by using the dissociation constants* listed in 
Table 2. In the calculation, the concentration of neutral acid in 
the organic phase was assumed to be negligibly small. Equation 

627 
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Table 1. Conditions used for solvent extraction 

Symbol CTTA(M) 'phencM) organic diluent PH 

A 2x10-2 2x10-2 isobutylmethylketone 5.8r0.2 

B 1x10-4 2x10-2 isopentylmlcohol 1.5zo.5 

B' 1x10-3 1x10-2 isopentylalcohol 6.5 ~0.3 

C 2x10-3 5x10-2 dichloromethane 6.i'ZO.g 

Table 2. Stability constants of Np(V) complexes 

Complexing agent 
n=l 

1063 P, (tc 1 a) 
n=2 n=3 method CL1 max 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Glycollc acid 
(3.62) 

1.21(0.03) l.lO(O.01) 
1.21(0.21) 1.90(0.03) 

CH2(0H)COOH 1.21(0.11) 1.74(0.03) 
1.14 1.88 
1.51 

Lactic acid 
(3.64) 

CH3CH(OH)OOOH 

a-y$gr;jybutyric acid 

CH3CH2CH(OH)COOH 

S-lf3;d;;ljybutyric acid 

CH3CH(OH)CH2COOH 

a-Hydroxyieobutyric acid 
(3.77) 

(CH~)~C(OH)COOH 

l.ll(O.08) ;.;;'o.o" 
1.09 . 
1.15 

1.13(0.02) 
1.10 1.51 
1.62 

0.55(0.04) g.;~co.ol, 
0.67 . 

2-Hydroxy-2-methylbutanoic acid 
(3.73) 

CH3CH2C(CH3)(OH)COOH 

2-Ethyl-2-hydroxybutanoic acid 
(3.63 

1 (CH~CH~ 2c(oH)cooH 

Oxalic acid 
(1.04,3.55) 

(COOH)2 

1.48(0.02 
1.55(0.07 

2.19(0.01) 
2.48(0.03) 

1.53(0.02) :.;;(0.02' 
1.35 
1.99 2:90 3.53 

y&(0.02) y;(o.o" 
. . 

:*;~(“*03) . 2.06 

Malonic acid 
(2.60.5.07) 

HOOCCH2COOH 

2.25(0.02) ;.;;(O."" 
2.26 . 
2.15 

Succinic acid 1.13(0.01) 1.50(0.01) 2.35(0.0 
(3.95.5.12) 1.29 1.89 

HOOC(CH2)2COOH 1.72 

Glutaric acid 
(4.11,4.87) 

HOOC(CH2)3COOH 

1.27(0.02) ;.;42(0.02' 2.45(0.0 
1.18 . 
1.43 

Glycine 
(2.35r9.75) 

H2NCH2COOH 

3.17(0.01) y~(o.01' 
3.31 . 

DL-Alanine 
(2.31.9.84) 

CH3CH(NH2)COOH 

;.p.o1, y;(o.ol' 
. . 

L-Aspartic acid 
(2.00,3.67,9.62) 

HOOCCH2CH(NH2)COOH 

yg(O.05 ;.;;(o.ol' f;; rgm)" 
. . n 

L-Clutamic acid 
(2.39,4.21,9.55) 

HOOC(CH,),CH(NH,)COOH 

;.;;(0.03' 15.~;(o.o" p; $-IL)" 
. n 

Picolinic acid 
(0.86,5.17) 

C5H4NCOOH (2-) 

1) 

1) 

A 
B' 
C 
H 
SP 

A 
R 
SP 

: 
SP 

C 
R 

A 
B' 
C 
R 
cix 

C 
R 

A 
B 
C 
H 
PH 

A 
R 
PH 

B 
H 
PH 

B 
R 
BP 

B 
SP 

B 
eP 

A 
A+B 

A 
A+B 

A 
R 
SP 

1.0 
1.0 
1.0 

2.0 

0.5 

0.6 

0.4 

A:: 

0.3 

0.4 

0.06 
8x1 o-3 
4x1 o-3 

0.6 

0.5 

0.5 

0.02 

0.05 

::; 

Z 

0.03 
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Table 2. (Contd.) 

Complexing agent 
log P, (ZC) 

n=l n=2 n=3 . methoda) ILlmax 

1-I. 

18. 

19. 

20. 

21. 

22. 

Nicotinic acid 
(2.09.4.70) 

C5H4NCOOH (3-) 

Di 
P 
icolinic acid 
2.13,4.51) 

C5H3N(COOH)2 (2.6-l 

8-Hydroxyquinoline-5-sulfonic 5.42(6.01) 
acid 

(3.86,8.23) 
CgH5N(OH)(803H) 

Iminodiacetic acid 5.64(0.01 
(1.88,2.56.9.35) 5.76(0.01 

HN(CH2COOH)2 6.27 

Nitrilotriacetic acid 
N(~;.wa;j43,9.33) 

2 3 
Ethylenedinitrilotetraacetic 
acid 

(2.0,2.68,6.11,10.17) 
(H~occH,),N(CH,),N(CH~C~~H)~ 

4.46(0.01 
4.52(0.02 
5.30 

C 0.5 

C 5x10-6 
B 5x10-6 

B 
C 
ix 

C 
B' 
ix 

for MHL C 
for MHL B' 
for MHL ix 

7x10-5 
8~10-~ 

5x10-5 
3x10-5 

4x10-3 
1x10-3 

a) A, B, B’, C: solvent extraction, see Table 1. 
R: solvent extraction with TTA + alhylammonium’. 
sp: spectrophotometry at 25”C, p = 1, tahen from Ref. 9 and references cited therein. 
cix: cation exchangelo at c = 0.05. 
pH: potentiometry” at 2o”C, p = 1. 
ix: ion exchange’* at 25°C p = 0.1. 

where 

(2) is equivalent to a linear function, 

Y = f(x). (3) 

y=l/D, 

and 

x = [L]. 

About twenty sets of data (x~ yi) were analyzed by the least- 
squares method to give f?. values. Since the counting-time of 
y-activities was set to mahe the relative statistical errors of the 
total counts approximately constant, residuals of observed ratios, 
y, are expected to be proportional to the value of I/D from error 
propagation rules. Although the observed value of l/D is not 
error-free, this value gives a good basis for the estimate of the 
weight of the observation. Therefore least-squares fitting was 
carried out to minimize the following sum of the weighted 
squares of the residuals: 

S= C IYi-fCXi)P/Y?. (4) 
I 

When a polybasic acid is used as the complex& agent, there is 
the possibility of forming different types of complex; that is, the 
lids in diierent stages of dissociation can react with NpfV). 
In this case, the proper form of complex is taken to he that which 
gives self-consistent values of stabiity constants when series of 
experiments are conducted at diierent values of pH. 

RESULTS AND DISCUSSION 

The results are listed in Table 2 together with literature 
values. The maximum concentration of the ligand adop- 

ted in each series of experiment is shown in the last 
column of Table 2. Standard deviations, shown in paren- 
theses, indicate that each series of experiment is of fairly 
high precision. However, comparison between the values 
obtained under different conditions (dihtent, pH, con- 
centration of extractants) reveals that the accuracy of 
the value is somewhat poorer than that expected from 
standard deviations. As a whole, the total error in log & 
remains less than 0.1, and therefore the present values 
agree well with literature values within the limits of the 
experimental error. Our two-solvent extraction systems, 
TTA plus alkylammonium salts and ‘lTA plus phen, gave 
very similar values, although the former were a little 
smaller than the latter in almost every case. This may be 
attributed to the difficulty of correcting the effect of the 
formation of water-soluble complexes of Np(V) with 
TTA anion in the former system. The fact that the 
present values also agree well with those obtained by 
completely different techniques such as spectropho- 
tometry or potentiometry, supports the validity of this 
extraction technique. 

The results in Table 2 can be used to elucidate the 
factors influencing the stabilities of complexes-those 
common to chelates in general and those characteristic 
only of chelates involving dioxo ions. 

The effect of the size of the chelate ring can be seen 
by comparing the stabilities of the chelates of hydroxy- 
carboxylates, dicarboxylates and pyridinecarboxylates. 
The orders of stability are: 

a-hydroxycarboxylate > /3-hydroxycarboxylate, 
oxalate > malonate > succinate - glutarate, 

and 

picolinate > nicotinate. 
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Y=(1/1.42)X - 0.90 (CORR = 0.94) 

0’ . I 
0 12 3 4 5 6 7 8 9 l0 

X=log n, (UQJ') 

Fig. 1. Correlation between 1: 1 &elate stability constants of 
UOr*’ and NpOr’. Numbers correspond to the compounds listed 

in Table 2. 

These orders are consistent with the general rule that 
chelates with a five-membered ring are most stable. For 
these chelates lkith a five-membered ring, the nature of 
the donor atoms affects the stability sequence as follows: 

sulfoxine(phenolic O-, N)>dicarboxylate(O-, O-)2 
aminocarboxylate(O-, N)>hydroxycarboxylate(O-, 0). 

It is interesting to note the effect of the number of 
available coordination sites of the chelating agent. All the 
tri- or tetradentate ligands investigated give more stable 
chelates than bidentate ligands. However, these ligands 
give only 1: I complexes suggesting that a steric effect 
opposes the formation of higher complexes. This steric 
hindrance can be considered to result from the fact that 
the pentavalent neptunium exists as very stable “yl” ions 
NpOz+ with two short covalent metal-oxygen bonds and 
can accommodate ligands only in the plane equatorial to 
“yl” bond. 

Another point of interest is the comparison of the 
results for Np(V) with those for other metal ions. For 
this purpose, it is desirable to compare with other 
actinides, but we have little comparable data because the 
pentavalent state of other actinides is very unstable 
(except in the case of protactinium which behaves 
differently from other members of this group of ele- 
ments). Instead, the stabilities of Np(V) complexes were 
compared with those of U02*+ and Zn*‘ complexes 
because U02*+ is also a dioxo cation of similar type and 
complexes of Zn*+ have stability constants comparable 
to those of Np(V). Figures 1 and 2 clearly indicate that 
both UO,‘+ and Zn*+ give a good correlation of stabili- 
ties with Np(V). One reason is that all these complexes 
are considered to be formed by the interaction of a hard 

.-, 6 - 
0 
n 

z 
5. 

2 4 

i? 3. 
II 

=- 2- 

1' 

0’ ’ ’ 
0 12 3 4 5 6 7 6 910 

X=log D, (Z"2') 

Fig. 2. Correlation between 1: 1 chelate stability constants of 
Zn*+ and Np02+. Numbers correspond to the compounds listed 
in Table 2. For 22, Zn2+ forms ML, while Np02+ forms MHL. 
Dipicolinic acid (18) shows a large deviation from the line (log 

fi=635 11 88 for Zn*+). . , . 

acid and a hard base. Another reason is that we are 
comparing the values of log fl,, which are not affected by 
the steric factors. As a proof, stability constants of Np(V) 
with IDA, NTA and EDTA correlate better with those of 
U02*’ than those of Zn*+. Moreover, U02*’ gives only 1: 1 
complexes with the above ligands, while Zn’+ gives higher 
complexes as well. Slopes in Figs. 1 and 2 indicate that 
Np02+ in its complex-forming behaviour resembles 
cations with a charge between +l and +2. 
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Ahstraet-Complex equilibria between cadmium ions and 2-mercaptoacetic acid (Hsmaa) or 
2-mercaptopropionic acid (I$mpa) have been studied in aqueous solutions containing 3 mol dm-’ LiClO, 
as a constant ionic medium at 25°C by potentiometric titration. Formation constants of mono-n and 
bis-2-mercaptoalkanoato)cadmium complexes were found to ge log K,, = 4.34 and log K,, = 2.15 for the 
cadmium-Hsmaa complexes, and log K,, = 5.66 and log K,, = 2.85 for the cadmium-H,mpa complexes, 
respectively. The protonated complexes, CdHmaa+ and CdHmpa+, and a mixed ligand complex, 
Cd(maa)(mpa)2-, were also detected. 

In a previous investigation on the complex formation 
between cadmium ions and glycine and cl-alanine,’ 
we found that the glycine complex is more stable than 
the a-alanine complex, in spite of the smaller basicity 
(or the larger dissociation constant) of the former 
ligand than the latter. Such a reverse trend of the 
formation constants of glycinate and a-alaninate 
complexes to the basicity of the ligands has also been 
observed for complexes with other divalent metal 
ions.* In the paper’ we interpreted the result in terms 
of ligand-ligand interactions through the central 
metal ion, in which electron back-donation was as- 
sumed from the cadmium ion to oxygen and nitrogen 
atoms within the complexes. In the present work we 
have studied complex equilibria between cadmium 
ions and 2-mercaptoacetic acid {Hrmaa, 
maa = (SCH,COO)*-J or 2-mercaptopropionic acid 
{H,mpa, mpa = (CH,CHSCOO)*-). These ligands 
have a sulphur atom which acts as a stronger 
electron-donor, as well as a stronger n-electron ac- 
ceptor, than an oxygen or a nitrogen atom and can 
be regarded as SH-substituted compounds of glycine 
and a-alanine. The formation constant of the mixed 
ligand complex, Cd(maa)(mpa)2- has also been de- 
termined. In this study we detected protonated com- 
plexes CdHmaa+ and CdHmpa+, the CdHL-type 
complex having not been found in the previous cases 
with glycine and a-alanine. 

obtained from Katayama Chemicals Co., Osaka, and con- 
centrations of each reagent were determined by both pH 
titration and total organic carbon analysis by using a TGC 
analyzer, Model-GCT-12N. Sumitomo Chemicals Ind., To- 
kyo.-An-Orion Digital pH.Meter Model 801 was used for 
pH-metric titrations of test solutions in combination with a 
Beckman glass electrode No. 49495 and a silver-silver 
chloride electrode. The method of the measurements was 
essentially the same as that described in previous papers.‘,4 
The ratio of the total concentration of the ligand (or ligands) 
to that of cadmium ions was 5 in all the cases. During the 
pH-metric titrations the total concentration of perchlorate 
ions was kept constant at 3 moldm-3 by using lithium 
perchlorate. 

All the measurements were carried out under a nitrogen 
atmosphere at 25.00 f 0.02”C in a liquid paralbn bath set in 
a room thermostated at 25.0 + 1.5”C. 

RESULTS AND DISCUSSION 

EXPERIMENTAL 
Cadmium perchlorate was prepared by dissolving Cd0 

(99.99%, Mitsuwa Pure Chemicals Co., Osaka) in a 1: 1 
HClO, (reagent grade) solution. The purity of the cadmium 
oxide was checked by emission spectroscopy. The cadmium 
perchlorate was recrystallized twice from water. Lithium 
perchlorate was prepared according to the method of Bi- 
edermann and Ciavatta.3 Lithium hydroxide was prepared 
by electrolysis of a 3 mol dm- ’ LiClO, solution and used 
within 2 weeks after preparation. 2-Mercaptoacetic acid 
(88% in water) and 2-mercaptopropionic acid (99.8) were 

The complex formation of 2-mercaptoacetic acid 
with metal ions has been investigated by Leussing’ for 
manganese(H), cobalt(H), nickel(H), and zinc(I1) in 
1958. He found the formation of the M(maa) and 
M(mae),*- complexes, but did not examine reac- 
tions between cadmium ions and the ligand. In 1962, 
Cabrera and West6 reported the formation of the 
polynuclear Cd,(maa),2- complex in an ammoniacal 
aqueous solution at pH 10, but they did not report 
the formation of the 1: 1 and 1: 2 complexes in the 
solution. In the present work we found the 1: 1 and 
1:2 complexes, together with a protonated MHL- 
type complex, in solutions of pH 5-9 in the cadmium- 
H,maa system. In the cadmium-H2mpa system the 
same types of the complexes were found. 

Typical results of titration curves of solutions of 
H,mpa and cadmium-H,mpa mixtures are shown in 
Fig. 1, in which the degree of neutralization X of 
Hrmpa in the solutions was plotted vs - log [H +] 
(X = - H/C,; H stands for the analytical excess of 
hydrogen ion and CL is the total concentration of the 
ligand). Similar results were obtained for the 
cadmium-H,maa system. 

*Author to whom correspondence should be addressed. The formation constants (K,,, K,,, and /I,,) of the 
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Fig. 1. Titration curves of 2-mercaptopropionic acid and 
cadmium(H)-2-mercaptopropionic acid solutions. Curve (1) 
C,(mmol dm - ‘) = 0.0, C,(mmol dm - ‘) = 41.05; (2) 3.130, 
16.00; (3) 3.441, 17.76; (4) 4.168, 21.51; (5) 4.304, 22.21. 

complexes are defined by the following equations: 

Cd*+ + L*- = CdL 

K,, = [CdL]/([Cd* +][L* -1) 

CdL + L* - = CdLz2 - 

K,, = [CdL,Z-]/([CdL][L*-1) 

(1) 

(2) 

where H2L and H,L’ denote 2-mercaptoacetic and 
2-mercaptopropionic acids, respectively. 

Calculations were carried out by using the SCOGS 
program’ with an electronic computer FACOM M- 
160s. The results obtained are summarized in Table 
1. The solid lines in Fig. 1 were calculated curves 
using the estimated constants. 

The formation constants (K,,) of the cadmium 
complexes with H,maa and H,mpa are larger than 
those with glycine (Hgly) and a-alanine (Hala), re- 
spectively (see Table 1 b). This indicates that a cad- 
mium ion combines more strongly with a mercapto 
group than an amino group due to a stronger 
electron-donating ability of the former than the latter 
to the central cadmium ion. However, the electro- 
static interactions between cadmium ions and the 
ligands must be considered. The large values of the 
formation constants (K,, and K,,) of the 
cadmium-Hrmpa complexes compared with those of 
the cadmium-H,maa complexes may be caused by 
the stronger electron-donating ability of a sulphur 
atom in the former ligand than in the latter, due to 
the inductive effect of a methyl group introduced. In 
this case we did not see a reverse trend of the 
formation constants of the complexes to the dis- 
sociation constants of the ligands, which has been 
observed in the systems of glycine and a-alamine, and 
a usual relationship between the formation constants 
and the pK values of the ligands was found. The 
result may be explained as follows: since electron 
donation from the sulphur atom within 

pCd*+ +4H+ +rL*- +sL’*- =Cd,H,LCj(2p+‘-*‘-*I)+ 

Pp,, = P-&J-&L ~(*p+r-*r-2r)+]/([Cd*+]P[H+]9[~*-]r[~~*-]3 

Table I. Formation constant, /?,,,,,$ = [Cd,H,L&(b+9-“-~)+ ]/([Cd2 +]p[H +]qL2 -]4L’2-]“), of cadmium 
complexes with 2-mercaptoacetic and Z-mercaptopropionic acids in 3 mol dm-’ LiCIO, at 25”C*’ 

n2maa Hyva Hgly*' 
*2 Hala - 

a) Ionization constants. 

pKl 3.83 3.96 2.76 2.81 

pK2 9.99 10.25 9.68 9.72 

b) Formation constants of mono- and bis(2-mercaptoalkanoato)- 

cadmium complexes, protonated complexes, and mixed 

ligand complex. 

log RI1 4.34 5.66 4.01 3.69 

log RI2 2.15 2.85 3.48 3.24 

log Blo20 
or log B1,,, 6.49 8.51 7.49 6.93 

log Blllo 
o= log B,,,, 11.08 11.22 

log hell, 7.93 7.47 

(3) 

*1 _ Standard deviations are f 0.03. 

l 2 The values are obtained from Ref. 1. 
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2-mercaptopropionic acid is stronger than that from 
the ligand sulphur within 2-mercaptoacetic acid, the 
n-electron acceptability of the former may be rela- 
tively smaller than the latter. The effect of the elec- 
tron donation may be more pronounced in this case 
than the electron-accepting effect, because of a strong 
electron-donating ability of sulphur atoms. The for- 
mation constants of H,maa complexes with other 
divalent metal ions are also larger than those with 
Hgly.5 

However, the second stepwise formation constants 
(K,J of the complexes with cadmium and H,maa or 
H,mpa are smaller than those with the metal and 
glycine or a-alanine, respectively. This may be expla- 
ined in terms of a smaller electrostatic interaction 
between the neutral 1: 1 complex of the Cd(maa) or 
Cd(mpa) and a second entering ligand anion (maa’ - 
or mpaZ-) than that between a positively charged 
Cd(gly)+ or Cd(ala)+ and the relevant ligand. 

The protonated complexes Cd(Hmaa)+ and 
Cd(Hmpa)+ were found in the both solutions of 
cadmium-H,maa and -H,mpa. The dissociation 
equilibria of the ligands can be described as follows: 

wise formation constant of the mixed ligand complex 
from that of the corresponding parent complex is 
explained in terms of the so-called “entropy effect”, 
and the increment is 0.6 in an ideal case. 

The value of log K,* = 3.59 observed for the reac- 
tion, Cd(maa) + mpa* - = Cd(maa)(mpa)’ -, was 
considerably larger than the second stepwise for- 
mation constant of the Cd(mpa)22- (log K12 = 2.85). 
The increment was much larger than the statistical 
value of 0.6. The increased constant at the second 
step of the formation of the Cd(maa)(mpa)2- com- 
plex from Cd(maa) and mpa*- may be explained as 
follows: since maa2- has a weaker electron-donating 
ability than mpa2-, the charge density of the cad- 
mium ion within the Cd(maa) complex is still low 
compared with that within the Cd(mpa) complex. 
Thus, the entering ligand mpa2- can combine with 
the Cd(maa) complex more strongly than with 
Cd(mpa) to form the more stable complex of 
Cd(maa)(mpa)*- than Cd(mpa),*- . 

When the Cd(mpa) complex is formed at the first 
stage, the charge density at the cadmium ion within 
the complex is increased by a strong electron- 

HSCH,COOH+HSCH,COO - + H + z$ - SCH2CO0 - + 2H + 

SH SH S- 

CH3 C HCOOH+CH3 I: L HCOO - + H ++CH3 HCOO - + 2H + 

As is seen from Fig. 1, the complex formation 
between cadmium ions and H,mpa is not observed 
until the hydrogen ion of the carboxyl group is 
almost fully dissociated. Therefore, we assumed that 
protons within the protonated complexes, Cd. 
(Hmaa)+ and Cd(Hmpa)+, were combined with the 
sulphur atom of the mercapto group. No polynuclear 
complex was found in the solution. 

The formation constant of the mixed ligand com- 
plex Cd(maa)(mpa)*- was also determined. The for- 
mation constant of the mixed ligand complex lies 
between the values of the two parent complexes, 
thus, 8,002 ’ BlOll 

B:oII 
> j?,m2, although the relationship 

> ~,ozo~ &,2 still holds for the complex. 
The second stepwise formation constant was eval- 

uated to be log K,, = 3.59 for the reaction, 
Cd(maa) + mpa’- = Cd(maa)(mpa)*- and 2.27 for 
Cd(mpa) + maa*- = Cd(maa)(mpa)*- . The second 
stepwise formation of a mixed ligand complex is 
usually larger than that of the corresponding parent 
complex. The values of log K12 of the parent com- 
plexes are 2.15 and 2.85 for Cd(maa),2- and 
Cd(mpa),* -, respectively. The increment of the step- 

donation from mpa2-, and therefore, the electron 
acceptability of the cadmium ion for the second 
entering ligand of maa*- is decreased, which is a 
weaker ligand than mpa2-. Therefore, the second 
stepwise formation constant of the Cd(maa)(mpa)2- 
complex from Cd(mpa) and maa2- is smaller than 
that of the Cd(mpa),’ - , although the former value is 
still larger by 0.12 log unit than the second stepwise 
formation constant of the Cd(maa);- complex 
(log K,* = 2.15) due to the entropy effect. 
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Abstract-5-Phenylazo-8-quinolinol (LH) forms di/tri-organotin complexes similar to the well-known 
organotin oxinates, but 5-(2’-carboxyphenylao)-8-quinolinol (L’HH’) forms three classes, viz., the 
carboxylate derivatives of the type R,SnL’H, the quinolinolates of the type R,Sn(L’SnR;), and 
R,SnL’SnR;. The carboxylates, R,SnL’H, are 5-coordinate complexes similar to other triorganotin 
arylazobenzoates and the quinolinolates, R,Sn (L’H’X, closely resemble the corresponding organotin 
oxinates. Unlike the oxinates, R,Sn(L’H’), type complexes can, be made water soluble by treatment with 
aqueous NaHCO, whereby R,Sn(L’Na), type complexes are formed. The binuclear complexes of the type 
R,Sn(L’SnR& contain 5- and -ordinate organotin groups in the same ligand. 

Although known for a long time as analytical re- 
agents for qualitative detection of metal ions,‘--’ the 
extant literature contains no report of isolation and 
characterisation of metal or organometallic com- 
plexes of Sarylazo-8-quinolinols (I). More recent 
studies on this group of compounds concern mainly 
the azo-hydrazone tautomeric equilibriaM and bacte- 
riocidal properties’** although some of these com- 
pounds, particularly, S(2’-carboxyphenylazo)-8- 
quinolinol, appear to be suitable ligands for 
the preparation of a variety of a rare type of complex 
in which the two coordination sites (2’-COOH and 
&OH groups) are bonded to two different 
ions/groups. In this paper we report the preparation 
and electronic spectra of organotin complexes of 
S-arylazo-8-quinolinols (I). Of particular interest is 
the diorganotin-5-(2’-carboxyphenyl azo)-8-quino- 
linolates which can be made water soluble through 
conversion into their sodium-salts by reaction with 
NaHCO,. The corresponding triorganotin com- 
pounds are likely to find wide application as water 
soluble organotin biocides and attempts are therefore 
being made to prepare these compounds. 

N-N 

(I) 

I. LH (X==H) 
2. IIHH’(X=COOH), 

6 7 

OH 

tH and H’ refer to the hydroxyl and carboxyl protons 
respectively. 

*Author to whom correspondence is to be. addressed. 

EXPERIMENTAL 
(a) Preparation of 5-arylazo-8-quinolinols (I) and their 
methyl deriuatiues. The ligands LH and L’HH’ were syn- 
thesised according to methods given in Ref. 2. 

5-Q’-carbomethoxyphenyl)azo-8-quinolinol, L’MeH, was 
prepared by the method reported by Sawicki.6 

Preparation of 5-(2’~carbomethoxyphenyf)azo-S-meth- 
oxyq~inofine, L’Me,. L’HH’ was meth&ted~b~ refluxing in 
MeOH and cont. H,SO, as described by Vogel.’ The 
product was purified by repeated crystallisation from ether. 
m.p. 112°C; PMR(S), 3.78(COOCH,), 4.03(Aryl-OCH,); 
IR v..(OCO) 173Ocn-‘: ms m/e CM+). 321. 

5-(?-carbbxyphenyl)&o-8-m&hixyq&oline, L’MeH 
was prepared by saponification of L’Me, using standard 
procedures. I0 

(b) Preparation of organotin derivatives of 
5-arylazo-8-quinofinols (I). A few preparative details are 
given below: 

(i) Ph,SnL,: A mixture of diphenyltin oxide (0.85 g) and 
LH (0.75 g) in 100 cm3 dry benzene was refluxed for 20 hr, 
cooled and filtered. The filtrate was concentrated and 
petroleum ether (60-80) added when the crude product 
separated out. This was purified by repeated crystallisation 
from benzene and petroleum ether (60-80). The pure 
product was obtained as orange crystals; m.p. 202°C; yield 
SCr82%. 

(ii) Ph,SnL’H: A mixture of Ph,SnC1(2.03g) and the 
Aesalt of L’HH’(2.1 g) was refluxed in 250 cm3 dry hen- 
zene for 25 hr, cooled and filtered. Addition of petroleum 
ether to the concentrated filtrate yielded the crude product 
which was filtered and washed with hot petroleum ether, 2% 
NaHCO, and then with water. The product was crystallised 
from benzene and petroleum ether (60-80); m.p. > 300°C; 
yield 7&75x. 

(iii) Ph,Sn(L’H’),: ‘HH’ (2.5 g) was Soxhlet-extracted in 
300 cm3 THF. To the solution was added 1.46 g. Ph,SnCl, 
and few drops of pyridine. The reaction mixture was stirred 
at room temperature for 10 hr. THF was then distilled off, 
the solid washed with hot petroleum ether and extracted 
with cold benzene. Addition of petroleum ether (60-80) to 
the concentrated solution afforded the orange-red product 
which was again recrystallised from benzene and petroleum 
ether; d.p. 259°C; yield 4045%. 

(iv) Ph,Sn(L’Me),: L’MeH( 1.3 g) and Ph,SnCIZ(0.73 g) 
were taken in 150 cm3 dry benzene containing a few drops 
of pyridine. The mixture was refluxed for 10 hr, cooled and 
filt&d. Addition of petroleum ether to the concentrated 
filtrate yielded the crude product which was filtered, 
washed &ith hot petroleum ether, 2”/, NaHCO, and finally 
with water. The brown coloured compound was purified by 
repeated crystallisation from benzene and petroleum ether 
(&SO); m.p. 178°C; yield 50-55x. 

635 
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(v) Ph,Sn(L’SnPh,),: A mixture of Ph,Sn(L’H’)z(l .O g) 
and (Ph,Sn),0(0.83 g) in 200 cm3 dry benzene was refluxed 
for 15 hr. cooled and filtered. Addition of petroleum ether 
to the concentrated filtrate yielded the crude product which 
was filtered. washed with hot netroleum ether, 2% NaHCO, 
and finally ‘with water. The s&d was purified by repeated 
crystallisation from benzene and petroleum ether (60430); 
m.p. > 300°C; yield 6&65x. 

RESULTS AND DISCUSSION 

(a) Method of preparation of the organotin derivatives 
While the monobasic ligand LH, forms only one 

type of organotin complexes, viz. the organotin quin- 
olinolates, the dibasic ligand L’HH’ can form three 
types, viz. the organotin carboxylate, organotin quin- 
olinolate and the binuclear di/triorganotin (tri- 
organotincarboxyphenyl)azo-quinolinolates. 

The organotin carboxylates are conveniently pre- 
pared by reactions (1) and (2): 

R,SnCl + L’HAg - R,SnL’H + AgCl 

R,SnOCOCH, + L’HH’ - R,SnL’H 

+ CH3COOH 

(1) 

(2) 

The quinolinolates were prepared by using reactions 
(3H6): 

(Ph,Sn),O + 2LH - 2Ph,SnL + Hz0 (3) 

R,SnX, + 2LH - R,SnL, + 2HX (4) 

R&X2 + 2L’HH’ - R,Sn(L’H’), + 2HX (5) 

R,SnX* + 2L’MeH - R,Sn(L’Me), + 2HX (6) 

Addition of a small amount of pyridine to the 
reaction mixture to neutralise the acid formed in- 
reactions (2) and (4)-(6) improves the yield. The 
binuclear di/tri-organotin (triorganotincarboxy- 
phenyl)azoquinolinoiates were prepared in 20-70x 
yield by reactions (7) and (8) which take place on 
refluxing the reactants in dry benzene. 

(R<Sn),O + R,Sn(L’H’),-,R,Sn(L’SnR& + HZ0 (7) 

(Ph,Sn),O + L’HH’+Ph,SnL’SnPhj + HZ0 (8) 

Reaction (9) and (lo), were also tried for the 
preparation of the binuclear complexes: 

2R;SnL’H + R,SnCl, -R,Sn(L’SnR& + 2HC1(9) 

R,Sn(L’Ag), + 2R;SnCl- R,Sn(L’SnR$ 

+ 2AgCl (10) 

However, the yield in reaction (9) is not good al- 
though the reaction time is short. The reverse holds 
good for reaction (10). 

Table 1. Analytical data 

CWlpOUZd* Fad (Cala. 1 ( k 1 

0 H n szl 

1. FbpiL'B 

2. Bupmi 

1: r -2 

5. Bu2-2 

6. "t2=2 

7. '2% 
8. Rl &l(L'H') 2 2 
9. Bu25n(L'H'12 

10. Oct2s?l(L'H')2 

11. Me2sn(L'H')2 

12. *2snwlh)2 

13. Bugn(L'k)2 

14. oot2snn(L’Yc)2 
15. l!b2sn(L'las), 

16. Ih2SdL'Sdb3)2 

17. m128n(L'8nph3) 

18. oct2~wsrJq2 

19. M¶2sn(L'snph3)2 

20. R12sn(L'stm3)2 

21. Bu2sn(L'Sah3)2 

22. 0etpsn(L'SnBu3)2 

23. phjsnL'&rph3 

63.85 (63.58) 

57.72c57.76) 

66.2Ol65.95) 

65.5d65.25) 

62.7Ot62.69) 

66.60(65.05) 

59.50(60.20) 

60.92(61.63) 

58.75(58.77) 

61.95(62.02) 

56.01(55.68) 

62.42(62.39) 

59.50(59.66) 

63.57(62.71) 

57.10(56.78) 

61.70(61.77) 

60.70(60.59) 

62.50(61.98) 

57.95b3.73) 

57.25(56.89) 

54.50(55.08) 

56.92c57.36) 

62.5Ol63.0) 

3.80 (3.89) 

6.30 (6.36) 

4.10(4.02& 

3.90(3.50) 

4.90(4.79) 

6.20(6.35) 

4.N3.95) 

3.52(3.50) 

4.6Ot4.65) 

6.02(5.81) 

3.50(3.54) 

3.90(3.84) 

4.52t4.971 

6.10(6.061 

3.90(3.94) 

3.7ot3.73) 

3.19(3.78) 

5.25(5X4) 

3.5ot3.77) 

5.5oC5.71) 

6.62t6.45) 

6.96(7.03) 

3.92(3.90) 

6.50(6.54) 

7.28c7.22) 

7.0(7.1) 

10.90(10.95) 

11.50(12.60) 

9.70(9.72) 

1).0(13.20) 

9.79(9.80) 

10.12(10.26) 

9.15(9.04) 

11.50(11.46) 

9.36(9.49) 

10.1(9.94) 

7.97b.78) 

10.73(11.04) 

5.39(5.40) 

5.72(5.58) 

5.3d5.16) 

5.62(5.87) 

6.12(5.85) 

6.22(6.02) 

5.5ot5.57) 

4.10(4.24) 

l&62(18.49) 

20.12(20.40) 

19.80(19.62) 

15.40(15.36) 

16.30(16.22) 

13.70(13.50) 

18.40(18.35) 

13.90(13.851 

14.70(14.53) 

12.50(12.78) 

16.23(16.20) 

13.89(13.41) 

14.12(14&) 

12.34(12.40) 

15.96(15.60) 

22.50(22.91) 

23.68k3.65) 

21.89(21.90) 

25.1da.9) 

24.9d24.83) 

25.79t25.541 

24.10k3.64) 

24.15(23.97) 

*Ma =c 5, Bu = C41i9 , OOt = O&7' ph - 'sH5' 
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The diorganotin quinolinolates of the type The large bathochromic shift of the x-x* transi- 
R,Sn(L’H’), can be easily converted into the corre- tion in the axe form in R,SnL’H type complexes (A,_, 
sponding Na-salts, R$n(L’Na), which are water -420nm) compared to that in the corresponding 
soluble, by treatment with aqueous NaHCO,. The methyl ester L’MeH (A_, 385 nm) is also consistent 
Na-salts can also be crystallised from methanol. with the presence of N-&n coordination. 

(b) Electronic absorption spectra 
Ligands and their organotin complexes in which 

the &OH group is present show two absorption 
bands in the visible region at -400 nm and 
N 460480 nm (Table 2) due to axe-hydrazone tau- 
tomerism, well-known in such systems.5*6 The lower 
wavelength band must be assigned to the x--x* 
transition of the azo form since all compounds in 
which the -OH group is methylated or complexed 
with organotin group and, thus, exist only in the axe 
form, show a single intense absorption at m 400 nm. 
The N 460480 nm band must, therefore, be attrib- 
uted to the hydraxone form in agreement with the 
earlier observations that the hydraxone form gener- 
ally absorbs at a longer wavelength.‘0 The solvent 
dependence of the relative intensities of the two bands 
are also consistent with the known trends in similar 
molecules.6 

Though the possibility of azo-hydrazone tau- 
tomerism is eliminated in the organotin quin- 
olinolates of the type R,Sn(L’H’),, their electronic 
spectra (Table 2) are strongly influenced by the 
nature of solvent due to solute-solvent interaction 
through the carboxylic H-atom as shown by the 
following observations. 

5 - (2’ - carbomethoxyphenyl)ao - 8 - methoxy- 
quinoline (IV), a model for the azo form, shows a 
single absorption maximum at 380 nm in polar as 
well as nonpolar solvents. 

The relative intensities of the N 400 and N 460 nm 
bands show that the axe-hydraxone equilibrium in 
the carboxylate derivatives of the type R,SnL’H is 
considerably shifted towards the axe form compared 
to that in the corresponding methyl ester, L’MeH. In 
the latter, the hydrazone form is stabilised by the 
formation of a 6-membered ring due to intra- 
molecular H-bonding (II).6 

0 I?- OMe 

0 
The corresponding organotin derivatives, 

R,Sn(L’Me),, absorb at considerably longer wave- 
length (A,,,_, 420nm). The organotin complexes are, 
thus, structurally quite similar to the organotin 
oxinates”-‘5 and should be formulated as shown in 
(V). On the other hand, complexes of the type 
R,Sn(L’H’), in which the carboxyl group is free, 
absorb predominantly at 415420 nm in donor sol- 
vents (acetone, methanol, DMSO, etc.) and at 480 nm 

In the organotin complexes (III), the presence of 
N+Sn coordinate bond prevents the formation of 
any such intramolecular H-bond in the hydrazone 
form. The hydraxone form is, therefore, less favoured 
in the organotin complexes. 

OH 0 

(hydrazone form) 
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Table 2. IR and electronic spectral data of the organotin complexes of S-arylazo-8-quinolinols (I) 

caupo~* 
(Mp.V, yield 0 3 (L8 (OCO) cm-' 

Electronic spet?tm~(A 

MeOFi 
CsHs 

1. pnjsnL’H= 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

cgoo, 70-75) 

Bu3SnL+ 

(220, 35-40) 

Fl136d 

(176, SO-S5.) 

=2SG 
(202, Sc+32) 

%d 

(118, 60-65) 

cct,S& 

(93, 65-70) 

Bh2S~ 

(187, 60-65) 

Ih2Snwg 

(259%, 40-45) 

Bu2Sn(L'H'~ 

(163, 20-25) 

Oct*snfL'A')~ 

(144, JO-351 

rde*Sn(L'H')~ 

(169, 35-40) 

Ph*Sn(L'Me$ 

(178, 50-55) 

Bu2Sn(L'Me~ 

(174, 40-45) 

at2sn(L'bd$ 

(178, 40-50: 

15. Me2SdLW$ 

(175, 45-50) 

16. R12Sn(b+$ 

( 300, 60-65) 

17. Bu2Sn(~nR13~ 

(2111, 30-35) 

18. Oct2Sr&iaR13~ 

(165%. 30-80) 

19. Me2Sdm13)~ 

(175, 40-50) 

20. Ih2SrGSnSu3~ 

(242, 20-30) 

21. 13u2sn(** 

(162, 20-30) 

22. Oct,s&%lBu3,~ 

(182, 3540) 

23. l3lpL’~~ 
(180, 65-70) 

1630 410 (480) 420 

1635 410 (480) 420 

41c 410 

430 430 

430 430 

430 430 

430 430 

1725 415 480(420) 

1725 420 480(420: 

1725 410 480(420! 

1730 410 480(420) 

1720 420 420 

1720 420 420 

1720 420 420 

1720 420 420 

1630 410 

410 

410 

410 

4lC 

410 

415 

410 

420 

1630 415 

1630 415 

1630 410 

1635 410 

1630 410 

1635 410 

1630 420 

*Me = CH,, Bu = C,H,, Ott = C,H,,, Ph = C,H,. a, b, c, d, e,f, g and h refer to the reactions 
(I), (2), (3), (4), (5), (6), (7), and (8) respectively as the method of preparation. 

i decomp. point. 
i L, in parentheses are shoulders. 
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~&o,____s 

i i 

& 0 “\\, 
* 

0 O\ 
nN f SnR2 =F 

\ w- 4 

(VIA1 

Lo 
‘H ,* 
,’ c > d 0 “\\, 

0 P O\ 
oy/ SnR2 

2 

(VIB) 

in nonpolar solvents. Since all compounds of this 
series in which the carboxylic proton has been re- 
placed, e.g. R,Sn(L’Me),, R,SnL’H, R,Sn(L’SnR;), 
have a single intense absorption at m 410 nm in all 
the solvents, the N 420 nm absorption in R,Sn(L’H’), 
should be attributed to the structure (VIA) which is 
expected to exist in donor solvents (S) due to inter- 
molecular H-bonding involving the carboxylic proton 
and the donor atom of the solvent. Since the H-atom 
is not directly involved in the n-system, such inter- 
action will have little influence on the x--11 * transition 
and consequently the absorption spectra closely re- 
semble those of the corresponding carbomethoxy 
compounds ’ donor solvents (&lW 
Ph,Sn(L’H’), = by5 nm; Ph,Sn(L’Me),, 420 nm). 

On the other hand, formation of an intermolecular 
H-bond involving the azo N-atom (VIB) would cer- 
tainly result in a large bathochromic shift of the IL--~[ * 
transition.16v’7 The 480 nm absorption should, there- 
fore, be attributed to the species (VIB), the two forms 
(VIA) and (VIB) being in equilibrium. Clearly, the 
intramolecular H-bonded form (VIB) will be the 
main species in nonpolar solvents while donor sol- 
vents will tend to form solvent-solute or inter- 
molecular hydrogen bond, thereby shifting the equi- 
librium towards the form (VIA). 

In the binuclear derivatives of the type 
R,Sn(L’SnR;), and (R,Sn)&‘, the possibility of azo- 
hydrazone tautomerism as well as intra-or inter- 
molecular H-bonding involving the carboxyl group is 
eliminated. Consequently, the visible spectra shows a 
single absorption at 410 nm in both types of solvents. 
The bathochromic shift of the absorption maximum 
compared to that in the corresponding methyl deriv- 
ative, L’Me, (J,,,,,., 380 nm) indicates the formation of 
N-&n bond. 

(c) IR spectra 
Both in the organotin carboxylates R,SnL’H and 

the binuclear derivatives (R,Sn),L’ and 
R,Sn(L’SnR&, the asymmetric carboxyl stretch oc- 
curs at 1630-1650 cm-’ which is typical of 
S-coordinate organotin arylazocarboxylates.‘aJ9 The 
binuclear derivatives R,Sn(L’SnR& which should be 
formulated as in (VII), therefore, constitute probably 
the first examples of mixed organotin complexes of 
polyfunctional ligands. 

Interestingly, v,(OCO) occurs at 1730 cm-’ both 
in R,Sn(L’H’), and R,Sn(L’Me), type compounds 
indicating the absence of intramolecular H-bonding 

involving the -COOH group in the former in solid 
phase. This is somewhat surprising since the elec- 
tronic spectra indicate presence of intramolecular 
H-bond in the solution phase. Presumably, the inter- 
molecular interactions are more important in the 
solid phase so that intramolecular H-bonds are bro- 
ken as in the polar solvents (VIA). 
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Abstract-Several cyano- and thiocyanato-derivatives of the ions PBr,+ and PCl,+, including some 
mixed species, have been obtained in solution by using liquid halogens as solvents, and identified by means 
of 3’P NMR spectroscopy. The method of pairwise interactions has proved very valuable for assigning 
structures to the various species. 

INTRODUCTION 
During the course of our recent investigations into 
pseudohalogeno-derivatives of simple phosphorus(V) 
species’” we were naturally interested in preparing 
derivatives of the tetrahalophosphonium ions PBr,+ 
and PCI, + . The tetra-azidophosphonium ion 
P(N,), + ’ and the series PCI, _ “(NJ, +3 are the only 
known examples of pseudohalogeno-species derived 
from PCI, + , while no derivatives of PBr, + have been 
reported. We describe here the identification by 
means of “P NMR spectroscopy of several cyano- 
and thiocyanato-species, including some mixed ions 
PCl,Br,,X, +(x + y + z = 4; X = CN or NCS), de- 
rived from PBr,+ or PC&+ and prepared in liquid 
halogens as solvents. The use of the pairwise addi- 
tivity of chemical shifts”” over a wide range of 
tetrahedrally-coordinated phosphorus(V) species has 
proved invaluable as an aid to structural assignment. 

EXPERIMENTAL 
All manipulations including NMR sample preparation 

were carried out either in uacuo or under an atmosphere of 
dry nitrogen. Chemicals of the best available commercial 
grade were used, in general without further purification, 
except as described below. Bromine and chlorine were dried 
over P,O, before use. Zinc cyanide was dried by heating to 
373K in vacm for 5 hr. P(CN), and cyanogen were prepared 
as described in a previous paper.’ Anhydrous LiNCS was 
prepared by the method of Lee.” PBr,BBr, was obtained by 
the action of BBr, on PBr, in a suitable inert solvent, and 
the salts PCl,BCl, and PCI,SbCl, were prepared by standard 
methods.‘* Reactions involving Cl, were carried out in 
thick-walled silica tubes which were sealed under vacuum. 
The P(CN),/(CN), system was prepared in a similar manner. 

“P NMR spectra were recorded at 307.23 on the Fourier 
transform spectrometer as described previously.3 Chemical 
shifts were measured relative to external H,PO,, with the 
downfield direction taken as positive. Where an entire series 
of compounds was observed, e.g. PCl,_,Br,+ or 
PBr, _ .(CN), + , the pairwise additivity parameters were 
refined by a least squares method and these “best fit” values 
were used in the calculation of chemical shifts. 

RESULTS AND DISCUSSION 
The formation of P(N,),+ by direct substitution is 

very dependent on the choice of solvent,3*7 and 
MeNO, was found to be the only common solvent 
which promotes the reaction.’ It is thus not surprising 
that the reactions of PBr,+ and PCl,+ with other 
pseudohalides depend greatly on the choice of sol- 
vent. Normal organic solvents were found not to 

*Author to whom correspondence should be addressed. 

favour simple substitution reactions; some examples 
of the types of reaction we have observed therein are 
outlined in eqns (l)--(6). 

M&N 

PCl,SbCl, + AgCN - phNo2 PWW3 - (1) 

or 
WNoZ 

PCI,BCl, + AgCN - PCl, + ClCN (2) 

PCl,SbCls + AgNCS = SPCl, _ JNCS), 
slow 

(3) 

MeCN 
PC14SbCls + AgNCS - rnpid SPCl3 - .WWn (4) 

PCl$bCl, + LiNCS z SPCl, _ .(NCS), (5) 

McN% 

PC&BC14 + LiNCS - SPCl, _ JNCS), + PCl, (6) 

The phosphorus-containing products were identified 
by means of their characteristic 3’P NMR shifts,sJ3 
and ClCN (eqn 2) by its gas phase IR spectrum. The 
usual reactions were either reduction to PCl, and/or 
(for thiocyanates) the formation of thiophosphoryl 
compounds, although PCl$bCl, reacted with AgCN 
in either MeCN or PhNOz to give the ion 
PCl,(CN), - 5. The salts containing the PBr, + ion were 
either insoluble (PBr,PF,), or decomposed readily to 
PBr,(PBr, or PBr,BBr,) in normal organic solvents. 

In liquid bromine, however, PBr, dissolves to give 
the PBr,+ cation (6 3’P - 76.5 ppm), there being no 
possibility of reduction to phosphorus(II1) species in 
such an oxidising medium. Since some of the reactions 
above led to reduction of phosphorus(V), the use of 
liquid halogens as solvent systems seemed feasible. 
Although side reactions of the metal pseudohalide 
with the solvent were sometimes apparent they were 
not always rapid, and reaction with the phosphonium 
ions often seemed to occur at a faster rate. 

Cyano-derivatives of PBr,+ and PC&+. The reac- 
tion of PBr, with Zn(CN), in liquid bromine gave rise 
to four new resonances in the “P NMR spectrum 
(Table 1). Assignment of the signals is not straight- 
forward as the shift of P(CN),+ is to higher field of 
those of PBr,(CN)*+ and PBr(CN),+. The P(CN),+ 
assignment was confirmed by measurements on a 
P(CN),/(CN), system,14 where in addition to reso- 
nances assigned to P(CN),(B - 130.6 ppm)15 and 
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Table 1. Calculated and observed shifts of pBr,_,,X,J + ions in Br, 

6 talc. (p.p.m.) 

-76.2 

-32.6 

8.5 

47.2 

83.2 

6 

t 

obs. (p.p.pl.1 

-76.5 

-32.9 

8.5 

47.1 

83.2 

X=CN 

P(CN),(G - 98.4 ppm), a higher frequency signal was 
observed at 6 - 43.6ppm, agreeing well with the 
value of - 41.9 ppm in Br,. 

From these observations, and a series of mea- 
surements on the PCl,/ZnBr,/Br, system to obtain the 
shifts of the PCI,_.Br,+‘6,‘7 cations in Br, (Table l), 
the pairwise additivity parameters Cl : Cl, Cl: Br, 
Br : Br, Br : CN and CN : CN can be evaluated. Thus 
to calculate the shifts for the series of cations 
PBr,Cl,(CN), + (x + y + z = 4) only the Cl : CN term 
needs to be found. This was evaluated from the shift 
of PCl,(CN) + (6 44 ppm), which was observed in the 
spectra from the reaction between PCl$bCI, and 
Zn(CN), in Cl,. All the phosphorus-containing spe- 
cies were insoluble in Clr at room temperature, but the 
reaction proceeded slowly in the solid state, and the 
separate resonances due to solid state signals were 
resolvable because of the large chemical shift 
differences. PCl,(CN), + was also observed at 6 
11 ppm. PCl, also reacted with Zn(CN), in Cl, to form 
PCl,(CN) + (6 44 ppm), but no further substitution 
occurred in this instance. 

The reaction of Zn(CN), with PC& in Br, gave rise 
to a complex series of spectra. The main reaction 
observed was the formation of PCl,_.Br,+ ions 
(from reaction of Zn(CN), with the solvent), and 
these were the most intense peaks in the )’ NMR 
spectrum, but several resonances were apparent 
which could be ascribed to cyanocontaining deriva- 
tives. The observed shifts and assignments are shown 
in Table 2. The PCl,(CN), + resonance is likely to be 
masked by the strong peak due to PClrBr, + , but the 
failure to detect any signal from PCIBr(CN)r+ must 
be due to low concentration as no other strong 
resonances are expected in the region of - 12.5 ppm, 
which is the calculated shift for this species. 

Thiocyanato-derivatives. The reactions between 
both PBr, and PCl, with AgNCS in Br, as solvent 
were exothermic, and the “P NMR spectra of the 
resulting solutions showed several new species to be 
present, in addition to (for PC&) the series 
PCl, _.Br,+. The formation of both thiophosphoryl 
compounds and cyano-substituted species as well as 
thiocyanato-derivatives was apparent, leading to 
complex spectra. Possible assignments are shown in 
Table 3, following calculation of the shifts by the 
pairwise interaction method, as outlined below. 

As painvise additivity parameters have been shown 
to be independent of charge and only influenced by 
the geometry of the compound4*9*‘0 the known shifts 
of POCl, _,(NCS), and POBr, _JNCS)“‘* can be 
utilised to obtain some of these parameters. (Al- 

i talc. (p.p.m.) 

-76.2 

-51.7 

-37.8 

-34.5 

-41.8 

I obs. (p.p.m.1 I 

-76.5 

-49.3 

-40.3 

-33.3 

-41.9 

1 

6 obs. (p.p.m.) Assignment talc. (p.p.m.) 

-76.5 PBr; -76.2 

-52.7 PBr3(CN)+ -51.7 

-45.7 PKW; -41.8 

-32.9 PBr3C1+ -32.6 

-19.6 PCl(c$ -18.3 

-17.4 PBr2C1(CN)+ -17.2 

-1.0 

1.1 

8.5 PBr2C1; 8.5 

15.4 PBrC12(CN)+ 14.7 

29.2 

44.2 Pc13(CNN)+ * 

. 47.2 PBrCl; 47.1 

83.2 83.2 

* observed value used to calculate C1:CN parameter 

though the shifts of these compounds have not been 
quoted for Br, as solvent’ the values seem relatively 
independent of the solvent in this case, as shown by 
the checks described subsequently.) The calculation 
of the pairwise parameters is as follows: 

Cl : Cl = 13.9 ppm (from 6 PC&+) 
0 : Cl = - 12.9ppm (from 6 POCI,) 
Cl : NCS = 3.6 ppm (from 6 PCI,(NCS)+) 

6 POCl,(NCS) = - 21.0 ppm 
=20:Cl+O:NCS+2Cl:NCS 

+ Cl : Cl 
:. 0 : NCS = - 16.5ppm 

6 POCl(NCS)z = - 41.5 ppm 
=O:CI+20:NCS+2Cl:NCS 

+ NCS : NCS 
:. NCS : NCS = - 16.5 ppm. 

Thus all the data required for the calculation of 6 
PCl,_,,(NCS)” + are available. A simple check that 
the above approach is reasonable is to calculate 6 
PO(NCS), = - 58.2 ppm, which agrees well with the 

T able 2. Assignments from the PCl,/Zn(CN)dBr, system 
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Table 3. Assignments for the PXdAgNCS/Br, systems 

I) PBr5fAgUCSlBr2 system 

obs. (p.p.m.) Assignment 6 cslc. (p.p.m.) 

-76.2 PBr; -76.2 

-62.2 SPBr2(NCS) 

-52.9 

-50.9 PBr3(CN)+ -51.7 

-41.1 PWN); -41.9 

-30.4 PBr2(CN); -37.0 

or PBr3(NCS)+ -37.5 

-33.1 PBr(CN); -34.5 

-26.7 SPBK(NCS)~ 

-18.2 P(NCS); -17.4 

-15.8 PBr2(NCS); -14.8 

-8.9 SP(NCS13 

or PBr(NCS); -8.1 

b) PC15/AgNCS/Br2 system 

obs. (p.p.m.1 Assignment 6 talc. (p.p.m.: 

-20.5 P(NCS); -17.4 

-8.2 SP(NCSj3 

3.6 SPCl(NCS) 

or PC1(NCS)3 ;1 . +2 

5.8 PClBr(NCS); 6.5 

10.5 PC12Br; 0.5 

20.2 PC12Br(NCS)+ 24.9 

24.2 PC12(NCS); 25.4 

34.4 SPC13 

44.0 PC13(CN)+ 

46.0 PC13Br+ 47.2 

52.0 PC13(NCS)+ * 

83.2 PCli 83.2 

* observed shift used to calculate C1:NCS parameter 

observed value of - 61.9 ppm.“*‘* The shift parame- 
ters required for the brominated derivatives were 
evaluated in a similar way. Thus 

6 PSBr,= - 111.8ppm gives S:Br as 
- 24.6 ppm 

6 PS(NCS)3 = - 9.3 gives S : NCS as ppm 
- 0.2 ppm 

6 PSBr,(NCS) = - 62.8 ppm” gives Br : NCS as 
- 0.2 ppm. 

The values were checked by calculating 6 for 
PSBr(NCS), as - 27.5 ppm, which compares well 
with the experimental value of - 28.4ppm.‘9 Al- 
though there is ambiguity in a few of the assignments 
(Table 3), the majority of the observed peaks could 
be satisfactorily assigned. 

Although the isolation of the species observed in 
these reactions is not feasible because of the complex- 
ity of the systems, the low concentration of some of 
the species and the likely instability of the compounds 
in the absence of oxidising media (P(CN),, for exam- 
ple, was observed to dissociate rapidly to P(CN), and 
(presumably) (CN), in CH,Cl,), they can be readily 
identified by solution 3’P NMR spectroscopy. This, 
combined with the use of the pairwise additivity 
method, allows the elucidation of the somewhat 
complex chemistry of these systems, giving an insight 
which would be difficult if not impossible to achieve 
by any other means. It is noteworthy that the param- 
eters for the PBr, _ JCN), + system correctly predict 
a maximum in the shift values for n = 3; a similar 
maximum (on the present sign convention) has been 
both observed and calculated previously for the 
six-coordinate species PCl, _ JN,),- .2*3 
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Abstract-The extraction of nickel chelates with Bdiketones containing either alkyl or phenyl groups was 
examined in the absence and in the presence of ammonia in the aqueous solution, in order to define the 
effect of substituents and the coordinating effect of ammonia on the extraction. 

In the extraction of nickel chelates in the presence of ammonia, the extracted species were identified 
to be [NiA,(NH,)J (A: fi-diketone anion) and ammonia acts both as adduct-forming in the organic phase 
and as a masking reagent in the aqueous phase. 

INTRODUCTION 
The /?-&ketone derivatives which are represented by 
acetyl-acetone are commonly used as extractants in 
the solvent extraction of many metals. The distribu- 
tion coe%cients of nickel chelates with the 
fldiketones are known to be much smaller than those 
of other divalent metals with the corresponding re- 
agents and the low extractability is attributable to 
hydrous nickel chelate in an organic phase.’ 

Yosida et al.’ had reported that nickel chelates with 
di-propyonyhnethane, di-n-butyrylmethane, di-iso- 
butyryhnethane, di-iso-valerylmethane and di-n - 
caproylmethane were in a dimeric octahedral struc- 
ture, and these dimeric chelates were stable in the 
solid state. However, they appeared to be dimeric 
monohydrates and monomeric dihydrates in non- 
coordinating solvents according to spectroscopic 
studies. It was also known that nickel 
acetyl-acetonate combinated with base adducts such 
as pyridine’. 

In the previous studies,4 it was proved that the 
logarithmic values of the distribution coefficients for 
the alkyl-substituted fldiketones and their copper or 
iron chelates were a linear function of the number of 
additional carbon atoms in the molecule of common 
water immiscible solvents. 

In this paper, the extraction of the nickel chelate 
with Bdiketones containing either alkyl or phenyl 
groups was investigated both in the absence and in 
the presence of ammonia in an aqueous phase, in 
order to define the effect of substituents and the effect 
of ammonia on the extraction. 

Materials. 

MPERIMENTAL 

Benxoylacetvlacetone (BAA). di- 
benzoyhnethane (DBM) and-acetylacetone ‘were. ‘obtained 
from Dojindo Co., Ltd. Alkvl-substituted Bdiketones. 
dipropyonylmethand @PG, di-n-b&yhnethand 
(DNBM), di-n-valeryhnethane (DNVM), di-n-caproyl- 
methane (DNCM), di-iso-butyryhnethane @IBM), di-iso- 

*Author to whom correspondence should be addressed. 

valerylmethane (DIVM), dipivaloylmethane (DPM) and 
pivaloylacetyhnethane (PAM) were synthesized by a pro- 
cedure similar to that of Adams et al.’ and their com- 
positions were continned by elementary analysis. 

Stock solution of lo-‘M NiClO, was prepared by careful 
evaporation of the initial chloride solution with perchloric 
acid. The aqueous pH was controlled with borate buffer in 
the absence of ammonia, while an ammonium chloride 
solution was used in the presence of ammonia and 
perchloric acid or sodium hydroxide was used for pH 
adjustment. 

Benzene of chemical grade was used as the diluent with 
no.further pmifkzation. All the other reagents were reagent- 
grade and were used without further purification. 

The ionic strength was kept at 0.10 with sodium 
perchlorate, which was not added, however, at the concen- 
tration of ammonium salt in excess of 0.1 M. 

Procedure. An aqueous phase. initially containing 10 - 4 M 
nickel was shaken with an equal volume of 0.10 M 
Bdiketone in benxene. After contrifugation, the concen- 
tration of nickel in an aliquot of the organic phase was 
measured as an oxinate with spectrophotometry. The pH 
value of the aqueous phase. was measured with a pH meter. 
The equilibrium of extraction was reached slowly in the 
absence and rapidly in the presence of ammonium salt, then 
the time of shaking was 2 days for the former and 5 hr for 
the latter. All experiments were carried out at 20°C. 

Apparatus. Most of the apparatus used were essentially 
the same as that described previously? A Toadempa HM 
9A pH meter was used for the measurement of pH. 
Absorbances were measured with Yuniongiken SM401 
spectrophotometer. 

RESULT AND DISCUSSION 

The formation of nickel chelates in the aqueous 
solution is expressed as 

(1) 

where A - demotes the bdiketon anion and /I,, is the 
stability constant. The distribution coefficient of the 
neutral chelate, PM, between the two phases is defined 
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by: 

p = [NiAnlorg 
M [NiAn]aq (2) 

where subscripts org and aq refer to the organic and 
aqueous phases respectively, which may be omitted, 
if not necessary. In a case where the organic phase 
contains only the INiA,] species, and the aqueous 
phase contains a series of metal chelates, the distribu- 
tion ratio D is described as: 

D= 
PJWorg 

[Ni2+]{1 +X/In[A-]“}’ 

By introducing eqns (1) and (2), eqn 
rewritten as: 

D = {l~$!~;;!$. 

When the concentration of the nickel 
sufficiently low as compared with that 

(3) 

(3) can be 

(4) 

chelates is 
of the free 

nickel ions in the aqueous phase, the overall extrac- 
tion equilibrium can be written as: 

[Ni2 +] + 2[HA]orge[NiA,]org + 2[H +] 

Kexcll = Pi4lowlH +I2 = D, 

INi’+][HA]‘org 
W :I2 . 

[HAI erg 
(5) 

The distribution ratio can be described as: 

D 
1 

= piA210rg = K~~‘,‘[H~I‘& 
[Ni2 +] [H +I* . (6) 

Thus, when no aqueous chelate complex is formed, 
the distribution ratio is proportional to the square of 

In addition, when the formation of metal hydrolysis 

the concentration of the chelating extractant in the 
products in the aqueous phase is not negligible over 
the pH range under consideration, eqn (7) can also be 

2.0 

1.0 

0 
(51 0.0 
0 

-1.0 

-2.0 
7.0 80 9.0 10.0 11.0 12.0 

PH 
7.0 8.0 9.0 10.0 11.0 1; 

PH 
3 

Fig. 1. Distribution ratios of nickel as a function of pH. 
Organic phase: DNVM, DIBM 0.1 M benzene. Aqueous 

Fig. 3. Distribution ratios of nickel as a function of pH. 

phase: blank dot 0.1 M NaClO,; solid dot 1.0 M NH,Cl. 
Organic phase: DNCM, DPM 0.1 M benzene. Aqueous 
phase: blank dot 0.1 M NaClO,; solid dot 1.0 M NH,CI. 

-2.0 
7.0 8.0 9.0 10.0 11.0 12 

PH 
3 

Fig. 2. Distribution ratios of nickel as a function of pH. 
Organic phase: DNBM, PAM 0.1 M benzene. Aqueous 
phase: blank dot 0.1 M NaClO,; solid dot 1 .O M NH&l. 

organic phase and is inversely proportional to the 
square of the hydrogen ion concentration in the 
aqueous phase. However, when the distribution ratio 
is given by eqn (4), it can be described as: 

D, = Kexc,j Wl:,W+l-2 
{1+ Zfln[A -1”}’ 

(7) 
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defined as: 

D, = Kex(‘) [H4:,[H+1-* 
1 + ZBn [A -1” + ZfijOHY 

(8) 

where fl, is the overall formation constants for nickel 
hydroxocomplexes. 

In order to identify the distributed species, the 
distribution ratio was measured at different hydrogen 
ion concentrations for each of /I-diketones. The 
experimental data were plotted for the values of log 
D vs pH. Figures l-3 show several typical examples 
with a blank dot for the absence and a solid dot for 
the presence of ammonia in the aqueous phase. 

At the absence of ammonia, the distribution ratio 
increased with the pH value over a weak alkaline 
region, approached to a maximum value at about pH 
9.5, and then decreased rapidly for higher pH region. 
This probably ascribed the formation of nickel hy- 
droxocomplexes and/or of intermediate complexes 
with the reagent in the aqueous phase. However, the 
extraction curves as straight lines of a slope + 2 were 
obtained only in the lower region of the distribution 
ratio for each of fi-diketones except for the AA and 
DPrM, indicating that the simple 1: 2 chelate [NiA,] 
was present in the organic phase. 

On the basis of the distribution data, the values for 
the extraction constants were calculated, which are 
given in Table 1 together with the aqueous pH values 
needed for 50% extraction, the distribution 
coefficients and the acid dissociation constants for 
each of /I-diketones used here. The values of Kex(‘) 
for the AA and DPrM systems could not be calcu- 
lated due to the poor extractability of the nickel 
chelates. The values of Kex”) for the DIBM, PAM 
and DPM were also in good agreement with those in 
the previous paper.6 

It has been attempted to calculate the values of the 
formation constants of nickel hydrolysis with the aid 
of eqn (8) and using the values of D, pH and Kex(” 
for the DNBM system, as a series of nickel chelates 
in the aqueous phase were negligibly small. The mean 
values of the formation constants were therefore 

obtained as 104.6 for finon, and 109.’ for flAonh, re- 
spectively. 

The chelates extracted with the DIBM, DPM and 
PAM into the organic phase appeared pink, which 
was distinctive other /I-diketones. Fackler and 
Cotton’ referring to the above fact, had indicated that 
the f&-DIBM and the 66-DPM nickel chelates were 
anhydrous in non-coordination solvents by means of 
the spectroscopic studies. Accordingly, in the case 
with the DIBM, DPM and PAM, either all or only 
part of the extracted species was probably existed as 
an anhydrous form in the organic phase. 

At the presence of ammonia in the aqueous phase, 
the distribution ratios of nickel chelates increased 
within the high pH region as shown in Figs. l-3. 
Figure 4 shows the visible absorption spectra of the 
DNBM system as an example of the extracted nickel 
chelates in the organic phase both at the presence and 
absence of ammonia in the aqueous phase, in which 
the absorption peaks of these chelates were shown at 
610 nm for the presence and 650 nm for the absence 
of ammonia. The spectral change which is observed 
when ammonia gas was bubbled through the organic 
solution containing the extracted chelate at the ab- 
sence of ammonia was also quite similar to that of the 
DNBM chelate described above. 

In order to examine the contribution of ammonia 
on the extraction, the distribution ratios of the DIVM 
system as an example of the nickel chelates were 
measured at different concentrations of ammonium 
chloride at a pH value and the results are shown in 
Fig. 5. The distribution ratios increased slightly with 
the increase in the molar concentration of ammonia 
and decreased rapidly as the further increase in the 
concentration of one. 

The concentration of free ammonia after equi- 
librium was reached was calculated according to eqn 
(9): 

(9) 

Table 1. Equilibrium data in extraction of nickel with fidiketone (20°C) 

bdiketone PK~ 
* 

lOgPm* log Kex(l) 1 w Kex (3) I og Kex( 7 
PllM 

Kex(‘) O.lMNaClOp IDM NH4CI 

DNBM 9.6 7 2.8 8 -13.28 -1 4.90 -1.6 2 7.6 4 10.3 0 

DI BM 9.8 2 3.0 4 -1 3.8 8 -15.4 1 - 1.5 3 7.9 4 10.6 1 

DNVM 9.7 2 4.1 5 -1 3.24 -14.85 -1.61 7.6 2 10.3 0 

DIVM 9.8 8 4.0 5 -1 3.2 5 -1 4.6 5 -1.40 7.6 0 10.21 

DPM 1 1.5 7 3.9 8 -1 4.4 8 -16.70 -2.22 8.3 a 11.28 

DNCM 9.7 1 5.4 6 -12.80 -14.82 -2.0 2 7.5 2 10.32 

PAM 10.0 0 2.1 6 -1 3.96 -15.75 -1.79 7.9 8 10.79 

DBM 9.35** 5.35** -11.02** -13.10 -2.0 8 6.4 ** 7.8 2 

BAM 8.9 6** 3.06* -1 2.1 2** -13.7 1 -1.59 6.9** 9.3 6 

* Quoted from ref (6) 

** Quoted from ref (9) 
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Wavelength, nm 

Fig. 4. The visible absorption spectra of the extracted 
nickel-DNBM chelate. Organic phase: DNBM 0.1 M hen- 
zone. Aqueous phase: (A) 0.1 M NaClO,, pH 9.25; (B) 1.0 
M NH@, pH 11.92. Concentration of nickel in organic 

phase, 1.47 x lo-*M for (A), 1.26 x IO-‘M for (B). 

where Ka is the apparent association constant 
( = 10-9.37)8 of ammonium ion and [NH4+lin denotes 
the initial concentration of ammonium salt. 

Figure 6 also gives the concentration of ammonia 
in the organic phase at varying concentration of the 
nickel ions equilibrated with a 1 .O M NH&l aqueous 
solution. Obviously, the concentration of ammonia 
increases in proportion to the nickel concentration 
with a slope 1.9. The fact that the ammonia de- 
pendence is 1.9 means that two mole of the ammonia 
are coordinated in one mole of the nickel j-diketone. 

On the other hand, it was known that the equi- 
librium of the extraction for the system AA, BAM or 
DBM alone was reached slowly after being shaken 
for few days,’ it was however observed in the presence 

I I I I I I 
-22 -1.8 -1.4 -1.0 -0.6 -0.2 

‘og [NHsj 

Fig. 5. Distribution ratios of nickel as a function of the 
concentrations of the ammonia in the aqueous phase. 
Organic phase, DIVM 0.1 M benzene. Aqueous phase, pH 

9.37. 

::: 
a0 1.0 2.0 3.0 4.0 E 

Ni (xIO-~ Mel/l ) 
3 

Fig. 6. Correlation between the concentrations of nickel 
and ammonia in the organic phase. Organic phase-, DIBM 
0.1 M benzene. Aqueous phase, NH&l 1.0 M, pH 11.92. 

of ammonia, the equilibrium in the extraction was 
reached within less than 1 hr. Consequently, it may be 
considered that the nickel chelate was not extracted 
by the ligand exchange between the B-diketone anion 
and the coordinated ammonia in the ammine nickel 
complex, but was extracted by the ligand exchange 
between the bdiketone anion and the coordinated 
water in the nickel aquo complex, because the ligand 
exchange was easily formed with an activated water 
molecule when 1 and/or 2 mole of the ammonia 
molecules were coordinated to the nickel aquo com- 
plex. The stepwise. exiraction equilibrium in the pres- 
ence of ammonia can be written as: 

lN(~3)z+l + 2W loWS PJi-4W13)I, + 2[H+ 1 

and thus 

Kexcz, = Wi4Wd,[H + I’ 
[NiW3~2+IW~l~,’ 

(10) 

Kex’3’ = [NiQ2(NH3)2h$ + 1’ 

[Ni(NH3X + IW 1% . 
(11) 

The distribution ratios in the presence of ammonia 
may be detined as: 

N4l,, + [NiA2(NH31Lw + PJiA2(~3& 
D =wi2+]+[Ni(NHJ2+]+ . . ..*...+[Ni(NH.).+]’ 

(12) 

From eqns (6), (10) and (1 l), eqn (12) can then be 
rewritten as: 

D J-IAL - . 
[H'12 

Kex(‘) + Kex(‘)/?,[NH,] + Kex(3)B2~3]2 1+ UWHd 1 . ( 1 3) 
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If the concentration of ammonia was comparatively 
high, eqn (13) may be reduced as: 

a.0 
PR 

Fig. 7. Distribution ratios of nickel as a function of pH. 
Organic phase, reagent 0.1 M benzene. Aqueous phase, 

NH&l 1 .O M. -, Calcd value; 0, found value. 

1.0 

a0 

0 

1 -10 

-20 

-30 

I 

20 an 9n 100 11.0 12.0 
PH 

Fig. 8. Distribution ratios of nickel as a function of PH. 
Organic phase, reagent 0.1 M benxene. Aqueous phase, 

NH&l 1.0 M. -, Calcd value; 0, found value. 

where fin is the overall formation constants for 
ammine nickel complexes. 

The distribution ratios of nickel chelates are then 
obtained as a function of the ammonia concen- 
tration. Equation (13) also suggests that the ammonia 
acts both as a masking reagents and simultaneously 
as an adduct forming ligands. 

The values of Kex”) for each of /I-diketones were 
calculated from eqn (14) by employing the observed 
values of the pH, the distribution ratio, the ammonia 
concentration and the formation constants for am- 
min nickel complexes which had been known in the 
literature.’ These results are given in Table 1. The 
results from the present study are shown in Figs. 7 
and 8 in order to for the comparison of the behaviour 
of the distribution ratios for each of fl-diketones with 
a rather wide pH region. The distribution curves 
show an almost similar tendency for each of 
fl-diketones and a displacement is observed in the pH 
range of %lO. 

It may be considered that slight positive deviations 
from the curve for the DIBM system at low pH 
region are due to the formation of the adduct- 
comples [NiA,(NH,)] in the organic phase. Providing 
that the distribution ratios were compared with a 
fixed pH, it seems that the values of log D increases 
as the values of log Ku of corresponding fl-diketones 
lower except for the DBM system. In addition, the 
synergistic effect with ammonia which is expressed as 
Kex(3)/Kex(‘) is approximately the same for 
/I-diketones used here. 
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Abstract-31P and 19F NMR spectroscopy has been used to elucidate the nature of the 
interaction of PF,, HPO,F, and P4010 with the solvent system 44 wt.% N204 in 100% HN03 
(“High Density Acid”, HDA). PF, generates the species PF,-, HP02F2 and HF (with some 
H2P03F present as a minor product). HP02F2 gives rise to H2P03F and HF (with smaller 
amounts of PF6- also present). The “P NMR spectrum of P4010 in HDA exhibits four 
resonances assigned to P(OH)4 , + H4P207, (HP03)4 and a mixture of cyclic and branched 
phosphoric acids, respectively. 

Fuming nitric acids have found widespread use 
over the last 40 yr as oxidiser components of liquid 
rocket propellants.’ They possess a number of 
advantages in this role, namely, a high specific 
gravity (1.5 or greater), a convenient liquid range 
(- 40°C or lower, to + 80”(Z), hypergolicity 
(spontaneous ignition) with a number of fuels and 
they are relatively cheap to manufacture. They 
have, however, several disadvantages, particularly 
their highly corrosive nature. 100% nitric acid 
undergoes the auto-ionisation (1) 

2HN03+NOz+ + N03- + H20. (1) 

The presence of NO2 + , NO3 - and molecular Hz0 
in 100% HNO, was established by Raman 
spectroscopy. 2*3 ‘H NMR studies have shown 
that a rapid exchange takes place between the 
chemical species present.4v5 Due to the presence 
of molecular Hz0 the terms “pure” or “anhy- 
drous” nitric acid are misleading; the term “anal- 
ytically 100% nitric acid” is preferred and, if not 
specified, should be understood whenever HN03 
or nitric acid is referred to in this paper. This acid 
is termed white fuming nitric acid (WFNA). 
WFNA is, however, unstable and undergoes ther- 
mal or photolytic decomposition (eqn 2). 

Aorhv 

2HNO,-N204 + H20 + 9,. (2) 

*Author to whom correspondence should be ad- 
dressed. 

This limits the suitability of WFNA as a propellant 
due to possible pressure build-up in tanks and 
uncertainty in the oxidising power. The addition of 
N204 improves the stability and storability of the 
oxidiser. Of particular interest is the mixture 
44 wt.% N204 in 100% HN03. This composition 
gives the maximum density of any NBO4_lOO% 
HN03 mixture and is thus referred to as High 
Density Acid (HDA). N,O,-100% HN03 mixtures 
are highly corrosive towards the series 300 stainless 
steels and aluminium alloys used as containment 
materials for the oxidiser and thus small quantities 
(cu. 0.5 wt%) of a third component are added to 
inhibit corrosion. HF and PF, are found to be the 
most highly successful inhibitors thus far tried6 but 
P,O,,, and HP02F2 are potential alternatives. 

The purpose of the present study was to in- 
vestigate the interaction of the solutes PF5, 
HPO,F, and P4010 with the system 44 wt.% NBO4 
in 100% HNO, (HDA), by means of 19F and 31P 
NMR spectroscopy. The chemical nature of the 
HDA medium is of considerable interest. N2O4 is 
known to undergo essentially complete ionic self- 
dissociation (eqn 3) at concentrations up to l.M 
(N 9 wt.%) in 100°/O HNOJ7 

N204=NO+ + N03-. (3) 

The proportions of the various species at higher 
concentrations of N2O4 are not precisely known, 
although a recent investigation by Raman spec- 
troscopy in our laboratories8 has confirmed the 
presence of the molecular species NO+, N03- , 
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HN03 and Nz04 in HDA, which is also known to 
contain small concentrations of NO2 (as indicated 
by its orange colour) and H,O (characteristic ab- 
sorption in the near IR at 7117 cm - I). The chem- 
istry of HDA has been reviewed.9 The present 
study enables the reactivity of this complex me- 
dium to be further elucidated. 

Materials 

EXPERIMENTAL 

PF, was prepared by the controlled fluorination 
of red phosphorus. Any POF3 impurity formed in 
the reaction was removed by holding the reaction 
vessel at - 78°C during the transfer of PF, to a 
steel storage vessel. Pure HPO,F, was obtained 
from the commercial material (Koch-Light) by the 
method of DesMarteau ef al.‘O The purity of 
samples prepared in this way was confirmed by 19F 
NMR spectroscopy, 

(8cFcIJ = - 87.3 ppm, JF_r = 982 Hz). 

Commercial P.,O,, (Albright and Wilson) was used 
without further purification, 

HDA is prepared on a routine basis in our 
laboratories by mixing 100% HNO, and liquid 
N204. 100% HNO, was obtained by distillation 
under reduced pressure (1 O-* Torr) of a 3 : 1 (v : v) 
mixture of concentrated sulphuric acid and 95% 
nitric acid. The product was collected and stored at 
low temperature (ca. - 20°C). Commercial N,O., 
(Air Products Ltd.) was purified by drying the 
liquid over P,O,o (1 day) followed by distillation in 
a slow oxygen stream through a P40,, drying 
column. The purified N,O, was collected as a 
colourless solid at - 78°C. HDA, as prepared in 
our laboratories, was found to contain ca. 
0.23 wt.% H20.* 

Preparation of NMR samples 
The samples were made up by weight in 

6 mm o.d. fluorinated ethylene propylene (FEP) 
polymer tubes. These tubes were coupled to Kel-F 
vacuum valves so that samples could be degassed 
and volatile components added from a calibrated 
fluorocarbon polymer vacuum manifold. Finally, 
the FEP tubes containing the prepared solutions 
were heat sealed. 

NMR spectra 
All NMR spectra were obtained using a Bruker 

WM250 pulse Fourier transform spectrometer (i9F 
studies at 235.35 MHz and “P at 101.27MHz). 
The FEP tubes were placed inside 10 mm dia. glass 
NMR tubes containing CDC13 (to provide a deu- 
terium lock) in the outer annulus. Samples for 19F 

NMR investigations also contained CFCl, (as ex- 
ternal standard) in the glass tube. All 31P spectra 
were externally referenced to 85% H,PO, by sam- 
ple replacement. Relative concentrations of species 
were determined from measured peak integrals. 
The spectra were accumulated until a satisfactory 
signal-to-noise ratio was attained. For low concen- 
trations of solutes (0.7 wt.% PF, and 1 wt.% P40,0) 
approx. 100,000 pulses (ca. 15 hr accumulation 
time) were required for the production of a high 
quality spectrum. 

RESULTS AND DISCUSSION 

(a) The PFrHDA system 
The PFrHDA system was studied at PF, con- 

centrations of 6 and 0.7 wt.% (PF, is used as an 
inhibitor in HDA at concentrations between 0.5 
and 0.7 wt.%). The 6 wt.% mixture contained a 
white solid (although this did not interfere with the 
running of NMR spectra). This solid was identified 
on the basis of its IR spectrum and X-ray powder 
pattern as predominantly NO +PFs -. The precip- 
itation of NO +PF6- rather than NO2 +PF,- is to 
be expected since the self-dissociation of N,O, 
supresses the self-dissociation of HN03 to the 
extent that the NO*+ concentration becomes very 
small in HDA. The 0.7 wt.% mixture was com- 
pletely homogeneous. 

The 19F chemical shifts and coupling constants 
for the observed species (HF, H2P03F, HP02F2 
and PF6-) are collected in Table 1. 31P NMR 
spectroscopy demonstrated the absence of any 
other phosphorus-containing species in either mix- 
ture. The formation of the observed products may 
be rationalised using the following series of equa- 
tions 

2PFs + HN03-+POF3 + NO2 + + PF, - + HF (4) 

POF, + HN03+HP02F2 + NO2 + + F - . (5) 

HP02F2 + HN03 z$ H2P03F+N02+ +F-. (6) 

HP02F2 + 4F - + 2N02 + z$ PF, - + NO3 - 

+ HN03. (7) 

Neither POF, nor PF, was detected in the solu- 
tion phase by NMR spectroscopy, presumably 
because they are very rapidly solvolysed in HDA. 
However, POF, has been observed (by NMR 
spectroscopy) in solution in other strongly acidic 
media (e.g. fluorosulphuric acid’*) and we have 
observed it in the vapour phase above a 5 wt.% 
solution of PF, in HN03 (although it was not 
detected in the solution phase by NMR). A de- 
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Table 1. 19F NMR parameters for the fluorine-containing species in the system PF,-HDA 

6(‘gF)/ppm* Jp_pl”z 
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0.7 wt.% 6 wt.% t 0.7 wt.% 6 wt.% t 

PFs- -70.6 -70.5 -73.0” 708 708 706l’ 

“*zFz -84.0 -84.1 -87.2” 983 983 98312 

“2P?3F -76.6 -76.6 -77.3’2 952 952 955’2 

HF -157.0 -157.8 -200.9” 

F- -126.1” 

l relative to CFCI, 

+ litrraturc values 

tailed NMR investigation of the PFYHN03 system 
has not yet been conducted but preliminary results 
indicate that the interaction of PF, with HNO, is 
similar to that with HDA except that, at PF, 
concentrations in excess of cu. 5 wto/,, NO: PF6 -, 
rather than NO+PF6-, is precipitated from solu- 
tion. The variation with time of the concentrations 
of the observed species in the 0.7 wt.% mixture is 
displayed in Fig. 1. HF concentrations determined 
by direct integration were unreliable due to inter- 
ference from a very broad signal (centred at 

Time ldoys 

The HPO,F,-HDA system was studied at initial 
HP02F2 concentrations of 2.7, 4.1, 9.7 and 
22.8 wt.% (all mixtures were homogeneous). At all 
concentrations the only observed species were HF, 
H2P03F, HPO,F, and PF,-. The i9F NMR param- 
eters of these species were similar to those observed 
in the PF,-HDA system and were virtually inde- 
pendent of concentration. Typical 31P NMR pa- 
rameters are presented in Table 2. The major 
fluorophosphate species observed were HP02F2 
and H2P03F (as opposed to PF, - and HP02F2 in 
the PF,-HDA system). H2P03F is formed by sol- 
volysis of HPO,F, (eqn 6) and the fluoride thus 
generated subsequently attacks HPO,F, to form 
PF,- (eqn 7). The observed PF,- concentrations 
were never more than 11% of the corresponding 
H,PO,F concentration. 

Fig. 1. Variation with time of species detected by ‘% In HPO,F,-HDA mixtures and PF,-HDA mix- 
NMR in a solution of 0.7wt.x PF, in HDA. 0, HF tures the chemical shift of the resonance ascribed 

(calculated)/2; 0, HP02F,; A, PF,-; A, H2P0,F. to HF is in the region which corresponds to 

cu. - 122 ppm) produced by the fluoroplastic 
NMR tube (see Fig. 2). The HF concentrations 
shown in Fig. 1 were therefore determined using 
the measured concentrations of H,PO,F, HPOrF, 
and PF, - and by assuming that the P: F ratio in 
the sealed system remained constant at 1: 5. 

Results from the 6 wt.% mixture indicate that 
the hydrolysis of HP02F2 (as indicated by the rate 
of formation of H,PO,F) is concurrent with that of 
PF,- (as indicated by the rate of formation of 
HPO,F,) although it is less rapid. In the 0.7 wt.% 
system (Fig. 1) the HP02F2 and HF concentrations 
increase in a regular manner as the PF, - concen- 
tration diminishes, whereas the H2P03F concen- 
tration remains relatively small but slowly in- 
creases. Figure 1 also indicates that a stable 
(equilibrium) situation would eventually be 
reached in the 0.7 wt.% mixture. 

(b) The HPO,F,-HDA system 
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Fig. 2. 19F NMR spectrum of 0.7 wt.% PF, in HDA after 83 days. 

hydrogen-bonded HF molecules, rather than to 
HFr- or F-i3 (Table 1). The change in chemical 
shifts of the fluorophosphoric acids (Tables 1 and 
2) in HDA with respect to the pure compounds, 
can be ascribed to solvation effects rather than 
protonation. Protonation of the phosphoryl oxy- 
gen of H,P03F or HPOzFz in 1: 1 fluorosulphuric 
acid-antimony pentafluoride (“Magic Acid”) sub- 
stantially increases the coupling constants (‘Jr-r) 
for these species, I4 however, no such increase was 
observed in HDA. A solution of HPOrF, (19 wt.%) 
in HNO, (at - 20°C to inhibit the thermal decom- 
position of nitric acid) was also examined. In 
addition to the species observed in HDA, a weak 
peak at + 2.1 ppm, assignable to protonated or- 
thophosphoric acid,” was observed. The coupling 
constants of HPOrF, (994 Hz) and HrPO,F 
(965 Hz) were higher than in HDA and are indic- 
ative of some degree of protonation of these species 
also. 

(c) The P,O,,,-HDA system 
Solutions at initial P,O,, concentrations of 4.2, 

2.9 and 1 wt.% in HDA were examined. A solution 

Table 2. “P NMR parameters for the fluorophosphate 
species in the HPO,F,HDA system 

V’P)/ppm* 

t 

HPPOBF -6.3 -8.3 

HPO? F, -16.3 -21.7 

PF,- -143 -145 

* relative to 85% H,PO, 

t literature values” 

Jp_~fHz 

t 

950 952 

978 984 

706 715 

of P40Lo (4.3 wt.%) in 100% HN03 was also pre- 
pared for comparison purposes. The tubes contain- 
ing cu. 4.2 wt.% P4010 were stored at - 20°C 
(freezer) between 31P NMR measurements. This 
enabled a comparison of the two systems to be 
made (it being necessary to store the tube contain- 
ing HNO, at - 20°C to prevent thermal decom- 
position of the acid). 

The results are summarised in Tables 3 and 4. 
Generally speaking, four 3’P resonances were ob- 
served for each solution (see Fig. 3). The low field 
peak at 2.0 + 0.3 ppm has been assigned to pro- 
tonated orthophosphoric acid (P(OH),+).lS A 
down-field shift is observed when protonation of 
the doubly bound oxygen takes place.” (This as- 
signment is, however, made with some reservation 
because HPO,F, and H,PO,F also show a 31P 
downfield shift in HDA but no increase in coupling 
constant; see Section (a)). The peak at 
- 11.75 + 0.25 ppm can be assigned to diph- 
osphoric acid, H,P,O,. An aqueous solution of this 
acid has a shift of - 10.6 ppm16 and a solid sample 
rotating at the “magic angle” of 54”44’ resonates 
at - 12ppm.l’ 

The position of the third peak is very close to 
that reported for tetrametaphosphoric acid 
(- 24.0 ppm)18 and this assignment is sppported by 
the observation that under controlled conditions 
this acid is the principal hydrolysis product of 
P40,0. The position (- 26.7 f 0.6 ppm) of the 
fourth peak is intermediate between that expected 
for cyclic (cu. - 20 to - 24 ppm) and branched 
(CU. - 30 ppm) phosphate. I5 This peak (which is 
quite broad; ca. 230 Hz) is therefore tentatively 
assigned to a mixture of cyclic and branched 
phosphoric acids in fairly rapidly reversible equi- 
librium giving a single averaged signal. The vari- 
ation with time of the proportions of the various 
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Table 3. Summary of “P NMR chemical shifts for the P,O,,-HN03 and P,O,,-HDA systems 
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Time/days &x31 P)/ppm’ 

4.3 wt. % 17 +1.7, -12.0, -24.9, -27.3 

P,O,, I” HNO, 33 +1.8, -11.8, -24.8, -26.9 

66 +1.8. -11.8, -24.8, -26.9 

4.2 w. % 17 +2.3, -11.5, -23.6, -26.7 

P,O,, in HDA 48 +2.2, -11.5, -23.9, -26.5 

101 +2.1, -11.5, -23.9, -26.1 

2.9 wt. % 6 +l.S, -11.7, -24.2, -27.0 

P,O,, in HDA 43 +1.7, -11.6 

1 wt.% 3 +1.7, -11.8. -24.1, -26.‘lt, -27.1t 

P,OIo in HDA 7 +l.S, -11.7, -24.1, -26.9 

35 + 1.8, -11.7 

l relative to 85% H3P0, 

t peaks overlap 

products (expressed as % of total phosphorus would eventually be observed, whereas at higher 
present) is summarised in Table 4. A number of initial P40,0 concentrations an equilibrium mixture 
conclusions can be drawn from these results. Pro- of phosphoric acids would ultimately be obtained. 
vided the initial concentration of P,O,, in HDA is The attainment of this equilibrium position (or of 
small (around 1 wt.%), complete conversion to complete hydrolysis of P4010) appears to require a 
protonated orthophosphoric acid (P(OH),+) considerable length of time. This is probably due 

Table 4. Variation with time of proportions of phosphoric acids in solutions of P,O,, in HN03 and 
HDA 

Phosphoric Acids 
Time/days (% of total P) 

Cyclic + 
Ortho- Di- Tetmmeta- Branched 

4.3 wt. % 17 34.6 55.6 3.5 6.3 

P,O,, in 33 41.9 54.4 1.5 2.2 

HNO, 66 45.2 50.2 1.4 3.4 

4.2 wt. % 17 6.9 26.7 12.7 53.7 

P,OIo in 48 11.3 41.2 7.0 47.4 

HDA 101 16.3 56.1 4.4 23.2 

2.9 wt. % 6 16.4 44.4 10.4 28.8 

P,O,, in 43 56.7 43.5 

HDA 

1 wt. % 3 9.2 24.6 8.5 57.7 

P,O,, in 7 47.7 40.7 1.0 10.6 

HDA 35 90.8 9.2 
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Fig. 3. ,‘P NMR spectrum of 2.9 wt.% P40,,, in HDA after 6 days (assignments to phosphoric acids). 

to the resistance to hydrolysis of some of the cyclic 
and branched phosphoric acids present in the 
system. The hydrolysis of P401,, in 100% HNO, is 
more extensive and rapid than in HDA, although 
similar species are observed in both media. 

SUMMARY 

In the solvent system 44 wt.% N204 in 100% 
HNOr (HDA) the solutes PF,, HPOrFr and P40,,, 
undergo what may be termed “hydrolysis” reac- 
tions. The hydrolysis of all three solutes is incom- 
plete (except at low concentrations) equilibrium 
mixtures of fluorophosphate species (PF, and 
HPO,F,) or phosphoric acids (P40L0) being ulti- 
mately obtained. Reactions in HDA therefore 
more closely resemble those in aqueous solu- 
tion,‘9.20 than in strongly acidic media.12~‘3*1s 
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Abstract-“P and IssPt NMR measurements on compounds of the type [Pt(PPh,), 
(~-~2-C,H,_&,)] (n = 0. . .4; X = CN, COOMe) are reported and discussed. 

The study of platinum complexes with unsaturated 
organic molecules has received attention for 
several years and there is still much activity in 
trying to distinguish and understand the resulting 
electronic and steric effects on varying the olefin 
and/or coordinated ligands. The complexes 
[Pt(PR,),&-q2-ol)] (01 = olefin) have an approxi- 
mately planar arrangement with a small dihedral 
angle between the PtC,C, and PtP,P2 planes.‘-’ 

The most widely accepted description of 
metal-olefin bonding was proposed by Dewar, 
Chatt and Duncanson. This model has been a 
stimulus to much synthetic, structural and mech- 
anistic work. A metallacyclopropane model is also 
reported, sometimes in contrast with the former. In 
terms of resulting electronic structure within the 
M.O. approach the two models are equivalent and 
complexes with different olefins imply only 
different amounts of orbital mixing but often the 
metallacyclopropane model is used as being syn- 
onymous with a strong metal-carbon interaction. 
Recently considerable theoretical effort has been 
devoted to obtaining detailed theoretical descrip- 
tions of the electronic structure of transition 
metal-olefin complexes. 

*Author to whom correspondence should be ad- 
dressed. 

NMR parameters of single compounds have 
been taken into consideration to get some insight 
into the electronic structure of the coordinated 
olefin. 2JH,H observed in pt(PPh,),(C,H3] is much 
nearer to the value found in cylcopropane than in 
free ethylene. On the other hand, iJRc is noticeably 
lower than one should expect for a apt-C bond9, 
but in this respect it should be noticed that the 
variation of ‘Jhc in the series cis -[Pt(PPh,),Et;l 

(700 Hz), (PPh3)2Pt-CH2-CH2-CH2 (400 Hz), 

[Pt(PPh,),(C,H3] (200 Hz) [lo] parallels the strong 
decrease in ‘J,,c observed in ethane (N 37 Hz) and 
cyclopropane ( N 10 Hz). 

The fact that, through olefin substitution it is 
possible to modulate the complex properties with- 
out essential changes in geometry around the plat- 
inum atom and with only minor variations in bond 
distances should simplify the recognition of the 
main factors responsible for the variations of mo- 
lecular properties and thus reveal details of the 
electronic structure in the platinum-olefin region. 

Calorimetric measurements have shown that the 
platinum-olefin bond in pt(PPh,),(C,(CN),)] is 
156 kJ mole-’ more stable than in [Pt(PPh,), 
(C,H#, although there is little variation in Pt-C 
distance with the Pt-P distance being slightly 
longer in the G(CN), complex (2.289 A) than in 
the C2H, complex (2.267 A). 

657 
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ESCA measurements have been reported for 
[Pt(PPh,),(olefin)] (olefin = ethylene, tetrachloro- 
ethylene, tetrafluoroethylene, tetracyanoethylene) 
and for [Ni(PPh,),(olefin)] (olefin = ethylene, 
acrylonitrile, methylacrylate).12 

In order further to investigate the effect of olefin 
substitution in this type of compound we now 
report 3’P and ‘95Pt NMR measurements on the 
complexes [pt(PPh3),(C,H,_.Xn)], (n = 0 . . .4; 
X = CN and COOMe); ‘H NMR spectra of these 
complexes have already been reported.13 

Platinum-phosphorus coupling constants 
Various reports have appeared on the “P NMR 

of [Pt(PPh,)#,H,)] and the reported values of 

‘J-P range from 3425 to 3694 Hz.~,“’ The 
reason for this rather large variation in ‘Jnp is not 
obvious but the value is clearly much higher than 
is normally found (~2000 Hz) for cis- 
[Pt(PPh,),RA (R = alkyl) [18]. Similar high values 
of ‘Jptp have been found for phosphorus tram to 

carbon, which is part of a m three-membered 
ring, X = S, ‘93 X = C,69,‘6 X = P,2’-23 and high 

values are also found in related alkyne complexes.” 
RESULTS AND DISCUSSION Phosphorus ligands tram to 3-membered rings 

The 3’P and ‘95Pt chemical shifts, together with are thus associated with high values of ‘Jhp. The 
the values obtained for ‘Jpt,p, for the cyano and reason is however still obscure since, although 
carbomethoxy derivatives are shown in Tables 1 Ph,PPtPPh, bond angles tram to 3-membered 
and 2, respectively. rings are usually in the region of 110” giving rise 

Table 1. “P and ‘95Pt NMR data for [Pt(PPhJ2(RlR2C = CR3R4)] in CDCI, at 25°C 

a1 % 5 a4 S,“(w) S,,b(wm) ‘-$&‘z) *JP,P(Hz) 

Ii H H ii 33.8 -555 3718 

H H H CN 29.2 -555 3973 36 

28.7 3476 

H CN H CN 23.5 -487 3705 

H CN CN CN 19.1 -424 3985 0 

20.1 3525 

CN CN CN CN 15.3 -363 3745 

a.- with respect to external H3P04; shifts to low fields positive 

b.- with respect to 21.400 MHz et such a magnetic field that the proton8 

in TMS resonate at exactly 100 MHz; shifts to low fields positive 

Table 2. )‘P and ‘9sPt NMR data for [Pt(PPh,),(R,R,C = CR,R,)] in CDC13 at 25°C” 

R1 R2 R3 R4 
5 p (PPd s pt (PPd lJ 

Pt ,,(a=) 
2J~,~ U-W 

H H H H 33.8 -555 3718 

H H H COOMe 27.4 -614 4089 39.7 

28.5 3575 

trans H COOMe H COOIe 23.8 -642 3860 

A COOMe COOMe COOMe 20.1 -616 3854 18.3 

22.5 3802 

COOMe COOMe COOMe COOMe 20.2 -583 3754 

a. See footnotes in Table 1. 
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to values of ‘Jqp ca 3400-3600 Hz, the complex 
[Pt(Ph,PN(CHMePh)PPh,)(C,(CF,),II, which has 
an extremely small value for PPtP angle (71.3”) 
still has a high value of ‘Jqp (2929 Hz).~’ 

Similar problems are associated with providing 
a plausible explanation for the small variation in 

‘JPtP , on going from the ethylene to di- and tetra- 
substituted cyano and carbomethoxy derivatives 
since it has previously been found that there is a 
significant decrease in the value of ‘Jqp rruns to 
CH,X in [pt(PPh,(CH,),PPh,)(cH,X)Cl] (n = 2 
and 3; X = H and CN) on going from the methyl 
to cyanomethyl derivative with a corresponding 
increase in the value of ‘Jpt,r cis to CH2X.26 A 
bigger variation in ‘J4r is found in our un- 
symmetrically substituted derivatives, [Pt(PPh,), 
(C,H,_,,X,)] (n = 1 and 3; X = CN and COOMe), 
but it is not possible to make an unambiguous 
assignment, although these results are similar to 
those found in the acyclic CH,X derivatives. The 
apparent insensitivity of iJpt,r to cyanide or carbo- 
methoxy substitution contrasts with the variations 

observed in substituted alkyne derivatives24*27 
and with the strong trans-influence on the ‘Jpt,r 
observed in [Pt(dppe)MeX]“+ where X = neutral 
(n = 1) or anionic (n = 0) ligands.= We pres- 
ently have no explanation for this difference in 
behaviour between alkyne and olefin complexes 
containing the Pt(PPh,), moiety. 

Platinum chemical shifts. 
In the CN substituted compounds the platinum 

is monotonically deshielded by increasing the num- 
ber of substituents whilst the dependence is less 
marked and non monotonic in the case of the 
COOMe substitution. Analogous behaviour is 
found for CN and COOMe substituted acetylene 
complexes.24 

The electronic charge on the metal is expected to 
decrease monotonically increasing the number of 
electron withdrawing substituents on the olefin. If 
the main factor responsible for the “‘Pt chemical 
shift variations within a series of complexes is the 

5 ‘95 Pi 
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Fig. 1. 6(‘95Pt) values for Pt(PPH3)&H4_,,X~) complexes. 0, CN or A, COOMe. 
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charge on the metal it would be difficult to explain 
the difference in trends observed for CN and 
COOMe in olefin and acetylenp derivatives. 

According to the Ramsey formulae the para- 
magnetic contribution to the nuclear screening 
constant is connected with the existence of non- 
vanishing angular momentum mixed matrix ele- 
ments from low lying monoelectronic states and 
depends on the value of these matrix elements and 
on (AE)-‘. 

Some relevant features of the electronic structure 
of [PtL,(olefin)] compounds have been described 
by interacting the M.0.s of the L,Pt fragmentkz9 
with the suitable n and n* olefin orbitals. 

These descriptions show the existence of a low- 
lying empty M.O. built up from the b2 orbital of 
PtL, fragment (mainly Ptd, with some p, character) 
and the olefin in antibonding combination. A 
relevant local paramagnetic contribution to the 
platinum screening constant can be ascribed to the 
above situation as the matrix element between this 
M.O., which has significant metal character, and 
some of the filled mainly d M.0.s can be rather 
large and AE is small. 

Substitution of alkene hydrogens with CN 
groups decreases the n* energy in the free ole- 
fin7*8,30*31 and, assuming a constant geometry for 
the Pt(PPh3)2 fragment,* should mainly imply a 
lowering of the low-lying empty M.O. Thus, like in 
the alkyne complexes,24 the experimental trend 
of platinum chemical shifts in the CN substituted 
olefins can be explained through a decrease in the 
relevant AE as the number of substituents in- 
creases. However, according to this explanation 
the platinum in the ethylene complex should reso- 
nate at higher fields than observed. Perhaps this 

dis%epancy could be ascribed to the neglect of the 
P,PtP, angles variation.‘” An increase of this 
angle should cause’ a decrease in energy and px 
character of the b2 M.O. of the PtL, fragment and 
therefore a weakening of the interaction with the 
olefin II* Mg. So, due to the particularly high 
value of P,PtP, angle the ethylene complex can 
have a low-lying empty M.O. with energy very 
close to that of the acrylonitrile complex despite 
the difference of the rr* energies in the two un- 
coordinated olefins. 

Thus olefin substitution affects the energy of the 
relevant empty M.O. both through a variation of 
the free al&ene empty level and through variation 
of the P,PtP, angle, the two effects being opposite 
in the cyano substituted compounds and the 
former being predominant from acrylonitrile to 
tetracyanoethylene. Carbomethoxy substitution is 
expected to cause small variations on the olefin rr* 
energies. No structural data on the P,@, angles 
are reported but it is possible that the two effects 
are almost in balance in this series of compounds 
and this could explain the observed “‘Pt shifts 
trend. 

Phosphorus chemical shifts 
Acceptable conclusions about phosphorus 

chemical shifts in metal complexes are usually 
difficult to establish due to the variety of factors 
which can play a determinant role.” This is even 
more so for the complexes reported in this paper 
as more structural parameters are needed to deter- 
mine meaningful correlations. Nevertheless the in- 
crease of phosphorus shielding on increasing the 
number of olefin substituents observed both for 
CN and for COOMe and the similarity both in 

Degrees 

t 
0 
\ 

i 0 4 

number of substituents 

Fig. 2. P,PtP, angle in complexes Pt(PPh3)&H,_,X,). 



3’P and r9’ NMR spectra of [Pt(FPh,),@-$-CH_,X,)] 

trend and in magnitude with the phosphorus chem- 
ical shifts of Ft(PPh,),(acetylenes)] complexes re- 
vealed by inspection of the data reported in Ref. 24 
are remarkable. If this behaviour is connected 
primarily with the local contributions to the 
screening constant of phosphorus, it should reflect 
a decrease in paramagnetic contribution as the lone 
pair electronic charge moves further from phos- 
phorus atom. However, the previously mentioned 
variation of P,I@r angles suggests the possibility 
that the observed trends for phosphorus chemical 
shifts are linked with changes in geometrical fac- 
tors and recent reports on platinum chemical shift 
anisotropy3’ in Pt(I1) and Pt(IV) complexes 
indicate that the magnetic anisotropy of the plat- 
inum electron cloud has to be taken into consid- 
eration in an explanation of the above trends. 

10. R. J. Klingler, J. C. Huffmann and J. K. Kochi, J. 
Am. Chem. Sot. 1982, 104, 2147. 

11. A. Evans, C. T. Mortimer and R. J. Puddephatt, J. 
Organometul. Chem. 1974, 72, 25. 

12”. C. D. Cook, K. Y. Wan. U. Gelius, K. Hamrin, G. 

As expected 3’P NMR spectra of [Pt(PPh,), 
(olefin)] complexes with asymmetrically substituted 
olefins confirm that the alkene C-C axis does not 
lie in a plane perpendicular to the P,PtP2 plane and 
that no olefin rotation occurs with a speed 
significant in the NMR time scale. 

EXPERIMENTAL 

The complexes Pt(PPh,), and Pt(PPh,),(C,H3 
were prepared by literature methods.33 Slightly 
modified literature methods were used for olefin 
synthesis,” except for commericially available 
products. All preparations were performed under 
an atmosphere of nitrogen or argon; work up was 
done in the air. All solvents were dried and de- 
gassed before use. 

19’Pt and 3’P NMR spectra were recorded as 
described previously.35*36 
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ABSTRACT 

The stability constants of the lanthanide pyrazinecarboxylate 

complexes in aqueous solution have bean determined in the ionic 

medium of 1 .O 111 NaClD4 at 25’C. The stability of the lanthanide 

pyrazinecarboxylates is relatively larger than those of the 

monodentate liqands. indicating that the hstsrocyclic l-nitrogen 

atom of the liqand is involved in the chalate formation. 

INTRODUCTION 

Relatively little attention has bean given to the lanthanide 

complexation with the heterocyclic carboxylic acids. The complexation 

reactions in aqueous solution of trivalent lanthanide cations by 

furoats’, d -picolinate2-4, d-picolinate N-oxides’, and dipicolinate5 

have been studied. The results’-4 have shown that the heterocyclic 

nitrogen atom of o(-picolinate is involved in the chelate ring 

structure whereas the heterocyclic ring oxygen of Puroate doss not. 

To study the influence of the heterocyclic ring of the liqands 

on the complexation. tua have determined the stability constants for 

the lanthanide pyrarinecarboxylate complexes in aqueous solution. 

The potentiometric titration technique luas employed in this study. 

EXPERIMENTAL 

chemical*. Stock solutions of the lanthanide perchlorates were 

prepared by dissolving the lanthanide oxides (Merck Co) in concentr- 

ated HC104. Standardization of the stock solutions was accomplished 

by EDTA titration with xylenol orange indicator in the acetate buffer. 

The total ionic strength of the working solution was adjusted to 1.0 R 

with NaC104. The stock solution of pyrazinecarboxylic acid (Aldrich 

Chemical Co.) was prepared and standardized using the Acid-Ease 

titration method. The sodium pyrazinecarboxylate buffer solutions 

were prepared in the buffer ratio of 0.4 with the standard NaOH 

solution. Deionized water was used for the preparation of all 

solutions. 

*Present address8 Department of Chemical Education, Busan National 

University, Busan 607-00, Korea. 

*Author to whom correspondence should be addressed. 

663 



664 GYU SHIK KIM ef al. 

m. The electrode potential was measured using Fisher 

Accumet 520 Digital pH/Ion meter and Fluke 8000-A Digital multimeter 

with the quinhydrone-Pt electrode and the salt bridge. About 200 mg 

of quinhydrone (Merck Co) were added For every 15.0 ml of the solution 

titrated. The pure platinum wire was cleaned occationally by immersion 

in the chromic acid-cont. H2S04 solution. 

Procedurg. The experimental procedure is essentially same as that 

described by Choppin’. The measured e.m.F. values were used to 

calculate the hydrogen ion concentrations. The titration was performed 

in the conditions of .u= 1.0 A NaC104 and t = 25’C. 

Assuming that only mononuclear complexes are Formed, the average 

number of the ligands bound per cation, n, is related to the stability 

products, fl,,, in the equation’, 

ii n.Bn(L]” 
ii= ll=’ 

where CL) is the Free ligand concentration. The initial values of fin 

mere estimated by the graphical method of Bjerrum’l. These initial 

values of 8, along with I? and [L ] were used For the iterative least 

square analysis of above equation to obtain the Final values of the 

stability products, p,.,. The calculations were performed on the ISA 

370/1482 computer. All srror limits are expressed in 95 $ confidence 

level. 

RESULTS AND DISCUSSION 

The dissociation constant of pyrazinecarboxylic acid, pKa=2.76f0.05, 

was obtained by the titration with the base For the acid solution of 1.0 M 

ionic strength at 25’C. 

Figure 1 is the plot of the complex Formation Functions ; = F(p [L) ), 

where p[L) = -log[L], For some typical titrations. The curves approach 

to around n = 3, indicating the possible Formation of the Fourth complex, 

flL4_’ To check the possibility of the polynuclear complex Formation, 

the titrations For Sm 3+ system wsre made at two different metal ion 

concentrations, ens at C, = 7.808 mM and the other at C,,, = 3.904 mm. 

Figure 1 shows that these two curves are overlapped and thus no 

measurable amount of the polynuclear complexes is Formed. 

Table 1 lists the values of the log of the stability products 

For the some lanthanide(II1) pyrazinecarboxylates. The variation in 

the stability constants For the lanthanids pyrazinecarboxylatss with 

increasing atomic number of the cations is similar to those2 For the 

d-picolinate and d-picolinate N-oxide systems. This similarity would 

auggest that the pyrarinecarboxylate ligand Forms too the chelate 

complexes with lanthanide ions. 
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f i.gurs 1. Complex formation curve*, ii = C(p[L)), for the lanthanide 

pyrazinecarborylatea: Nd” (A), SmJf (l$,) (O), Sm3’ 

(&,,,I (.I. Cd3+ (Xl. Eu3+ (A,. 

2.0 

PI-1 3.0 
4.0 

Choppin4*8 has shown the linear relationship between the stability 

constants @, and the acid constants pKa OF the ligands for a number of 

lanthanfde complexes in aqueous solution. Similarly, ue have plotted 

the value of log a, against pK, of the ligand for some Sm(II1) complexes 

with monocarboxylate ligands in figure 2. All the valuesS’g”O u~ere 
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Table 1. Stability products of the lanthanids(II1) pyrazins- 

carboxylates, Y= 1.0 A (NaClO4), t = 25.0%. 

m3* ions Log b, Log 82 LO9 d, 

La 

Nd 

Sm 

Eu 

Cd 

Tb 

HO 

Er 

Lu 

2.30 :! 0.03 

2.77 : 0.06 

2.05 f 0.09 

2.82 i- 0.06 

2.50 : 0.06 

2.77 i 0.06 

2.91 f 0.09 

2.64 f 0.03 

2.96 f 0.05 

4.09 : 0.06 

4.70 * 0.13 

5.22 : 0.15 

5.14 t 0.10 

4.56 * 0.06 

4.63 * 0.14 

4.91 i 0.23 

4.95 f 0.07 

5.13 f 0.10 

5.26 f 0.06 

6.27 * 0.20 

7.07 + 0.20 

6.66 : 0.11 

6.06 f 0.10 

6.82 + 0.17 

6.63 : 0.26 

6.66 : 0.11 

7.07 f 0.16 

measured in 0.10 A NaC104 ionic medium beside those for the ligands 

with the heterocyclic ring, in 1.0 IIl NaC104 For the pyrarinecarboxylate. 

and 2.0 m NaC104 for the d-picolinate2. d-picolinate N-oxide2. and 

Furoate’ . For the d-picolinate, two other values measured in 0.1 m3 

and 0.5 m4 NaC104 are also given. 

Hornever. the qualitative comparison OF the values plotted in Figure 

2 could be made since the stability constant of the complex is generally 

increased mith decreasing the ionic strength of the solution. It is 

expected that the stability constants of the complexes for the hetero- 

cyclic ligand systems mould be somewhat larger et 0.1 m ionic strength 

than the present data. The data for the pyratinecarboxylete. 

-picolinate. end d-picolinate N-oxide deviate above from the linear 

correlation of log fir VS. pKa for the monodentate ligand systems, 

mhereas the Puroete data fit the correlation ~11. This mould mean 

that those ligands beside the t’uroate form the chslate complexes mith 

the lanthanide cations. It has been reported’ that the ring oxygen of 

the furoate is not involved in formation of a chelate ring. Even though 

the basicities of l-nitrogen atom of the hsterocyclic ring and 2- 

carboxylate of the pyrazinecarborylate ligand ere greatly reduced by 

the electron mithdraming sff’ect of d-nitrogen atom, it SSB~S like that 

the pyrazinecarboxylate ligand Corms quits stable chslate complexes mith 

the lanthanide ions as the O(-picolinate doss. To obtain detailed 

information on the complexetion of the pyrarinecerboxylate in aqueous 

solution, me are conducting a thermodynamic investigation on the 

lanthanids pyrazinecarboxylates. 
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Figure 2. Relationship ot’ log 4, and pKa of SmL 
2* 

complexes 

where L = propionate (1). acetate (2). benzoate (5). 

thioacetate (4), nethoxyacetate (5), chloroacetate (6), 

Puroate (7). d-picolinate ( N= 0.1 W (8). 0.5 Rl (9), 

and 2.0 A (10) ). d-picolfnate N-oxide (11). and 

pyrazinecarboxylate (12). 

L------ 1.0 2.0 3.0 PK 4.0 5.0 6.0 
a 
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Abstrm-The Zn-tartratethiocyanate system has been investigated polarographically and the com- 
position and stability constants of mixed complexes formed have been determined. 

Simple Zn-thiocyanate complexes have been reported’s2 and 
Matsuda and Ayabe’ studied the Zn-tartrate system polar- 
ographically and have reported the formation of four succes- 
sive complexes. Since Zn is hexacoordinated when tartrate 
acts as a bidentate iigand, the maximum possible number of 
successive complexes can be three and not four as reported 
by Matsuda and Ayabe. From the survey of literature it is 
evident that so far no attempt has been made to determine 
the stability constants and kinetic parameters of reduction of 
simple Zn-tartrate and mixed Zn-tartrate-thiocyanate com- 
plexes. With this aim in view the present study has been 
undertaken. 

EXPERIMENTAL. 
The studies were done at pH8, constant ionic strength 

Jo = 2 and a temperature of 25 f O.l”C. The d.m.e had the 
following characteristics: m = 4.61 mg/sec, I = 2.4 set, 
rnv’~‘/~ = 3.176 rn8’ sec-lR, (in 0.1 M NaNO,, open circuit) 
andh _ = 6 1.8 cm. Rest of the experimental procedure was 
the same as reported earfier.‘s 

BESULTS AND DISCUSSION 
The stability constants of simple complexes of Zn- 

thiocyanate’ and Zn-tartrate were determined prior to the 
study of mixed ligand system. Identical conditions were 
maintained in both the simple and mixed ligand systems. 
Since results of simple Zn-thiocyanate system have already 
been reported by the authors these are not being incorpo- 
rated in the present paper. 

A series of polarograms were obtained with increasing 
concentrations of tartrate (O-O.6 M). In each case a well- 
defined and diffusion-controlled wave was obtained. The 
slope values indicated that quasi-reversible reduction of 
Zn(I1) becomes irreversible in the presence of ligand. The 
reversible halgwave potential (E;,) was calculated by 
Gelling@ method. 

The plot of Ei,z US log [Tart*-] is a smooth curve thereby 
showing the formation of successive complexes. Deford and 
Hume’s method’ modified by Irving has been applied for 
determination of composition and stability constants of the 
complexes. The plots of Fjx] vs [x] (Fig. 1) clearly indicates 
that only three successive complexes are formed. If four 
complexes were possible F,[x] should not have been a 
straight line. Our results are also in accordance with well 
established fact that a hexacoordinated metal ion can form 
only three complexes with a bidentate ligand. A 1: 4 complex 
as claimed by Matsuda and Ayabe will require the coordi- 
nation number of Zn to be eight which is improbable. Three 
complexes are [Znflart)], [Zn(Tart)J*- and [Zn(Tart)$- 
with stability constants log& = 2.0, log /I2 = 3.0 and 
log & = 4.3. The percentage distribution of Zn(I1) in its 
various forms as a function of part*- ] is presented in Fig. 
2. 

*Address for all correspondence: Dr. S. K. Jha, 26/226, 
Balkabasti, Agra-282002, India. 

00) 0.2 04 0.6 

[Tart2-] 

Fig. 1. Fjm functions for Zn(II)-tartrate system. F,,M A; 
F,m A; FzIXl 0; F3Pl 0. 

120 
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OO 0.2 04 0.6 
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Fig. 2. Percentage distribution of Zn(I1) in its various forms 
as a function of Tart*-. M% A; MX,% A; MX,o/, 0; 

MX,o/, 0. 

2. Zn-tartrate-thiocyanote system 
The concentration of tartrate has been varied from 0 to 

O&M keeping concentration of thiocyanate constant at 
0.1 M in one set and at 0.2 M in another. These two sets are 
referred as series I and Series II respectively in the Table 1. 
A perusal of slope values shows that the reduction of the 
mixed complexes are irreversible. Having calculated Eip by 
Gellings’ method, the method of Schaap and McMaster$ 
has been used to determine the composition and stability 
constants of the mixed complexes. 

Fii vs uti*-] plots required to calculate the stability 
constants are presented in Fig. 3. Two mixed complexes viz. 
[Zn(Tart)(SCN)$- and [Zn(Tart),(SCN)$- with stability 
constants log /I,* = 3.65 and log /?u = 6.07 are formed. The 
values are reproducible to f 0.5%. The negative value@’ of 
b,, and /J,* rule out the possibility of [Zn(Tart)(SCN)]’ -and 
[Zn(Tart)#CN)J’- species. 

Assuming that Zn is hexacoordinated and tartrate is 
acting as a bide&ate ligand and aforesaid two species are 
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ruled out, then the two mixed complexes existing in solution 
have the equilibria shown in Table 2. The equilibrium 
constants (log values) are given for each equilibrium. From 
these values of equilibrium constants (B) the tendency of a 
ligand to add to a complex and to substitute another ligand 
may be compared. The relative tendencies to substitute 
SCN- and Tart- can be compared (equilibria 6,7 and 8). 
It shows that Tart2- has greater complexation tendency 
than SCN -. From log values it is evident that formation of 
[Zn(Tart),(SCN)J- (as per equilibria 7) is favoured over 
other mixed complexes being formed through equilibrium 
Nos. 3, 4, 5, 6, 8 and 9. 

The stability of the mixed complexes, follows the order: 

[Zn(Tart)(SCN)J2 - < [Zn(Tart),(SCN)J - . 

The mixing constants” for the reactions: 

[Zn(Tart)] + [Zn(SCN)J s [Zn(Tart)(SCN)J2 - + Zn2 + 
(1) 

$Zn(Tart)J’- + [Zn(SCN)J e [ZN(Tart)(SCN)rj2- + iZn’+ 
(2) 

[Zn(Tart)J’ - + [Zn(SCN)d + [Zn(Tart),(SCN)J - + Zn2 + 
(3) 

can be given by the relations: 

K,(l) = 812/(8,0 Bo2) 

KM(~) = S,,lcS:6’ 802) 

K,(3) = 8uWzo 802). 

The log K, values for the reactions 1,2 and 3 work out 
to be 1.05, 1.55 and 2.47 respectively. The positive values of 
mixing constants show that the mixed complexes 
[Zn(Tart)(SCN)J2- and [Zn(Tart),(SCN)~‘- are more sta- 
ble than simple mono and bis complexes. 

an, values 
“n” the total number of electrons involved in the elec- 

trode process as determined by the method of DeVries and 
Kroon12 gives value close to 2 for both Zn-tartrate and 
mixed Zn-tart-SCN systems. This is in conformity with the 
earlier study of Matsuda and Ayabe.’ When n is two the n, 
the number of electrons involved in activation step can 
either be one or two. However, Meites” is of the opinion 
that only a single electron can be transferred at a time and 
a value exceeding 1 should merely mean that the successive 
steps are too nearly simultaneous to be distinguished on the 
time scale implicit in the polarographic measurement. The 
values of M, (Table 2) are decreasing in indiscrete manner 
and no two consecutive values have ratio of 2. Thus it can 
safely be concluded that it is a which is undergoing the 
change and not n,. 

an, values for simple Zn-tartrate system show a regular 
decrease while values for Zn-tart-SCN do not follow any 
order. According to Crowi in most of the systems studied 
polarographically a mobile equilibria exists between the 
various complexes and aquo-metal ion and different num- 
ber of complexes are present at varying ligand concen- 
tration. 

[Zn(Tart) J2 + + 2e z$ Zn 

prevails while [Tart2-] < 0.1 M, whereas 
[Tart2-] > 0.1 M the equilibrium, [Zn(Tart)J2- ,” 
2e+Zn+ 2Tart2- operates and, therefore, at concen- 
trations reported (Table l), sequential decrease in an, values 
or in other words decrease in a with increasing ligand 
concentration signifying that reduction becomes more and 
more difficult is quite obvious. In case of mixed Zn-tart- 
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SERIES 1 SERIES 2 

Fig. 3. F,wY) functions for Zn(II)-tartrate&iocyanate system. F,[XYj 0; F&Wj 0; F&KY) 0; 
F&W A. 

Table 2. Equilibria involved in two mixed complexes and equilibrium constants /I values 
-___________________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--~~~~~~~~ 

Equll ibria lcJ9 P ________________________________^_______~~~~--~--~~~~~~~~~~--~~~~ 

1. 

2. 

4. 

5. 

6. 

Zn2++ Tart" + ?SCN- * 

Zn2++ Start’-+ 2SCN- 

PdTartjl + PSCN- @ 

[ Zn(Tart) 2 12-+ZSCN- We 

[ Zn(SCN) 3 I- +Tar+‘- + 

fh’i(SCN) 3]- + 2 Tati2’ + 

~n(Tart) 3] 4-+2SCN- # 

(SCN) 2 2-+Tart2- + 1 

SCN irregular values of an,, may be due to the facts that (i) 
probably from the mobile equilibria of various complexes 
more than one species are reduced at a time or (ii) at various 
ligand concentrations different species dominate the elec- 
trode process or both of these possibilities. 

sD. R. Crow, Polarography of Metal Complexes, p. 58. 
Academic Press, New York, (1969). 

6P. J. Gellings, Z. Elecktrochem, Ber. Bunsenges Phys. 
Chem. 1962, 66, 477, 481, 799; 1963, 67, 167. 

‘D. D. DeFord, D. N. Hume, J. Am. Chem. Sec. 1951,73, 
5321. 
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pn(Taa) (SCN) J 2- 3.65 

II ZdTartd 2kXN) 2] 4- 6.07 

[ ZntTart) (SCNI 21 2- 3.05 

L 
Zn(Tart) (SCN) 2J2- 1.65 

[ 
ZdTatt) 2(sCN) 2]4- 3.07 

pn(Tart) (SCN) 2] “+SCN- 2.65 

I Zn(Tati) 2(SCN) F -+ SCN- 5.07 

r 
ZdTart) 2(SCN) 2]4-+Tart2- 1.77 

C 
ZdTart) 2(SCN) 2]” 2.42 
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Synthesis and studies on dichloro iodo triphenylphospbine oxide nickel(III) 
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Abstract-A new compound of nickel(III), [Ni(OPPh,)Cl,B has been prepared by the action of nitrosyl 
chloride or chlorine gas on [Ni(PPh,),IJ. Various physical studies of the compound are reported. 

During the investigation on the reactions of [Ni(PPh&Xz] 
(x = Cl, Br, I, NCS and NO,) with nitrosyl chloride, it was 

trophotometer. The ESR spectrum was recorded at liquid 
nitrogen temperature 

found that the nickel(I1) complexes gave dimeric species, viz. 
using Varian E 104 spec- 

[Ni(PPh,)XCl], (X = Cl, Br, NCS, NO,) and the oxidation 
trophotometer. The magnetic measurements were made by 

of the hber&d triphenylphosphine molecule to triph- 
the Gouy method. Conductivity measurements in nitro- 

eIIYlDhO8Dhine oxide.’ However. reaction of MifPPh3,1,1 
benzene was made on an Elico type CM 82 conductivity 

with nitrosyl chloride resulted in’ the oxidation-of nicke@@ 
bridge. The oxidation state of nickel in the compound was 

to nickel(II1) with formation of [Ni(OPPh,)Cl,B. In this 
determined iodometrically by the reduction of a known 

work, the synthesis and studies of the complex 
amount of the compound with aqueous potassium iodide 

[Ni(OPPh,)Cl,B are reported. 
solution, followed by titration of the liberated iodine with 
standard sodium thiosulphate solution. 

EXPERIMENTAL 
Diiodo bistriphenylphosphine nickel(I1) was prepared 

according to the method of Venanzi.* 

Preparation of dichloro iodo triphenylphosphine oxide 
nickel(ZZZ) 

A suspension of powdered [Ni(PPh,),IJ (1 g) was taken in 
dry cyclohexane (50 cm’) and nitrosyl chloride was bubbled 
slowly through the suspension for about 20min while 
stirring the mixture. Slowly the suspended material went 
into solution. After discontinuing the bubbling of the gas, 
the mixture was stirred at room temperature for about 8 hr, 
when yellow compound (m.p. lOO-105”d) separated out. 
During the reaction, colour of the solution changed from 
dark reddish brown to light red through green. The com- 
pound was filtered out and washed several times with dry 
diethyl ether and dried under vacuum. It was analysed for 
[Ni(OPPh,)ICl,]: Found: Ni, 10.95; Cl, 13.57; I, 24.12; P, 
5.86; C, 40.68; H, 3.12; [N: (OPPhJIClJ requires: Ni, 10197; 
Cl. 13.27: I. 23.74: P. 5.79: C. 40.37: H. 2.8OY. The same 
compound &as also obtained by using chIorine”gas instead 
of nitrosyl chloride. 

The mother liquor, after the separation of the compound, 
on concentration yielded triphenylphosphine oxide, charac- 
terised by m.p. (157°C) and IR spectrum (vw at 
1185cm-I). 

The total halide content in the compound was obtained 
by decomposing the compound with KNO,, KOH mixture, 
acidifying with dil. nitric acid to make the solution just 
acidic and then precipitating as silver halide using silver 
nitrate. Chloride estimation was done by decomposing the 
compound with dilute nitric acid and heating for about 
30 min to oxidise iodide to iodine and get liberated and then 
precipitating silver chloride by silver nitrate. Iodide content 
was obtained by subtracting chloride content from the total 
halide content. For phosphorus estimation, the compound 
was decomposed with a mixture of sugar, KNO, and Nar02 
in a Parr-Bomb, extracted with water, acidified with slight 
excess of dilute sulphutic acid, heated to dryness, extracted 
again with water, filtered and estimated it as phosphate 
using ammonium molybdate. 

IR spectra were recorded on Perkin-Elmer 297 in the 
range 4000600 cm-’ and on Polytec FIR 30 spec- 
trophotometer in the range 600-IOOcn- ’. The UV-visible 
spectral studies were carried out on Beckman 26 spec- 

*Author to whom correspondence should be addressed. 

RESULTS AND DJSCUSSION 

The compound was character&d by the elemental anal- 
yses and the physical studies mentioned above. The com- 
pound has the empirical formula ~i(OPPh,)Cl,I]. The 
magnetic moment of the complex at room temperature was 
found to be 1.68 B.M., characteristic of nickel(II1) having 
one unpaired electron. The conductivity measurements in 
acetonitrile and nitrobenzene solvents did not shown any 
conductance, confirming that ail the anions are coordinated 
to the metal ion. 

The presence of triphenylphosphine oxide was confirmed 
by the infrared studies. A strong band at 1180 cm - ’ could 
be assigned to v, of the triphenylphosphine oxide 
molecule3 coordinated with the metal. After decomposing 
the complex with water, the liberated ligand was isolated 
and character&d as triphenylphosphine oxide (m.p. and IR 
spectrum). The IR spectrum in the region 660-iOOcm-’ 
showed the oresence of bands at 548.520.452.365.308 and 
225 cm - ‘. The bands at 548 and 520’crnj are due to 
triphenylphosphine oxide. The band at 452 cn- ’ could be 
assigned to vNto, at 365 and 308 cm - ’ to v,.,~ (terminal) 
and at 225 cn- ’ to vNi_i (terminal). These assignments are 
made in accordance with that of isotopically labelled nickel 
complexes, viz. [Ni(PPh,),X&X = Cl, Br, I).“ 

The ESR spectrum of a powdered sample at liquid 
nitrogen temperature showed two absorption lines from 
which the g-values calculated are, g, = 2.085 and 
g,, = 2.430. If we choose the z coordinate such that it bisects 
the ClNiCl angle and x and y coordinates perpendicular to 
the above, then a possible configuration is (d,,_ >)* (dz2)* 
(dxz)* (d,)* . Following the detailed treatment of d; system 
with the above configuration,5*6 we can predict g, > gyv, 
which is observed experimentally too. Due to the lack of 
the availability of all the d-d-transitions, it is not possible 
to interpret the ESR data quantitatively, at present. Gn the 
basis of the observed g-values, we can make a tentative 
assignment of 25,000 cm - ’ (c = 70) band to d,, _++dYz and 
16,000 cm- ’ (c = 13) band to d,,+d, transitions. Thus, the 
compound has a tetrahedral geometry with tetragonal 
distortions. 

The complex, on treatment with triphenylphosphine in 
acetic acid resulted a dark brown crystalline compound 
with probable composition mi(PPh,),ClI], with nickel in 
+2 oxidation state. The nickel(II1) complex acts as a 
catalyst in the oxidation of triphenylphosphine to triph- 
enylphosphine oxide. The catalytic oxidation reaction 
using the complex and triphenylphosphine in varying 
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Abstrati-The Raman spectra of alkaline lithium metaborate solutions containing H,O, reveal lines 
attributable to a peroxoborate anion, B(OH),OOH-, in equilibrium with B(OH); and H,O,. There 
is no evidence for the formation of peroxoboric acids at low pH. 

Sodium perborate is in widespread use as a bleaching agent 
in fabric washing products, but the chemistry of perborates 
has not been much investigated. There has recently been a 
determination of the crystal structure of the commercial 
material “sodium perborate tetrahydram”, showing that it 
contains dinuclear anions with double peroxo bridges 
(I).’ and is therefore better formulated as 

HO 

B-n- 0 

HO 
/-\ - 

o-o, IPH \ ’ B 

I 
OH 

However, the nature of peroxoborate species in solution has 
remained elusive. Potentiomettic titrations* and polar- 
ographic studies’ suggest that alkaline perborate solutions 
display an equilibrium involving a hydro- 
peroxotrihydroxoborate anion (II). 

B(OH)i + H~O~Z+B(OH)~(OOH)- + Hz0 

(II) 

giving K = [B(OH),(OOH)-] 

]B(OH)i l(HsOJ 

as ca. 25mol-’ dm’ at 25°C. Other potentiometric in- 
vestigations have been interpreted in terms of the formation 
of higher perborates in alkaline solution containing two or 
more peroxide groups for each boron atom’. In acid solu- 

*Author to whom correspondence should be addresmd. 

tions, the formation of peroxoboric acids has been postu- 
lated to explain the drop in pH when hydrogen peroxide is 
added to boric acid solutions*. 

We set out to use Raman spectroscopy to identify and 
character& the peroxoboron species in aqueous solution 
and to monitor changes in the position of equilibrium with 
changes in solution composition. It soon became clear that 
solution concentrations of about 1 mol drne3 were needed 
to facilitate the observation of spectra, and so the lithium 
borate/H,O, system was chosen for investigation. 

EXPERIMENTAL 
Preparation of materials 

Lithium metaborate, LiB(OH),.6H20, and sodium per- 
borate tetrahydrate, Nas[Bs(O&(OH) J.6H20 were prepared 
from AnalaR reagents. Hydrogen peroxide, NasH2EDTA, 
boric acid, and hydrochloric acid (all AR Grade) and 
lithium hydroxide (GPR) were used without further 
purification. 

Preparation of solutions 
The solutions were made up by dissolving lithium metab- 

orate in the required concentration of hydrogen peroxide, 
and adding HCI or LiOH to adjust the pH. All the solutions 
contained EDTA (1 x lo-‘mol dm-‘) to inhibit the metal- 
catalysed decomposition of H202. The pH and H202 content 
were checked before and after measurement of spectra. 

Ramrm spectra 
The filtered solutions were. contained in a quartz cell 

which had been cleaned with aqua regia. Sodium perborate 
was finely ground and packed into a glass capillary. The 
spectra were excited at 5145A by an Ar+ laser and were 
recorded at room temperature (23 f 1°C) using a Spex 
Ramalog 5M spectrometer. 

RFSULTS AND DlsCUSSION 
The Raman shifts and relative intensities measured in our 

experiments are listed in Table 1, and partial representative 
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Table 1. Raman spectra of alkaline perborate solutions 

A B C - I! E r G I - - !! 

Solution Composition 

Borate, mol dm-3 

Peroxide mol dm 
-3 

PH 

Counterion 

1.0 1.0 1.0 1.0 1.0 1.0 0.5 1.0 0.0 

1.0 1.0 1.0 1.0 2.0 0.5 0.5 0 1.0 

8.5 9.2 10.1 11.1 10.1 10.0 12.5 10.5 11.0 

Li+ Li+ Li+ Li+ Li+ Li+ Li+ N*+ NtI+ 

spectra= and Assignments 

Peroxoborate 1250(2) 1250(2) 1250(4) 1250(l) 1250(3) 1250(2) 

Peroxoborate 960(7) 960(S) 960(16) 960(12) 960(12) 960(g) 

B(~H); 945(S) 

Peroxoborate 895(66) 895(9U 887c100) 

1 

8S4(100) 895(69) 895(66) 900(90) 

HZ02 877(100) 877(100) 878(88) 875(100) 875(77) 880(32) 875(60) 

OOH- 855(27) 849(100) 850(40) 

B(oH)$ 741(73) 743(75) 745(100) 

Peroxoborate 733(38) 737(47) 737(60) 735(59) 734(38) 

Peroxoborate 

725(45) 

715(25) 715(36) 716(38) 715(41) 
I 

715(28) 

B(oH), 580(g) 

a. Reported as Raman shift in cm_1 (Relative Intensity). 

- 

spectra are shown in Fig. 1. Our Raman shifts for 
Na,[B,(OJr(OH,)].6HrO agree well with an earlier report5, 
and so are not given in full detail. 

Alkaline solutions 
The first set of experiments to be discussed used solutions 

A-F with lithium metaborate concentrations 1 .O mol dm - 3 
and various pH and [H,OJ values. The Raman spectra show 
two broad features, at ca. 880 and 740 cm- ‘, but the peak 
positions and the line shapes change as the solution com- 
position changes. The spectra can be interpreted in terms of 
the known Raman lines of B(OH);, H,Or, B(OH), and 
OOH-, together with a set of lines (at 1250, 950, 890, 735 
and 715cm -‘) which cannot be attributed to any known 
polyborate6. The intensities of the new lines all respond in 
the same way to changes in solution composition, suggesting 
that they can all be attributed to a single peroxoborate anion 
present in the solutions. 

Increasing the ratio of peroxide:borate much above 1 : I 
gives only the new set of Raman lines together with H,O, 
and we are thus justified in formulating the anion as a 
monoperoxoborate. The spectrum of the anion in solution, 
however, is different from that of the solid sodium perborate 
tetrahydrate and so the centrosymmetric binuclear species 
(I) cannot be the anion in solution. (The most telling 
evidence is the absence of a strong polarised line at 
960 cm- ‘, associated in the solid with the gerude combina- 
tion of the B(OH), antisymmetric stretches.) By default, 
then, the spectra must be assigned to the B(OH),OOH- 
anion proposed by potentiometric titration. 

The Raman line at 890 cm - ’ is clearly a fundamental of 
the t&O stretching mode; the value of 890 cm - ’ compares 
with that found for XOOH groups (e.g. 886 cm-’ for 
H$OJ’ rather than X00- groups (849 cn- ’ in OOH-). 
The lines at 735 cm -I and 950 cm- ’ are respectively the 
symmetric and antisymrnetric stretches of the II( unit, 
while the EOOH stretch occurs at 715 cn- ’ (close to the 
BF stretch in [B(OH),g-)6. Finally the weak feature at 
1250 cm-’ is assignable to the BOOH deformation mode. 

The spectra show that peroxoborate formation reaches a 
maximum at pH ca. 10.2 but significant amounts are present 
between pH 8.5 and Il. 1. At higher pH, hydrogen peroxide 
is removed as OOH- (solution D), and at lower pH the 
tetrahydroxoborate anion is converted into boric acid. In all 

?dp 

dp 

dp 
P 

P 

P 

P 

P 

P 

dP 

- 

Fig. 1. Raman spectra of alkaline perborate solutions. 

cases the proportion of peroxoborate falls as the concen- 
tration falls. A quantitative estimate of the equilibrium 
constant is impossible because of the overlap of the Raman 
lines, but the observations are consistent with a value of 
20 mol- ’ dm’ as suggested by potentiometric titration. 

Acid solutions 
Solutions of boric acid with HZ02 (both 1 mol dm-j) 

show only one intense Raman line at 875 cm-‘. This sharp 
line must include contributions from the symmetric BO, 
stretch of B(OH), and the O-O stretch of H,O,, which 

SW a00 700 CM- 



Notes 675 

coincide at this frequency. There is thus no evidence for the 
formation of peroxoboric acids, and some other explanation 
must be found for the large pH changes noted by Edwards.2 

SUMMARY 
The Raman spectra of lithium metaboratehydrogen 

peroxide solutions are consistent with the equilibrium 
B(OH); + H,O + B(OH),OOH - + H,O (K z 20 mol - ’ 
dm’). There is no evidence for the formation of peroxoboric 
acids at low pH. 

Polyhedron Vol. 2, No. 7, pp. 675477, 1983 

Rimed in Great Britain. 
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Abstract-A series of biphenyl, meta- and para-fluorobiphenyl complexes of chromiumtricarbonyl, 
chromiumdicarbonyltriphenylphosphine and chromiumdicarbonyltriphenylarsine have been prepared and 
their spectral and physical properties recorded. Taft substituent constants have been calculated for the 
coordinated arenes and the consequences of substituting a Group V ligand.for a carbonyl are discussed. 

For organometallic complexes, a comparison of the substit- 
uent constants of free and coordinated organic groups 
provides a quantitative measure of the electronic changes 
which occur upon complexation. For example, substituent 
constants for the arenechromiumtricarbonyl group have 
been measured by several groups using a variety of tech- 
niques.ld The values of these substituent constants generally 
support the interpretation that complexation of a chro- 
mimntricarbonyl to a phenyl group results in a significant 
increase in the inductive electron withdrawal by the coordi- 
nated phenyl and reduction of the resonance electron dona- 
tion to a fraction of that of an uncoordinated phenyl. 

As a consequence of our recent synthesis of a series of 
biphenylbis(chromiumdicarbonyl)-@phosphine dimers, 
we have become interested in the changes in electronic 
character which occur when a carbonyl is removed and 
replaced by a Group V ligand. In order to determine these 
effects, we have measured the Taft substituent constants of 
arenechromiumdicarbonyl derivatives of triphenyl- 
phosphine and triphenylarsine. 

RESULTS ANB DISCUSSION 
A set of nine compounds were prepared and examined in 

the present work. Biphenylchromimntricarbonyl and its m- 
and p-fluorobiphenyl derivatives were prepared by the 
method of Top and Jaouen’ and had properties consistent 
with the physical and spectral properties reported in the 
literature. Triphenylphosphine and triphenylarsine were in- 
troduced to the chromium by UV photolysis in benzene.* 
After recrystallixation from petroleum ether, the com- 

pounds were examined for purity by HPLC using petroleum 
ether: tetrahydrofuran (3 :2) as an elutant on a silica gel 
column. Elemental analyses and/or melting points of the 
compounds are presented in Table 1. UV-visible and IR 
spectra were recorded for all compounds and the maior 
spectral features are summarized in Table 2. ‘H, ir’F and 
)‘PNMR results are also included in Table 2. 

ul and ua” constants were calculated from the i9F chemical 
shifts of m- and p-fluorobiphenyl derivatives relative to 
internal fluorobenxene using the equations presented by 
Taft et ul.9 These substituent constants are summarized in 
Table 3 for both benzene and chloroform as solvents. 

Comparison of the UV-visible and IR spectra for com- 
pounds l-3 indicates that for these compounds the elec- 
tronic and vibrational changes brought about by the phos- 
phine and arsine ligands are very similar. Introduction of a 
fluorine onto the uncoordinated ring of a biphenyl has little 
effect on either the electronic or vibrational spectra. 
“PNMR of the biphenyl and fluorobiphenylchromium- 
dicarbonyltriphenylphosphine compounds show only a 
small shift of the phosphorus resonance with introduction 
of the fluorine. 

Gubin et oI.’ obtained Taft substituent constants for the 
phenylchromiumtricarbonyl group. These workers used a 
slightly modified form of the Taft equations, but obtained 
substituent constants in close agreement with those found in 
the present work. These constants show that coordination 
of a phenyl ring by a chromimntricarbonyl enhances the 
electron withdrawing ability of the phenyl ring and sharply 
reduces the resonance contribution of the phenyl. The 
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their spectral and physical properties recorded. Taft substituent constants have been calculated for the 
coordinated arenes and the consequences of substituting a Group V ligand.for a carbonyl are discussed. 

For organometallic complexes, a comparison of the substit- 
uent constants of free and coordinated organic groups 
provides a quantitative measure of the electronic changes 
which occur upon complexation. For example, substituent 
constants for the arenechromiumtricarbonyl group have 
been measured by several groups using a variety of tech- 
niques.ld The values of these substituent constants generally 
support the interpretation that complexation of a chro- 
mimntricarbonyl to a phenyl group results in a significant 
increase in the inductive electron withdrawal by the coordi- 
nated phenyl and reduction of the resonance electron dona- 
tion to a fraction of that of an uncoordinated phenyl. 

As a consequence of our recent synthesis of a series of 
biphenylbis(chromiumdicarbonyl)-@phosphine dimers, 
we have become interested in the changes in electronic 
character which occur when a carbonyl is removed and 
replaced by a Group V ligand. In order to determine these 
effects, we have measured the Taft substituent constants of 
arenechromiumdicarbonyl derivatives of triphenyl- 
phosphine and triphenylarsine. 

RESULTS ANB DISCUSSION 
A set of nine compounds were prepared and examined in 

the present work. Biphenylchromimntricarbonyl and its m- 
and p-fluorobiphenyl derivatives were prepared by the 
method of Top and Jaouen’ and had properties consistent 
with the physical and spectral properties reported in the 
literature. Triphenylphosphine and triphenylarsine were in- 
troduced to the chromium by UV photolysis in benzene.* 
After recrystallixation from petroleum ether, the com- 

pounds were examined for purity by HPLC using petroleum 
ether: tetrahydrofuran (3 :2) as an elutant on a silica gel 
column. Elemental analyses and/or melting points of the 
compounds are presented in Table 1. UV-visible and IR 
spectra were recorded for all compounds and the maior 
spectral features are summarized in Table 2. ‘H, ir’F and 
)‘PNMR results are also included in Table 2. 

ul and ua” constants were calculated from the i9F chemical 
shifts of m- and p-fluorobiphenyl derivatives relative to 
internal fluorobenxene using the equations presented by 
Taft et ul.9 These substituent constants are summarized in 
Table 3 for both benzene and chloroform as solvents. 

Comparison of the UV-visible and IR spectra for com- 
pounds l-3 indicates that for these compounds the elec- 
tronic and vibrational changes brought about by the phos- 
phine and arsine ligands are very similar. Introduction of a 
fluorine onto the uncoordinated ring of a biphenyl has little 
effect on either the electronic or vibrational spectra. 
“PNMR of the biphenyl and fluorobiphenylchromium- 
dicarbonyltriphenylphosphine compounds show only a 
small shift of the phosphorus resonance with introduction 
of the fluorine. 

Gubin et oI.’ obtained Taft substituent constants for the 
phenylchromiumtricarbonyl group. These workers used a 
slightly modified form of the Taft equations, but obtained 
substituent constants in close agreement with those found in 
the present work. These constants show that coordination 
of a phenyl ring by a chromimntricarbonyl enhances the 
electron withdrawing ability of the phenyl ring and sharply 
reduces the resonance contribution of the phenyl. The 
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Table 1. Analytical data’ and melting points 
Compound C Ii P M. . p Oc 

1. C1*H1oC’(C0)3 84-85 (lit. ?, 85% 

2. C12H10Cr(C0)2PPh3 73.75(73.28) 5.03c4.771 5.92c5.92) 150-152’ 

3. C12H,0Cr(C0)2AsPh3 67.51c67.72) 4.49C4.41) 146-l 48’ 

4. m-FC12119Cr(CO)3 58.4U(58.44) 3.14c2.92) lOl-103(lit. 4, 102-103’) 

5. mFC,2H9Cr(C0)2PPh3 71.50(70.85) 4.64C4.43) 5.36c5.72) 130-132’ 

6 . m-FC,2119Cr(C0~2AsPh3 65.38c65.53) 4.2M4.10) 139-140° 

7. P-FC~~H~C~(CO)~ 58.4ac58.44) 3.02(2.92) 117-lla(lit. 4, 115-117O) 

8. p-FC12H9Cr(CO)2PPh3 70.65(70.85) 4.5OC4.43) 5.82(5.72) 144-146O 

9. p-FC &Cr(CO) AsPh 64.35c64.53) 4.09C4.10) 135-137O 

= Calculated values in parenthesis 

Table 2. Spectral data 

Conpound UV-Visiblea IRb 1H NklRb 31p NMRb.d 19P NnRb.e 19F NMRa,e 

1 327(9480)= 1970.1900 4.86(2),4.56(3) 

2 342(8870) 1890,1.332 5.15(2),4.89(3) 90.43 

3 337(6780) 1896,1835 5.20(2),4.8X3) 

4 327(9930) 197a,l902 5.62(2),5.46(3) -1.34 -0.63 

5 343(8470) 1095.1837 5.12(2).4.07(3) 90.13 -0.35 to.16 

6 338( 7250) 1902,185O 5.@5(2),4.79(3) -0.31 +0.14 

7 327(9825) 1890,190O 5.59(2),5.48(3) -1.19 -0.50 

a 341(8190) 1890,1836 5.08(2).4.71(3) 09.68 +1.08 +1.41 

9 330( 7030) 1897,1837 5.08(2),4.82(3) +0.95 +1.35 

’ Benzene solvent. ’ Deuterochloroform solvent. = Extinction coefficient in parcnthe- 

SiS. d Relative LO external 85% phosphoric aeld. = Relative to external fluorobenrenc. 

Compound 

Table 3. Taft substituent constants 
Cholroform 

GI GR” GI =ll” 
co.27 to.005 +0.173 +0.004 

+0.13 +0.048 +0.062 +0.042 

+0.13 +0.043 +0.065 to.047 

present work demonstrates that substitution of either a 
triphenylphosphine or triphenylarsine for a carbonyl re- 
verses both the inductive and resonance changes brought 
about by coordination. The inductive electron donating 
abilities of the phosphine and amine substituted compounds 
are actually greater than that of the uncoordinated phenyl 
ring, and the resonance contribution of these compounds is 
intermediate between that of the chromiumtricarbonyl com- 
pound and the free arene. 

Substituent constants calculated for the chromium com- 
pounds in both benzene and chloroform are presented in 
Table 3. Resonance constants for the two solvents were 
identical within experimental error, but the inductive elec- 
tron withdrawal is increased in chloroform relative to its 
value in benzene. We suggest that the increased electron 
withdrawal in chloroform results from interaction of the 
strongly polar solvent with the electron rich chromium 
center. 

Kursanov er aLlo have recently reported on the reactivity 
of coordinated diarenes towards electrophilic hydrogen 
exchange. They found that the hydrogen exchange rate of 
biphenylchromiumtricarbonyl was an order of magni- 
tude slower than that of biphenyl, but that 
biphenylchromiumdicarbonyltriphenylphosphine was an 
order of magnitude faster than that of the uncoordinated 
biphenyl. For the case of biphenylchromiumtricarbonyl, it 

is inferred from the data that most of the hydrogen exchange 
occurs on the uncoordinated ring, while the data clearly 
show that hydrogen exchange occurs equally on the two 
rings of the triphenylphosphine substituted compound. The 
increased reactivity of the coordinated biphenyl to electro- 
philic hydrogen exchange when carbonyl is replaced by 
triphenylphosphine is entirely consistent with the changes in 
the substituent constant found in the present work. 

EXPERIMENTAL 

UV-visible spectra were recorded on a Gary 15 Spec- 
trometer. IR spectra were recorded on a Perkin-Elmer 467 
Grating Spectrometer. NMR spectra were recorded on a 
Varian FT-80 NMR Spectrometer. Analyses were conduc- 
ted by Micro-Analysis, Inc. of Wilmington, DE. 
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On the me&an&m of the cbromium(III)-periodate reaction 
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(Received 1 March 1983; accepted 10 January 1983) 

We have previously reported an unusual second-order 
dependence on the concentration of aqua chromium(II1) 
ion in its reaction with periodate in aqueous acidic 
solution.’ The activated complex is believed to contain two 
chromium(III) species and one periodate ion. Simultaneous 
two one-electron transfer from the two chromium(II1) 
species to iodine(VII), which is rate determining, is attained. 
The mechanism of this reaction was described by eqns 
(1X6) 

H,IO,- + H + + H,IO, (K,) (1) 

Clj+ +HrOz$CrOH*+ +H+ (&) (2) 

CrOH* + + H.10, z$ [Cr-(OH)-IO,HJ + + H,O (KJ (3) 

[Cr-(OH)-IO,HJ + Crr + e 
[Cr-(OH)-I0,H-(OH)-Cr]4+ + H,O (4) (4) 

[Cr-(OH)-IO,H<OH)-Cr]‘+ +2Cr(IV) + IO; (slow) (5) 

Cr(IV) + I(VII)-Cr(VI) + 10, (fast). (6) 

An alternative mechanism which also accounts for the 
second-order dependence on chromium(II1) ion concen- 
tration was suggested.* This mechanism is described by 
eons (7X9). 

Cr(III) + I(VI1) * Cr(V) + I(V) k,, k _ , (7) 

Cr(II1) + Cr(V)+2Cr(IV) k, (slow) (8) 

Cr(IV) + I(VII)+Cr(VI) + IO, (fast). (9) 

Applying the steady state approximation for Cr(V) the rate 
law given in eqn (10) is obtained. 

k,k2[Cr(III)]*[I(VII)] 

-d]cr(‘H)l’dr = k,[Cr(III)] + k_ JIO,] 
(10) 

In this mechanism step (7) is postulated as a reversible 
reaction with the equilibrium lying on the left side. Step 
(8) is considered the rate-determining reaction with step (9) 
following rapidly. 

Table 1. Effect of addition of iodate on the chro- 
mium(IIIXJeriodate reaction? 

10r[IO,]M k,M-‘s-’ 

0.50 2.56 f 0.02 
1.00 2.36 f 0.02 

10-Zk,,M-zs-’ 

2.56 + 0.02 
2.36 f 0.02 

1.50 2.42 f 0.03 2.42 + 0.03 
3.50 2.63 + 0.04 2.63 f 0.04 

t[IO;]= 1.0x 10-2M, [Cr(III)] = 4.43 x 10e4 M, 
pH = 2.05 + 0.01, Ionic strength I = 0.50 M and 
T=25.0+0.1% 

If k _ ,l_IO;] 3 k~Cr(III)] eqn (10) reduces to the form of 
eqn (11) which predicts retardation of the reaction rate by 
the deliberate addition of IO;. 

- d[Cr(III)]/dt = 
k,k2FrWU2[IW~~)1 

k-,W-1 ’ 
(11) 

The effect of addition of iodate on the reaction rate was 
investigated over the iodate concentration range 
(0.50-3.5) x lo-* M at fixed reaction conditions. The 
results in Table 1 show that the initial addition of varying 
concentrations of iodate did not lead to any retardation 
of the reaction rate as indicated by the constancy of k,. 
These results clearly indicate that iodate does not supress 
the rate of oxidation of aqua chromium(II1) by periodate, 
and the alternative mechanism does not seem to operate. 
The mechanism in which two one-electron transfer, from 
two chromium(II1) species, in a single activated state, 
seems to operate. 
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I. INTRODUCTION 

Simple binary alkoxides of formula M(OR), are known for most electro-positive metals and the 
majority of the transition elements and lanthanides. Mixed metal alkoxides are known for a variety 
of metals and some of these have quite remarkable properties. For example, the lanthanide 
elements and aluminum form an extensive series of isopropoxides of formula MA13(OPr’)r2 which 
are volatile solids or liquids. 

A characteristic feature of an alkoxy ligand is its ability to readily form bridges between two 
or even three metal atoms. Such oligomerization proceeds in order to satisfy the metal atom’s desire 
to attain a preferred coordination geometry. Oligomerization may be suppressed by the use of 
sterically bulky alkoxy ligands and, in this way, unusual coordination numbers and geometries may 
be imposed. Many examples could be used to illustrate these simple concepts. I shall mention but 
a few. 

(1) Alkoxides of niobium and tantalum in the + 5 oxidation state exist as dimers when the 
alkoxy group is not too sterically demanding, e.g. Me0 and EtO, as shown in I below. However, 
with bulky alkoxides, such as Bu’O, monomeric five coordination is imposed. 

(2) The ethoxides and methoxides of titanium (+4) adopt a tetrameric structure in the solid 
state, II, whereby each metal atom achieves an octahedral environment. In benzene solution, the 
titanium ethoxide dissociates to trimers, while with the bulky Bu’O ligand, a monomeric Ti(OBu’), 
is found. 
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n 

X : OMe, OEt 

(3) Aluminium-tert-butoxide is a dimer, III, while the isopropoxide is a trimer when freshly 
distilled and a tetramer in the solid state, and when aged in solution, IV. Chromium(III), which 
is a similar size to aluminium(III), has a greater propensity for forming octahedral complexes 
because of the crystal field stabilization energy arising from the tQ3 orbital configuration in an Oh 
field. Cr(II1) forms a non-volatile, non-hydrocarbon soluble isopropoxide [Cr(OPr’),], and based 
upon electronic spectral and magnetic properties, it is formulated as having a polymeric Cr(3 +)O, 
lattice structure. 

EIIJ’ 
ButO1,, /-O\ ,,\oeut 
B”toflAlo~l -o&t 

BU’ 

i 
X2Al -x 

m 

nz 
X - OPr’ 

X AlX, 

It should also be emphasized that alkoxide ligands may act as n-donor ligands, RO=tM. This 
capability will have maximum effect for terminal alkoxy ligands and for transition metals in high 
oxidation states with vacant d orbitals of appropriate symmetry to receive x-electrons. 

Metal alkoxides are in general a highly reactive group of complexes. The metal atoms are 
commonly susceptible to nucleophilic attack and the oxygen atoms are susceptible to electrophilic 
attack. Common reactions involving substrates with acidic hydrogens include hydrolysis with 
water, alcohol exchange with other alcohols or silanols, substitution reactions with organic acids 
or acid anhydrides, acyl halides, /I-diketones, j?-keto-esters, /I-ketoamines and Schiff bases. 
Insertion reactions may also occur with unsaturated molecules such as COZ, CS2 and ArNCO. 
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3 C(I) 

C(2) 

C(5) 

Fig. 1. An ORTEP view of the centrosymmetric Mo~(OCH~BU’)~ molecule. Pertinent distances (A) 
and angles (“) are: M-MO = 2.222(2); Mo-O(l), -O(2), a(3) = 1.905(6), 1.867(6), 1.855(6); 

MO’-M&(l), -O(2), -o(3) = 98.3(2), 105.5(2), 105.4(2). 

C(l6) 
Qq cc141 m R, 

\ 

Fig. 2. An ORTEP view of the centrosymmetric 1,2-Mo,(OBu?,(CH,SiMe3)4 molecule. Pertinent 
distances (A) and angles (“) are: MO(~)-MO(~)’ = 2.209(2); Mo(lb0(2), -C(7), -C(12) = 1.865(8), 

2.13(l), 2.14(l); MO(~)‘-Mo(l)-O(2), -C(7), -C(12) = 110.7(2), 100.0(3), 100.2(4). 
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The most striking feature of the aforementioned compounds of formula M,(OR), and 
M,X,(OR), _ n is the presence of the M-M triple bond, unsupported by bridging alkoxide ligands. 
Evidently the bridged AI,( structure, III, is considerably higher in energy since compounds 
of formula X,YMsMY, and XY,M=MXY, do not readily isomerize in hydrocarbon solvents, even 
at + lOO”C.*’ 

From calorimetric studies, it has been estimated that the formation of a pair of bridging OR 
ligands from two terminal OR ligands, 2Mo-OR+Mo,(p-OR),, is favoured by 
10-15 kcalmol-‘.‘2 That bridges are not seen in these compounds, and that isomerizations which 
would be possible if bridged intermediates were energetically accessible, imply that the energy 
difference between (RO),M=Mo(OR), and (RO),Mo~-OR),Mo(OR), must be quite large and at 
least greater than cu. 30 kcal mol-‘. This in turn must reflect upon the relative strengths of Mo-MO 
bonds in the bridged and non-bridged structures. 

The strength of D(M=Mo) in Mo~(OP?)~ has been estimated to be 90 kcal mol - l from 
calorimetric studies wherein the heat of formation of Mo,(OPr’), is determined.i2 However, it 
is impossible to separate D(Mo-OR) and D(Mo=Mo) in such calculations and thus an error in 
the assumption of D(Mo-OR) is magnified six-fold in D(Mo=Mo). Since D(Mo-OR) can be 
determined for a large number of mononuclear compounds, a reasonable estimate of D(Mo-OR) 
in Mo,(OR), compounds can be obtained to ) 5 kcal mol-‘. The strength of the MO-MO bond 
may therefore be determined to lie within the range 60-120 kcal mol-‘, and so a value of 
90-100 kcal mol-’ seems most plausible. 

A simple bonding picture for M,(OR), compounds can be constructed as follows. Letting the 
z axis be coincident with the M-M axis, the metal atomic dZ2 orbitals may interact to form cr and 
e * M-M molecular orbitals and d,, and & may form rr and rr * orbitals. In oxidation state + 3, 
each metal has the d3 configuration and thus a M-M triple bond of configuration e2rc4 can be 
formed. Each metal may use S, px and pv atomic orbitals to form three CT bonds with the OR ligands, 
and metal d,,, dx2_y2 and p, atomic orbitals have the appropriate symmetry to form n-bonds with 
oxygen filled p atomic orbitals. It is clear from considerations of the short Mo-OR bond distances 
that there is considerable multiple bond character. (See also Part 7, this section). 

This qualitative bonding scheme finds support from detailed calculations employing the SCF 
X,-SW technique on Mo,(OH),. I3 The orbital energies so calculated correlate well with the data 
obtained from He(I) and He(I1) photoelectron spectroscopic studies. For Mo,(OCH,Bu’),, the first 
ionization occurs at ca. 7.2 eV and the second at 8.0 eV, corresponding to ionizations from M-M 
rc and D bonding orbitals, respectively. 

The electronic absorption spectra of M2(0R), compounds have recently been examined[l4]. 
There are no absorption maxima in the visible region of the spectra: the colours (yellow or orange) 
are derived from higher energy absorptions tailing into the visible. The first absorption maximum, 
vI, occurs at 360nm (6 cu. 1400) for Mo2(POr’), and can be assigned to a M-M a-to-M-Ln* 
transition (M-M rt-to-M-M 6). The second absorption maximum, v2, occurs at 210.5 nm (c cu. 
22,400) and is assigned to the M-M n-to-n * transition. The spectrum of W,(OBu’), is very similar 
with v1 at 380 nm (6 cu. 1600) and v2 at 210 nm (e cu. 13,000). The spectrum of W,(OBu’& also shows 
quite pronounced shoulders to low energy of these absorption maxima which can be assigned to 
the spin forbidden transitions to triplet states: vi = 460 nm (6 cu. 500) and vi = 250 nm (e cu. 6800). 
The electronic absorption spectra of Mo,(OPr’), and W,(OBu’), are compared in Fig. 3. 

2. d2-d2 dimers with M-M double bonds 
The addition of alcohols to Mo(NMe,), leads to an extensive series of compounds of formula 

[Mo(OR).,],.” The bulky tert-butoxide appears to be monomeric in benzene, but its structure is 
not known in the solid state. It is weakly paramagnetic, which contrasts with the diamagnetic 
monomeric four-coordinate compounds, MO&, where X = NMe2i6 and SBu’.” Mo(OBu’),, is 
clearly a molecule worthy of further attention. The isopropoxide is dimeric and diamagnetic in 
hydrocarbon solutions, but in the uresence of pyridine, a paramagnetic species, believed to be 
Mo(OPr’),(py), akin to Mo(OSiMe,),(HNMe,),,” is formed. In the solid state, an interesting 
dimeric structure is found.i8 Each molybdenum atom is in a distorted trigonal bipyramidal 
geometry. The two halves of the molecule share a common axial equatorial edge through the agency 
of alkoxy bridges as shown schematically in V below. 

An ORTEP view of this molecule is shown in Fig. 4. The Mo-0 distances show the expected 
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Fig. 3. Comparison of the electronic absorption spectra of Mo,(Opr?, and W,(OBu?, in hexane 
solutions. 

Fig. 4. An ORTEP view of the centrosymmetric Mo,(OPr’), molecule. Pertinent distances are 
in comparison with the Mq(OPr’)flO), molecule in Fig. 18. 
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and general trend that terminal M-O distances are shorter than bridging ones, but we also find 
that the axial bonds are longer than the equatorial bonds within each set of terminal and bridging 
ligands. This also turns out to be a general trend in what is now quite an extensive series of dimeric 
molybdenum compounds whose structures are based on fused trigonal bipyramids. 

The diamagnetism and the shortness of the Mo-MO distance, 2.523(l) 8, are readily ratio- 
nalized by the presence of an Mo-MO double bond. This may be formulated in the following 
manner. Let the z axis be coincident with the axial 0-Mo-0 groups of each metal. Then the 
formation of five 0 bonds to oxygen may use S, p,., p,,, pz and dz2 atomic orbitals. This leaves two 
doubly degenerate d orbitals (d,,, d,J and (d,z_+ d,,) with the former lying lower in energy in a 
simple trigonal bipyramidal field. If we then choose the y axis to be coincident with the Mo-0 
(equatorial) bridging ligands, then the d, atomic orbitals can form M-M u and G* orbitals; the 
d,,-d, interaction will yield K and x* orbitals. This simple picture predicts a M-M bonding 
configuration a*x* for a d*-d* dimer. Note the degeneracy of the M-M rr bonds, which is present 
in X3M=MX, compounds, is removed for a dimer of type V. 

The M-M distances in the molecules Mo,(OPr’), and Mo,(OPr’),(NO), make an interesting 
comparison. The latter compound adopts a structure similar to that shown in V in which two axial 
OR groups are replaced by linear Mo-N-O groups. I9 If for the purposes of electron counting 
we use the formalism that a linear M-N-O group is equivalent to M - +(NO +), then the formal 
oxidation state of molybdenum is +2 in Mo2(OPr’),(NO)2, resulting in a d4-d4 dimer. In terms of 
M-M bonding, this would lead to a totally non-bonding configuration o*rr*rr**cr** and the 
MO-to-MO distance, 3.335(2) A, precludes an M-M bond. In fact, the d4 electrons on each 
molybdenum reside in the (d,,, d,,) orbitals and are extensively used in backbonding to the NO n * 
orbitals, as evidenced by the low v(N-0) value, 1640 cm - ‘. 

Other alkoxides of Mo(4+) derived from alcoholysis reactions involving Mo(NMe,), are less 
well characterized. With decreasing size of the alkoxide ligand, there is a tendency to associate 
further in solution. For example, a cryoscopic molecular determination on the ethoxide gave a 
value close to that expected for a trimer, [Mo(OEt),],. In view of the tetranuclear structure of the 
tungsten analogue (discussed later), further studies of these [Mo(OR)J, compounds should be 
undertaken. 

Dinuclear tungsten(IV) alkoxides of formula W2(OR)r are presently not known. However, it 
seems that routes to such compounds should be forthcoming, even though W(NMe2),, is not a 
known compound. For example, oxidative-addition reactions involving RO-OR and W,(OR), 
compounds might prove effective. The only simple d*-d* dinuclear tungsten alkoxides are the green 
compounds of formula W+21dOR).@OR)2.20 These were first prepared by Wentworth and Clark 
from the reactions of [Bu,,N],W,CI, with alcohols and were incorrectly formulated as tungsten(III) 
compounds. W2C14(0R),(HOR),. *’ Later work, however, showed that these compounds could 
be prepared by a variety of routes including alcoholysis of WCl, and that they were in fact 
tungsten(IV) dimers.= The structure of W2C1.,(0Et)4(HOEt)2 was determined by a single crystal 
study and revealed the edge-shared octahedral geometry shown in VLm 

The fusing of two octahedral units along a common edge allows the metal r2* atomic orbitals 
to interact to form one 6, one x and one 6 bonding and anti-bonding set of molecular orbitals. 
The d*-d* dimer thus provides a double bond of configuration 6*x*, which is compatible with the 
W-W distance of 2.479(l) A. 
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There are a number of other dinuclear alkoxides of molybdenum and tungsten which are formed 
by addition reactions involving Mz(OR& compounds that can be considered to have M-M double 
bonds. These are discussed later. 

3. d’-d’ dimers with M-M single bona3 
The only homoleptic M(5+) compound that is known for molybdenum and tungsten is 

W(OPh)S, formed by the reduction of W(OPh), with molecular hydrogen and Raney nickel.23 
In solution, a molecular weight determination yielded a value greater than a monomer, but less 
than a dimer. In view of the structural characterization of M,Cl,(OR), compounds, it is possible 
that the phenoxide has an edge-shared W20,0 moiety. 

There are a number of reports in the early literature concerning compounds of empirical 
formula WCl,(OR), formed from reactions of WC& with alcohols and under electrolysis. It is not 
clear that the early workers were correct in their formulations since various colours and magnetic 
properties were attributed to these compounds. However, more recently Cotton and Walton” have 
prepared an extensive series of W,Cl,(OR), compounds by the oxidation of W,C14(OR),(HOR), 
compounds using molecular oxygen or Ag + as oxidants.24 Addition of halogens to Moz(OPr3, 
leads to Mo,&(OPrQ, compounds, where X = Cl, Br and I. Z All of these compounds are orange 
crystalline solids. They are diamagnetic and show two types of OR ligands, consistent with the 
maintenance in solution of the structure found in the solid state, depicted by VII, for Mo,(OPr’),X, 
where X = Cl and B?5 and for W2(OEt),C14.” 

In all of the structurally characterized compounds of formula M2C14(OR),, the M-M distance 
is close to 2.71 A, which is roughly 0.8 A less than that of a M-M non-bonding distance found 
for the &-do compound [Nb(OMe),]2.2” 

A compilation of bond distances and assigned bond orders for a number of simple dinuclear 
alkoxides and their adducts or derivatives is given in Table 1. A fairly consistent picture emerges. 
Triple bonds of configuration 021t4 have distances in the range 2.2-2.3 A; double bonds, bin*, are 
all close to 2.5 A; single bonds, o*, are close to 2.7& while non-bonding distances for 
M,(~--OR),-containing compounds are all greater than 3 A, typically in the range 3.3-3.5 A. 

4. Trinuclear alkoxides 
Since some of the alkoxides of molybdenum(IV) appear trimeric in solution, it is interesting 

to speculate that triangulo MO, structures might be found for certain [Mo(OR),], compounds. The 
six metal valence electrons not used in M-OR bonding could be used to form M-M bonds: a* + e4. 
This situation is seen for Mo,O(OR),, compounds, where R = Pr’ and CH2Bu’.*’ An ORTEP 
view of the central skeleton of the Mo30(0CH2Buf),, molecule is shown in Fig. 5. The structure 
is closely related to a large group of triangulo MO,- and W,-containing complexes with capping 
(p3-) 0x0, sulphido and carbyne ligands. ** In solution, the ‘H NMR spectra indicate that the 
solid state structure is maintained. Four types of alkoxy ligands are seen in the integral ratio 
3: 3: 3 : 1, indicating that the molecule is not fluxional on the NMR time-scale. 

5. Tetranuclear alkoxides 
Addition of ethanol or methanol to hydrocarbon solutions of W,(NMe,), yields the tetranuclear 

alkoxides W4(OR),,.‘9930 The structure of the ethoxide has been determined by an X-ray study 
and is shown in Fig. 6. The structure is of type II which is found for [Ti(OR),I, compounds where 
R = Me and Et,31 but the W-W distances are all shorter than the analogous Ti-Ti 
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Table 1. Metal-metal distances and metal-metal bond orders in representative dinuclear alkoxides 
of molybdenum and tungsten 

I I 
Compound 1 Bridging Ligands 1 M-M Distance (bl) 

I I 
1 Bond Order 1 Ref 

I 

?lo2(0CH2But)6 “O”.? 2.222(2) 3 I 6 

?lo2(0Pri)6(Py)2 “One 2.250(2) 3 47 

C2(0Pri)6(py)2 llO”GZ 2.334(l) 3 I 9 

?lo2(0But)6(CO) 20But, CO 
I 

2.498(l) 2 I 68 

Mo*(0Pri)6(Py)2(CO) ZOPri, co 
I 

2.486(2) 2 I 69 

.~2(0Pri)6(Py)2KO) 20Pri, co 
I 

2.499(3) 2 I 69 

I 
Yo2(OPri)8 20Pri 2.523(l) 2 i 16 

I 

Mo2(0CH2But)6Br2(py) I 20R, Br 2.534(l) 2 I 47 

I 
k’2C14(OEt)4(HOEt)2 20Et 2.483(l) 2 I 20 

:W2(H)(OPri),12 H, 20Pri 
I 

2.446(l) 2 I 35 

Ho2C14(OPr’)6 20Pri 2.731(l) 1 25 

W2C14(oEt)6 20Et 2.715(l) I 1 1 24 

~M~(oP=~)~(No)I~ 20Pri 3.335(2) 0 19 

[W2(H)(OPri)7]2 20R 3.407(l) 0 I 35 

I 
[W(OMe),NPh12 20Me 3.47(l) 0 I = 

‘A.J. Nielson and J.M. Waters, Polyhedron 1982,,& 561. 

distances. Evidently in W,(OEt),,, the eight tungsten valence electrons are used to form delocalized 
M-M bonds. 

The central centrosymmetric M,X,, unit formed by four fused octahedral units appears quite 
common in coordination compounds and in ternary metal oxides. A mixed oxo-alkoxy-pyridine 
compound, Mo~(~~-O),~~~~),(O)X~*~P~*(OP~~~~)~, has been structurally characterixed.N 

AgrW401632 and Ba,.,4M080,633 also have M40i6 subunits. The molybdenum oxide contains 
two types of M, units differing most significantly in the M-M distances. This difference can be 
correlated with the number of bonding cluster electrons: 8 vs 10. The M,X,, framework has been 
found to accommodate 0, 4, 8 and 10 cluster bonding electrons. The changes in M-M distances 
as a function of the number of cluster electrons are summarized in Table 2. It is clear that 
molybdenum and tungsten use their d” electrons to form M-M bonds. The nature of the M-M 
bonding in the 8 and 10 electron clusters has recently been the subject of a Fenske-Hall calculation 
by Cotton and Fang. 34 They rationalized the elongation of two M-M distances, which 
accompanies the change from the 10 electron to the 8 electron cluster, in terms of a second order 
Jahn-Teller distortion. 

Aside from the solid state structural parameters, the presence of M-M cluster bonding electrons 
drastically alters the solution behaviour of M,(OR),, compounds. Whereas [Ti(OEt),], dissociates 
in benzene solution to trimers, the tungsten compound retains its tetranuclear nature as evidenced 
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r -\ n 

Fig. 5. An ORTEP view of the central Mo,O(OC),, skeleton of the Mo,O(OCHzBu~io molecule. 
All atoms are assigned arbitrary thermal parameters. Each molybdenum atom is in a distorted 
octahedral environment with respect to six directly bonded oxygen atoms. Pertinent bond distances 
in A (averaged) are: Mo-MO = 2.529(9), Mo-p,O(oxo) = 2.03(3), Mo-c~,OR = 2.21(3), 

Mo-p,OR = 2.02(3), Ma-OR (terminal) rran.r to O(4) = 1.94(2), Ma-OR (terminal) trans to 
p30R = 1.85(3). 

Fig. 6. An ORTEP view cf the centrosymmetric W,(OEt),, molecule emphasizing the local WO, 
octahedral geometry for each tungsten atom. Pertinent W-W and W-O distances are given in Tables 

2 and 3, respectively. 
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Table 2. M-M distances (A) found in compounds which are structurally related to W,(OEt),,” 

Compound 

[Ti(OEt)414 

AgaW4016 

I I I I I 
I M(2)-H(1)’ I M(l)-H(2) I H(lbH(1) I C1;;;~;=E;~c:$o”s I Ref. 

I I 

3.34 3.50 I 3.42 0 I 31 

I 
I 

3.32 3.23 1 3.49 0 I 32 

I 

Mo408(0Pri)4(py)4 l 
I 

3.41 2.60 1 3.22 4 I 30 

I I 

Mo4C1406(0P’“)6 I 3.43 2.67 1 not given I 4 5! 
I 

‘.J4(OEt)16 2.65 2.94 I 2.16 a I 30 
I 

I 
Ba1.14Moa016 2.54 I 2.84 I 2.56 a I 33 

Ba1.14Moa016 2.61 I 2.51 2.58 10 f 33 
I 

Cc’& Distances are quoted to kI.01 bl; the labelling scheme for M(l), M(2) and M(l)’ is shown below 

and is such that H(l) and M(2) have, respectively, two and three terminal groups. (bJ S.A. Koch and 
S. Lincoln, Inorg. Chem. 1982, 2& 2904. 

by cryoscopic molecular weight determinations. Also, the ‘H NMR spectrum of W,(OMe),, shows 
eight sharp resonances of equal intensity, which is exactly what is predicted by a consideration of 
the centrosymmetric solid state structure of W,(OEt),,. 

From reactions between W,(NMe&, and Pr’OH, a most intriguing hydridealkoxide, 
W4(~-H)2(OPr’),4, has been isolated and characterized. ” The central W&J-H)~O~~ skeleton of 
this molecule is shown in Fig. 7. The molecule is centrosymmetric and the eight electrons available 

Fig. 7. An ORTEP view of the central skeleton of the centrosymmetric W,@-H)2(OPr$, molecule. 
Some pertinent distances (A) and angles (“) are: W(l)--W(l)’ = 3.407(l), W(l)-W(2) = 2.446(l) 
and W(2)-W(l)-W(1)’ = 142. The W-OR distances are within the range reported in Table 3 for 

terminal and p&R ligands. 
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single bond distance and that the radius of Csps is 0.77 A, then the covalent radius of oxygen (single 
bond) is placed at 0.67 A. The covalent radius of molybdenum or tungsten may be reasonably 
estimated from M-CsPj distances. For example, in compounds of formula 1,2-M*R,(NMe*), [37] or 
1,2-Mo,(OBu’),(CH,SiMe,),,3* where the M-CP9 distances are 2.17(2) A, the single bond covalent 
radius for M is determined to be 1.40 A. This then sets d ammos = rM + r,, = 2.06 A. This value is in 
fact typical of M-~-OR distances, but considerably longer than any seen for terminal M-OR 
groups which fall in the range 1.80-l .96 A. In Mo,(OCH,Bu’),, the average Mo-0 distance is 
1.88(2) A.(’ In this molecule, it is the metal b-type orbitals, dxy and dx2_+ which are primarily 
involved in n-bonding and an average Mo-0 bond order of 1.66 is thus expected to correlate with 
this distance. Upon addition of another ligand, one of the in-plane orbitals becomes used in 
a-bonding. Typically in Mz(OR)& compounds, the M-O distances are in the range 1.90-1.96 A, 
consistent with a net decrease in n-bonding. On the other hand, in 1,2-Mo,(OBu’),(CH,SiMe,),, 
where each alkoxy group may be fully involved in n-bonding, the MO-O distance is shorter. A 
listing of terminal and bridging M-OR bond distances is given in Table 3. 

Table 3. Representative M-O distances (A) in molybdenum and tungsten alkoxides” 

Compound i M-O (terminal) 1 MO-O ("2) b-0 ('13) 1 Re 

I 

Mo2(0CH2But)6 
I 
1 1.905(6) 1 6 
1 1.867(6) 

1 1.855(6) I 

1 1.815(3) I 2.020(3) 25 1 1.808(3) 1 2.013(3) / 

/ 1.819(3) 1 2.014(3) I 
I 1.814(3) 1 2.016(3) 

W2C14(0Et)6 1 1.820(4) 

1 1.828(4) 

1 2.011(4) 

1 2.013(4) 

I I 

) 1.976(3) (axial) 1 2.111(3) (axial) 

I 1.884(3) (eq) 1 1.958(3) (eq) 
1 1.872(3) (ea) I 

I 

I 16 

I 

t a I 
Mo30(0CH2Bu )lo- 1 1.94(2) (tram to 0) 1 2.02(3) 1 2.21(3) 

1 1.85(2) (tram to OR) l 
/ 27 

I I 

Mo4C14(OPri)8z I 1.981(4) 
1 2.078(4) 

I 1.84(l) j 2.02(2) 1 2.15(l) 

W4(0Et)16= I 1.93(3) 1 2.04(3) ; 2.18(2) I 30 

I I I I 

Mo2(0But 
I 

j6(CO) / 1.88(l) 

1 1.89(l) I 
/ 68 

I 

Mc~,(OPr~)~(py)~(C0) 1 1.909(6) 
I 1.920(S) 

I I 

I 2.098(6) 
I 2.113(6) 

1 69 

W2(0Pri)6(Py)2(CO) / 1.91(2) 
I 

1 1.92(2) I 
j 69 

[WOMe)4NPh]2 1 1.92(l) 
I 

1 2.04(l) (trans to OMe) I 
I 1.97(l) 1 2.14(l) (tram to NPh) 1 I 
1 2.02(l) I 
I I I 

<Averaged where appropriate. 

‘A.J. Nielson and J.M. Waters, Polyhedron 1981,&, 561. 
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Of course, many factors may influence an individual M-O distance, particularly the oxidation 
state of the metal, the truns-ligand and steric and electronic properties of adjacent ligands.39 It 
is, however, safe to say terminal RO-to-MO or -W distances are always shorter than would be 
expected from considerations of single bond radii. 

The influence of RO-to-M n-bonding may be shown in the spectroscopic properties of adjacent 
ligands. (I) In Mo(OBu’),(py),(CO) 2,40 the low values of v(CO), 1906 and 1776 cm -‘, arise 
because n-donor ligands enhance tz,” backbonding to carbonyl R* orbitals. (2) In 
MoO,(0Pr”),@p~ ),4’ which contains the c&Mo(6+)02 moiety and a pair of mutually truns OPr’ 
ligands, the 0x0 and OPf ligands compete to fill (n-donate with) the vacant MO rzg orbitals. There 
is an abundance of a-electrons to do this job. An 0x0 group may be a six electron donor and usually 
a cis-Mo(6+)02 group will contain two Mo-0 groups of bond order 2.5. It has been noted that 
Mo-0 bond distance, Mo-0 bond order and l’0 chemical shifts correlate linearly for terminal 
Mo-0 groups.42 In MoO,(OPr’),(bpy), the Mo-0 (0x0) distances, 1.71(l) A (averaged), and the 
“0 chemical shift value of 878 ppm are longer and lower, respectively, than the values anticipated 
for a cis-Mo(6+)0, function in octahedral complexes. The maximum Mo-0 7c bond order of 1.5 
is evidently not attained because some RO-to-MO k-bonding occurs. The latter, however, is 
relatively small as evidenced by the rather long Mo-Opr’ distances, 1.93(l) A (averaged).41 

III. CHEMICAL REACTIONS 

By far the most extensively studied group of alkoxides of molybdenum and tungsten are the 
dinuclear compounds of formula M2(0R), (M-M). Their reactions are discussed in detail and, 
where appropriate, related reactions involving other alkoxides are noted. 

1. Lewis base association reactions 
In hydrocarbon solutions, Mz(OR)6 compounds (M=M) react with N and P donor ligands, L, 

according to the equilibrium reaction (1) shown belo~.~*~J~*~~@’ 

Mz(OR)b + 2L=M,(OR),L$ K. (1) 

The position of equilibrium is very sensitive to the nature of R and L and for related compounds 

&v > R,,. Also, tungsten prefers to coordinate P donors relative to N donors, provided steric 
factors permit coordination. Several adducts have now been structurally characterized. All 
structures are based on conformations of IX. 

L OR 

,,OR 
I \’ 

L 
\’ 

M n 

RO 
0 ,*I“‘ 

RO 
RO RO 

Each metal atom is coordinated to four atoms which lie roughly in a plane; the two metal atoms 
are united by a triple bond and the two halves of the molecule adopt a conformation which is 
determined by ligand-ligand interactions across the M-M bond. In general, steric repulsive 
interactions favour staggered conformations, but for WZ(OPr’)6(HNMeZ)Z, a near eclipsed geometry 
is found. In the latter case, N-H---OR hydrogen bonding occurs across the M-M bond similar 
to that found in W,Cl,(OR),(HOR), compounds. *O Some pertinent structural data for these 
Lewis base adducts are given in Table 4. 

The equilibrium (1) may be monitored by NMR spectroscopy as a function of temperature. 
At room temperature in toluene-d,, Moz(OPr’), and pyridine react rapidly and reversibly to give 
Mo2(OPr’)&_v)2. On lowering the temperature, the equilibrium position shifts in favour of the 
adduct and pyridine dissociation-association becomes slow on the NMR time-scale. The spectrum 
of the adduct at ca. - 25”C, 220 MHz, indicates two types of OPr’ ligands in the integral ratio 2: 1, 
consistent with cis and truns Pr’O-W-py groups. At this temperature, rotation about the M-M 
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bond is rapid, but at lower temperatures and at higher magnetic field strengths (below -5O”C, 
360 MHz), three OPr’ ligands are seen in the integral ratio 1: 1: 1. The spectrum is thus consistent 
with the adoption of a structure having C2 symmetry akin to that found in the solid state.43 For 
some compounds, e.g. Mo,(OCH,Bu’),(py),, low temperature spectra have been obtained 
indicative of freezing out two conformations, each having C, symmetry for the M,O,N, skeleton; 
furthermore, restricted rotations about Mo-L bonds are observed.43 

For P donor ligands (PMe,, PMe,Ph, PPh,, Me2PCH,CH2PMe, and Ph2PCH,CH2PPh,), the 
equilibrium (1) may also be monitored by “P NMR spectroscopy. For specific combinations of 
alkoxide and P donor ligands, it is possible to observe high temperature limiting spectra 
corresponding to free phosphine and low temperature spectra corresponding to the adducts. This 
is because the favourable enthalpy of binding in (1) may be offset at higher temperatures by the 
negative entropy of binding. The “P chemical shifts of free and coordinated phosphines differ by 
cu. 25 ppm. At intermediate temperatures, a single broadened resonance is observed. The position 
of this resonance is dependent upon the relative concentrations of coordinated and free phosphine 
and the line shape is influenced by the rate of exchange. The 31P NMR spectra of the ditungsten 
adducts show interesting satellite features due to couplings (one and two bond) to 183W, I = i, 15% 
natural abundances (see Fig. 8). 

I 
IO 

I 
0 

rm 

Fig. 8. “P NMR spectrum (40.5 MHz, 25”C, toluene-d, solvent) of W,(OCH,Bu?,(PMe,),. 
Chemical shift 6 = 1.5 ppm relative to external H3P04 (85% as); 1J,83wJ,p = 240 Hz, 2J,83w_3,p = 20 Hz 

and 3H,,,A,p = 5.4 Hz. 



Metal-metal bonds and metal-carbon bonds in the chemistry of molybdenum 697 

The equilibrium (1) may also be monitored by UV-visible spectroscopy. All the adducts of 
formula M,(OR)& are more intensely coloured than the parent Mr(OR), compounds. On adduct 
formation, the lowest energy transition of the M,(OR), compounds, v,, which corresponds to M-M 
n-to-M-L x*, (d,,, dxz_,J splits into two bands. One band moves to higher energy and the other 
to lower energy: it is the latter which is responsible for absorption in the visible region. 

One other intriguing aspect to emerge from studies of (1) is the finding that M2(0R)6L species 
are unstable with respect to disproportionation to M,(OR), and M,(OR),L,. This leads to a 
cooperative phenomenon. For the sequence depicted by (2), where M2 represents M,(OR), and 
M,L, represents M2(OR)6L2, both of which are in equilibrium, the second addition of L occurs more 
rapidly than the first, kr > k,. Similarly in the dissociation reaction, the second loss of L is more 
rapid than the first, k_ 1 > k_ *. 

M,+LgM,L 
k-1 

M2L + L 2 M2L2. 
k-z 

(2) 

This observation is quite contrary to what would be expected from simple considerations of 
both steric factors and Lewis acid-Lewis base concepts. The origin of the relative instability of 
M,(OR),L compounds must be electronic, but at present it is not clearly understood. 

In contrast to Lewis base association reactions involving M,(OR), compounds which retain the 
M=M bond, Mo,(OPr’), (M=M) reacts with Lewis bases to give Mo(OPr’),L, compounds. The latter 
are paramagnetic and are most likely related to the Mo(OSiMe,),(HNMeJ, molecule which has 
a central MoO.,N, skeleton of octahedral geometry in the solid state” as is shown in Fig. 9. 

2. M-OR bond insertion reactions 
M,(OR), compounds react rapidly and reversibly with COr, both in hydrocarbon solutions and 

in the solid state, to give mixed alkoxid*alkylcarbonato compounds according to eqn (3r5@ 

M,(OR), + 2C02=M,(OR)XOICOR),. (3) 

The mechanism of CO, insertion in (3) involves a direct pathway: it does not require a catalyst 
such as ROH.& The alkylcarbonato compounds, Mr(OR),(O,COR)r are quite stable at room 

Fig. 9. An ORTEP view of the centrosymmetric Mo(OSiMe&(HNMe,), molecule showing the frans 
octahedral geometry of the Mo04Nz skeleton. Pertinent distances (A) and angles (“) are: M&(l), 
-o(2), -N(l) = 1.950(4), 1.951(4), 2.219(4); O(l)-Ma-O(l)‘, -O(2), -O(2)‘, -N(l), -N(l)’ = 180.0(3), 

89.2(l), 90.8(l), 94.6(l), 85.4(l); Me-O(l)-Si(1) = 170.8(2); Ma-O(2)-Si(2) = 174.2(2). 
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tem~rature, but readily and reversibly lose CO, when heated to 6040°C. In solution, however, 
the alkylcarbonato compounds readily lose CO, according to (3) and must be maintained under 
an atmosphere of CO2 (25’C) if the equilibrium is to favour the insertion product. 

The solid state molecular structure of Mo,(OBU~~(O,COBU’), was determined by an X-ray study 
and revealed the &-bridged geometry depicted by X. The presence of a pair of bridging O&X 
groups imposes a near-eclipsed conformation as is shown in Fig. 10. 

The ‘H NMR spectra of M~~OR)~~O*~OR)~ compounds (R = CHMe, and CH,CMe,) are 
consistent with the presence of a c&-bridged O&OR structure in solution. Specifically, for the 
Ma-OR ligands, the methyl groups are diastereotopic for the isopropoxy compound, giving rise 
to a pair of doublets, and the methylene protons are diastereotopic for the neopentoxide, which 
gives rise to an AB quartet. 

Fig. 10. An ORTEP view of the central skeleton of ‘the Mo2(OBu’),(OzCOBu’), molecule viewed 
down the Mo-MO bond showing the near eclipsed geometry caused by the presence of the 
&-bridging O&OR ligands. Some pertinent distances (A) are: Mo-MO = 2.241(l); 

Mo-OBu’ = 1.88(2), Mo-O-(alkyicarbonate) = 2.12(2). 
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M&OR), compounds have also been found to react with alkyl- and aryl-cyanates, R’NCO, to 
give insertion products M,(OR).+{OC(OR)NR’},. This insertion reaction is irreversible and the 
products are quite stable in solution. The ‘H NMR spectra are generally consistent with the 
c&bridged, head-to-tail structure found for MoZ(O,CH,CMe,),(OC(OCH~CMe,)NPh), in the solid 
state,47 which is represented by XI below. 
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3. Ligand exchange reactions 
A number of closely related compounds to those depicted by X and XI have been obtained from 

protolysis reactions in which a bidentate ligand is substituted for an OR group. For example, the 
reactions between 1,3-diaryltriazines and MoJOR), compounds give Mo,(OR),(ArN,Ar), com- 
pounds and related reactions involving 2-hydroxypyridine yield Mo,(OR),(O-N), where O-N is the 
dianion derived from deprotonation of 2-hydroxypyridine. 48 The structural characterization of 

Mo*(OP~)4(~N)~ revealed the G-bridged, head-to-tail geometry depicted by XI in the solid state 
and ‘H NMR studies are consistent with this structure being maintained in solution. 

Bidentate ligands generally bridge the Mo=Mo bond when formation of a five-membered ring 
is achieved, e.g. as is found for RCOO-, ArNNNAr- and R’NC(OR)O- ligands. However, 
reactions between M,(OR), compounds and 2,4-pentanedione, acacH, proceed to give 
M,(OR)a(acac), derivatives in which the acac ligands are bidentate, but are chelated to each metal. 
The structure of Mo~(OCH~CMe~)4(a~c)~ found in the solid state is shown in Fig. 11. Presumably 

Fig. 1 I. An ORTEP view of the Mq(OCH,Bu’),(acac), molecule looking down the Mo-MO bond 
showing the staggered conformation. Some Pertinent distances (A) are MO-MO = 2.237(l), 
M-R = 1.89( 1) (averaged) and Mo-O-(acac) = 2.08(2) (averaged). The MO-MO-O angles fall in 

the range 97-104”. 
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the formation of the six-membered ring is favoured relative to the seven-membered ring which 
would be required if acac- were to span the Mo=Mo bond. Using unsymmetrically substituted 
acac- ligands which form A-B-type chelates, three geometric isomers are possible, each having an 
enantiomer. However, in solution we have only been able to observe two isomers, probably because 
extremely facile rotation about the Mo=Mo bond rapidly interconverts two isomers on the ‘H 
NMR time-scale. 

4. Halide -for -alkoxide exchange 
From the reaction between Mo,(OBu’), and PF, in hydrocarbon solvents, a black crystalline 

product of empirical formula MoF(OBtQ was isolated. 49 During one such preparation, crystals 
suitable for an X-ray study were obtained and, when this was undertaken, the unit cell was found 
to contain a mixture of molecules Mo,F,(OBu’), and Mo,F,(OBu’),(NMe,) in the ratio 1: 2. The 
presence of the NMe, group, which was not anticipated, can reasonably be traced to incomplete 
alcoholysis in the preparation of Moz(OBu’), from Mo,(NMe,),. The structure of the 
Mo~F~(OBU’)~ molecule is shown in Fig. 12. The central MO, unit is a bisphenoid with two short 
Mo-MO distances, 2.24 A, and four long Mo-MO distances, ca 3.75 A. The molecule may be viewed 
as two MO-MO units brought together through the agency of fluoride bridges. Each 
Mo,(OBu’),(~-F), unit (M=M) has a geometry very similar to that found in 
Mo,(OBU’),(O,COBU’)~. 46 The Mo,F,(OBu’),(NMe,) molecule has one p-NMe, group in place 
of a p--F group, but this produces a negligible effect on the M-M distances in the MO, moiety. 

In search of a more general route to mixed halide-alkoxide compounds, we have initiated 
studies of the reactions between Mo,(OPr’), and acetyl halides.50 In hexane, Mo,(OPr’), and 
CH,COX (X = Cl and Br) produce black crystalline compounds of empirical formula 
Mo,X,(OPr’),. These compounds are only very sparingly soluble in hexane, but are appreciably 
soluble in toluene. ‘H NMR spectra recorded in toluene-d, and benzene-d, are consistent with that 

Fig. 12. An ORTEP view of the central skeleton of the Mo~(OBU’J&-F)~ molecule. Pertinent 
distances (A) are: Mo( I’tMo(2’) = 2.262(2), Mo(3’t_Mo(4’) = 2.263(2), Mo( l’)-Mo(3’) = 3.743(2), 
Mo( ~/)-MO@‘) = 3.730(2), Mo(2’)-Mo(3’) = 3.713(2), Mo(2’)-MO@‘) = 3.700(2), 

M~~A-F = 2.10(2) (averaged) and Mo-0 = 1.94(2) (averaged). 
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expected for a Mo~~*-X)~(~*~P~)(OPr~~ structure akin to that described above for 
Mo,F,(NMe,)(OBu’),. 

A further reaction between MoqX3(OPr$ and CH,COX or a direct reaction between Mo,(OPr’), 
and CH,COX (2 equiv) in toluene yield black crystalline compounds of empirical formula 
MoX(OPr’),, These compounds are only very sparingly soluble in toluene and little is known about 
their solution properties. The solid state molecular structures are fa~inating, however. For the 
chloride,% there is a square of molybdenum atoms with eight bridging (&OPr’ ligands, four lying 
above and four lying below thg MO, plane. The Mo-Cl bonds are terminal and radiate from the 
centre of the Mod-square (see Fig. 13). The central Mo,OBCl, unit has virtual D_,,, symmetry. The 
Mo-MO distance of 2.37 A implies strong Mo-MO bonding. The compound is diamagnetic and, 
in a formal sense, may be viewed as an inorganic analogue of cyclobutadiene formed by the 
coupling of two MEMO units. 

Quite remarkably, the structure of the bromide, Mo~Br~(OPr~~, is different from that of the 
chloride just discussed. The bromide contains a butterfly or opened-tetrahedron of molybdenum 
atoms with five relatively short Mo-MO distances, CLZ. 2.5 A, and one long distance, 3.1 A.% The 
Mo-Br groups are all terminal, but the Mo-OPr’ groups are terminal (2) and doubly (4) and triply 
(2) bridging as shown in Fig. 14. 

The Mo,X,(OPr’), structures, where X = Cl and Br, may be viewed as subunits of the well 
known MO&-X):+ unit.S1-53 In both of the alkoxide structures, the oxygen atoms lie roughly 
at the corners of an idealized 0, cube. The four moly~enum atoms occupy positions at four faces 
of the cube such that two opposite faces are vacant (X = Cl) or two adjacent faces are vacant 
(M = Br) relative to the Mo~(~~-X)~~+ geometry. 

n 

Fig. 13. An OKTEP view of the Mo4Cl,(OPr’)~olecnle. The molecule has a crystallographically 
imposed C2 axis, which contains ~(3jMo(ljMo(lD~l(3D), and a mirror plane, which contains 
Cl(4CjMo(2CjMo(2AjC1(4A) and relates atoms O(5) and 0(5D), O(5A) and 0(5E), etc. 
Pertinent bond distances (A) and angles are: M~l~M~2~) = 2.378(2), Mo(ljCl(3) = 2.442(S), 
Mo(ljO(5) = 1.981(4), Mo(2CjO(S) = 2.078(4); Mo(2C jMo(1 jMo(lD) = 91.4(l); 

Mo(ljMo(2CjMo(lD) = 88.5(l); Cl(3jMo(ljO(J) =93.3(l). 
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Fig. 14. An ORTEP view of the MoaBr,(OPr9* molecule which has C&, symmetry. Some pertinent 
distances (A) and angles (“) are: Mo(ljMo(2) = 2.513(l), Mo(2 jMo(1)’ = 2.515(l); 
M~2jMo(2~ =2.481(f); M~ljBr(3~ = 2.596(l); Mo(2~B~4) = 2.568(l); MaR = 1.84(l) (ter- 
minal), 2.02(l) 012) and 215(l) 011) (averaged); Mo(1 jMo(2 jMo(1)’ = 81.6(l); 

Mo(ljMo(2 jMo(2)’ =60.5(l). 

It seems likely that the Mo~~(OP~)* molecules will be reactive toward further association 
reactions: M, + M4-*M6, etc. It may ultimately be possible to systematically interconvert Mz 
(multiple bond), M4 (cluster) and M, (~~hedrai) complexes. It should also be noted that McCarley 
et al.” have coupled two MozMo bonds to form a rectangular MO&~+ containing compound: 
ZMo*Cl~(PR~)~(HO~e)~~Mo~Cl~(~~-Cl)~~R~)~ + 4MeOH. The M-M distances are alternating 
long and short, indicative of single and triple bonds, respectively, in a simple valence bond 
description. 

At this point, it is worth noting the variety of M,-alkoxide structures that have been 
found for molybdenum and tungsten: Mo.$‘~(OBU~~,~~ Mo&l,(OPrQ,,SO Mo4Br4(OPr’)8,M 
W~(OEt)*~~ and W~(~-H)~(OP~,~. 3s In each structure, M-M bonding is clearly important, but 
it is not clear what factors are responsible for the adoption of one geometry relative to another. 
Why do the Mo&(OR), structures differ for X = F, Cl and Br, and why are two localized W=W 
bonds found in Wan-H)~(OPr~,~, rather than an S-electron W, cluster of the type seen in 
W,(OEt),$ These questions provide the stimulus for further studies in the area. 

5. Oxidative -addition reactions 
Compounds with M-M multiple bonds have a source of electrons which may be tapped for 

oxidative processes. A number of simple stepwise M-M bond order transformations have been 
observed.” Oxidative-addition reactions involving Mo,(OP& (M=M) have been noted to give 
(Mo=Mo)*+-containing compounds as shown in eqn (4). 

Mo~(OP~~ + X,-+Mo,(OP&X, (4) 

where X = PrQ’i or PhCOO 41+56 0 
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The structure and bonding in Mo,(OPr’), has already been discussed. The structure of 
Mo,(OPr’),(O,CPh), has not been determined by a single crystal study, but NMR characterization 
suggests the edge-shared octahedral geometry shown in XII. 

0: OR 

O-0 : PhCO;! 

The direct addition of halogens X,, where X = Cl, Br and I, to hydrocarbon solutions of 
Mo,(OPr’), gives edge-shared octahedral complexes with Mo-MO single bonds, Mo2(OPr’&X4, 
VI1.25 Attempts to prepare Mq(OP&X, (M=M) compounds by the careful addition of one 
equivalent of the halogen were unsuccessful and there is evidence that such compounds are unstable 
with respect to disproportionation to MOBS and Mo,(OP&X., compounds. However, from the 
reaction between Mo,(OR), and PhCHBr, in hexane/pyridine solvent mixtures, compounds of 
formula Mo*(OR)~Br~~) have been isolated. 57 The neo~ntoxide has been shown to have an 
interesting confacial bioctahedral geometry involving two pZ-OR and one p-Br ligand (see Fig. 
15). The Mo-MO distance, 2.534(l) A, is consistent with the presence of a (Mo=Mo)‘+ unit. 
However, in a formal sense, the oxidation states of the two molybdenum atoms differ, Mo(44 + ) 
and Mo(3$ + ). The ‘H NMR spectra in toluene-d, are consistent with the maintenance of this 
structure in solution. 

A number of other substrates react with M,(OR), compounds to give adducts which may be 
viewed as products of redox reactions. For example, o~hoquinone ligands can behave as neutral, 
- 1 (semiquinones) or - 2 (catecholate) ligands.% The adducts with M,(OR), compounds, either 1: 1 
or 2: 1, are often highly coloured, presumably due to low energy charge transfer, either MLCT 
or LMCT. Tetrachloroorthoquinone, which is known to be a good oxidizing agent 
(C&&O, + 2e - = C&1,0,‘-, -0.78 V) has been found to react with Mo,(OR), compounds to give 

Fig. 15. An ORTEP view of the Mo,(OCH,Bu?,Br,(py) molecule showing the confacial bioctahedral 
geometry. Some pertinent distances (A) are: Mo-MO = 2.534(l), Mo-Br (terminal) = 2.584(l), 
Mo-Br (p2) = 2.73(l) (averaged), Mo-N = 2.25?(6). The Mo-0 distances are all within the range 

commonly found for terminal and fi ligands as shown in Table 3. 
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Fig. 16. An ORTEP view of the Mo,(OPrQ,(O&J&), molecule emphasizing the edge-shared 
octahedral geometry. The Mo-MO distance is 2.754(2)A and the Mo-0 distances (averaged) are 

1.83(l) (terminal OR), 2.01(l) -p-OR) and 2.02(l) A (O,C,Cl,). 

2: 1 adducts Mo,(OR),(O,C,ClJ,, which may best be viewed as 8-d’ dimers. The structure of the 
isopropoxide is shown in Fig. 16. From a consideration of the Mo-MO, Mo-0 and C-O (quinine) 
distances, this is clearly a Mo,‘O + -containing compound. 

W,(OPr’),(py), also reacts with benzil and 2,3-butanedione to give 2: 1 adducts of formula 
W,(OR),(R,‘C,OJ,. The structures of the compounds where R = Pr’ and R’ =p-tolyl and methyl 
have been determined in the solid state. 6o The structure of the 2,3-butanedione derivative is 
shown in Fig. 17. Once again, the W-W, W-O and C-C distances (2,3-butanedione ligand) are 
indicative of a 8--d’, W,” + -containing molecule. Most notably, the C-C double bond is evidenced 
by the 1.33( 1) A bond distance which demonstrates the importance of the resonance form XIIIb 
relative to XIIIa. 

XnIa SlJIb 

In these reactions which oxidize the (M=M)(‘+ unit, it is interesting to note that oxidation occurs 
more readily for tungsten than molybdenum. This is seen, for example, in the alcoholysis reactions 
of M@JMe& compounds. Whereas molybdenum forms an extensive series of Mo,(OR), com- 
pounds, tungsten is readily oxidized to the +4 oxidation state as in the formation of 
W,(P-H),(OP$),,~~ and W,(OEt),6.m The oxidation of the (W=W)“+ unit may be blocked by 
strongly coordinating ligands such as pyridine, MeN(H)CH,CH,N(H)Me and PMe, which give 
adducts W,(OR),L, or W,(OR),(L-L) when alcoholysis of W,(NMe,), is carried out in their 
presence. lo The oxidative-addition step presumably proceeds through an unsaturated and 
reactive intermediate of the form W,(OR),(HOR). This type of oxidative-addition finds a parallel 
in the recent work of Brown and Nube16i 1,2-Re,(CO),(X-H), + Re,(CO)&-H) + 
Re,(CO)&H)(~-X) where X-H = Hz0 and C,H,N (pyridine). 

A number of other reactions with unsaturated organic molecules (~-acceptors such as CO, 
RC=CR) lead to adducts which may be viewed as oxidative-addition products. These are discussed 
later. 
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Fig. 17. An ORTEP view of the W,(OPrQ,(O,C,Me,), molecule. The W-W distance is 2.754(l) A 
and the distances (A) associated with the WQCrMe, moiety are: (averaged) W-O = 1.94(4), 

C-0 = 1.34(2); C-C (central) = 1.35(l). 

6. M-M cleavage reactions 
M,(OR), compounds react with NO (2 equiv) in hydrocarbon solvents to cleave the M=M bond. 

In a formal sense, the M-M 0 and n bonds are broken to form two M-N t_r bonds and four M-N 
rr bonds (Md-to-NO x*) as shown in eqn (5). 

M=M+2X- 2M=X. (5) 

The molecular structure of [Mo(OPr’),NO], deduced from an X-ray studyi is shown in Fig. 
18. Each molybdenum atom is in a distorted trigonal bipyramidal geometry. The molecule is 

1976(3) 
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MO? (O-I-Pr)8 Mop (O-i-Pr)6(NO)p 

Skeleton Skeleton 

Fig. 18. Comparison of some structural parameters for the centrosymmetric molecules Mo,(OPr’), 
and Mo,(OPr’),(NO),. 
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centrosymmetric with linear terminal Mo-N-O groups which occupy axial positions. The two 
halves of the molecule are joined along a common equatorial axial edge by a pair of P-OPr’ ligands. 
The MO-to-MO distance is 3.335 A, typical of a non-bonding M---M distance spanned by a pair 
of p-OR ligands (see Table 1). The lack of any M-M bond in M,(OR),(NO), compounds can also 
be seen in their reactions with donor ligands such as pyridine, which leads to M(OR),(NO)(py) 
compounds.62 The structure of the W(OBU?,(NO)@~)~~ molecule is shown in Fig. 19. Again, 
the local trigonal bipyramidal geometry is seen and extensive W(d,,, dJ4-to-NO R* bonding is 
evident from the extremely short W-NO distance and the low value of @IO), 1555 cm-l. For a 
series of related M,(OR),(NO), compounds, the v(N0) values fall cu. 1720 (M&Y), 1640 
(M = MO) and 1550 (M = W), which reflects the relative ability of the group 6 metals to backbond 
to the n-acceptor NO ligand in their oxidation state 3 + (or 2 + if we count M - t(N0 +) for a 
linear M-N-O group). 

Another cleavage of the M=M bond has recently been reported by Schrock et ai.@ in the reaction 
between W,(OBu’)6 and alkynes as shown in eqn (6) 

W,(OBu’), + RC=CR+2(Bu’O),WzCR (6) 

where R = Me, Et, Pr. 
The reaction appears to be specific to W,(OBu?& other alkoxides of W2’j+ and related 

dimolybdenum compounds give different products as will be discussed later. Also, the cleavage of 
the W=W bond in (6) is not observed in reactions with ethyne. Closely related to (6) is the cleavage 
of the W=W bond in reactions involving nitriles, eqn (7).64 

W,(OBu’), + RC=N-+(Bu’O),W=N + (Bu’O),W=CR 

where R = Me, Ph and PhCH2. 

(7) 

If the alkylidyne ligand is counted as a 34igand like nitride N3-, then reactions (6) and (7) may 
be viewed as oxidative-cleavages of the M=M bond. 

Other W2(OR), compounds will react with nitriles to give nitrides, i.e. the reaction is not specific 
to the Bu’O ligand, but we have not been able to use (7) to prepare other (RO),W=CR compounds. 
It appears that the alkylidynes may themselves react with nitriles to give nitrides and alkynes. 
Mo,(OR), compounds do not react with nitriles to give nitrides. Once again the greater reactivity 
of the W=W bond, relative to MEMO, is seen with respect to oxidation. 

The molecular structures of the (Bu’O),W=X compounds, where X = CMe and N, have been 
determined in the solid state and are shown in Figs. 20 and 21, respectively.65 A comparison with 

Fig. 19. 
angles 

An ORTEP view of the W(OBu’),(NO)(py) molecule. Some pertinent distances (A) and 

(“) are W-NO = 1.732(g), W-N(py) = 2.323(7), W-O = 1.88(l) (averaged); 
W-N-O = 179.2(g), N-W-N = 177.0(3), 0-W-N(N0) = 100(l) (averaged). 
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Fig. 20. An ORTEP view of the centrosymmetric [(Bu’O),W=CMe], molecule. Pertinent bond 
distances (A) and angles (“) are: W(l)-O(4), -O(9), -O(l4), -C(2) = 1.886(4), 1.897(4), 1.934(4) and 
1.759(6); W(l)‘-O(14) = 2.484(4); C(2)-W(l), a(4), -O(9), -0(14) = 102.3(2), 101.2(2) and 102.8(2); 

W(l)-C(2)-C(3) = 179.8(6). 

the structures of [Mo(OP?),NO]~ and W(OBu~,(NO)(py), shown in Figs. 18 and 19, is most 
interesting. (Bu’O),W=N crystallizes in the hexagonal space group P6,cm yielding a beautiful view 
down the C axis, as shown in Fig. 22. 

Closely related to (6) and (7) is the cleavage of a M=M bond by reaction with Or to give two 
M=O bonds, eqn (8).27*4L 

Mo,(OPr’), + 0,+2MoO(OPr3,. (8) 

Reaction (8) is extremely rapid and quantitative. However, addition of molecular oxygen to 

N(2)’ 

Fig. 21. An ORTEP view of the repeating unit along the C axis in the [(Bu’O),WNj, polymer. 
Pertinent distances (A) and a@es (“) are: W(l)-N(2) = 1.740(15); W(l)-O(3) = 1.872(7); 

W(l)-N(2)’ = 2.661(15); N(2)-W(l)-O(3) = 101.6(2); W(l)-O(3)-C(4) = 136.6(8). 
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Fig. 22. View of the [W(OBu?,Nj, polymer viewed down the C axis from a point at x = l/3, y = 2/3. 
Five cells along the C axis are shown. Hydrogen atoms have been omitted. In the space group P6,cm, 

there is a hexagonal network of tungsten atoms perpendicular to the C axis. 

M,(OR), compounds leads to a variety of products, depending on the metal and the steric 
properties of the alkoxy ligands. 

For molybdenum, the overall reaction proceeds according to (9), but many intermediates may 
be detected or isolated where R = Pr’ and CH2CMe3.66*41 

Mo,(OR), + 20,+2MoO,(OR), + 2R0 (9) 

R = Bu’, Pf and CH,CMe,. 
The compound MoO,(OBu’), is monomeric; the related isopropoxy and neopentoxy com- 

pounds are oligomers [MoO,(OR),], of, as yet, unknown structures. A clean synthesis of the latter 
compounds involves the addition of excess of ROH (R = Pr’, CH,CMe,) to MoO,(OBu?,. Addition 
of pyridine or 2,2’-bipyridine to [MoO,(OR),], compounds yields monomeric octahedral com- 
plexes. The molecular structure of MoO,(OPr’),(bpy) in the solid state reveals the cis-MOO, group 
with mutually tram OPr’ ligands as shown in Fig. 23.4’ 

The addition of molecular oxygen to Mo,(OR), compounds, where R = Pr’ and CH,CMe,, leads 
initially to green solutions containing the triangulo Mo,O(OR),, compounds (see Fig. 5). A clean, 
direct synthesis of these compounds is by the addition of MoO(OR), to Mo,(OR), compounds, 
eqn (10). This simple redox reaction redistributes the six electrons available for metal-metal 
bonding from g2rr4 in M=M to a* + e4 in the triangulo MOM’*+ unit. 

R = Pr’ and CH,CMe,. 

Mo2(0R), + Mo0(0R),+Mo,0(0R),, (10) 

Further reaction of Mo,O(OR),, with 0, leads to cleavage of the MO, unit and elimination of 
RO’ which abstracts H from solvent. A hexanuclear chain compound Mo,O,,,(OPr?,, has been 
isolated and structurally characterized. 67 A view of this fascinating molecule is shown in Fig. 24. 
The average oxidation state of molybdenum is +5.33. Four electrons are available for metal-metal 
bonding and these are used to form two localized Mo-MO single bonds, as is evidenced by the 
two short Mo-MO distances, 2.585(l)& compared to the four long distances, 3.3 A. These 
electrons are reactive toward further oxidation by molecular oxygen: Mo60,,(OPr’),, + 
02+6MoO,(OP&. 
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Fig. 23. An ORTEP view of the MoO,(OPr?,(bpy) molecule. Some pertinent bond distances (A) and 
angles (“) are: Mo(lW(14), -0(15), X)(16), -0(20), -N(2), -N(13)= 1.69(l), 1.72(l), 1.91(l), 
1.94(l), 2.37(l) and 2.35(l); 0(14)-Mo(l)-O(lS) = 108.0(3), 0(14)-MO(~)-O(16) = 96.6(3), 

0(14)-Mo(l)-O(20) = 96.7(3), 0(16)-Mo(lbO(20) = 160.9(3), N(ZtMo(ltN(13) = 69.2(3). 

For tungsten, the story is much simpler, but quite different from molybdenum as is shown in 
eqn (1 l).41 

R = Bu’, Pr’ and CH,CMe,. 

W,(OR)6 + 3/2Or+W,Or(OR), (11) 

The structures of W,03(0R), compounds are not known and, in solution, only one OR group 
is seen in the NMR spectra. A cryoscopic molecular weight determination in benzene indicated that 
W,O,(OBu’), is extensively (60%) dissociated, presumably to WO,(OBu’), and WO(OBu’),. The 
mass spectra of W,O,(OR), compounds show only mononuclear ions and may be viewed as a 
superimposition of fragments derived from WO(OR), and WOr(OR),. A plausible structure for 
W,O,(OR), compounds can be based on a confacial bioctahedral unit with two bridging OR ligands 
and one bridging 0x0 group. 

IV. METAL-CARBON BONDS 

1. Reactions with carbon monoxide 
Carbon monoxide reacts rapidly with hydrocarbon solutions of M*(OR), compounds at 1 atm, 

25°C. In some cases, the reactions produce M(C0)6 compounds and oxidized metal containing 
species, i.e. CO induces disproportionation. The detailed course of the reaction depends upon the 
metal, MO vs W, and on the steric properties of the alkoxy ligand. In the case of Mo,(OBu’),, the 
stoichiometric reaction (12) has been established and has been shown to proceed via an initial 
reversible reaction (1 3).68 

2Mo,(OBu’), + 6CO+Mo(CO), + 3Mo(OBu’), (12) 

Mo,(OBu?, + CO~Mo,(OBu’)&-CO). (13) 

The dark purple crystalline compound Mo,(OBu’),@-CO) adopts a structure in which each 
molybdenum atom is in a square based pyramidal geometry. The two halves of the molecule are 
joined by a p&O ligand which occupies the apical position and a pair of pr--OBu’ ligands which 

Poly Vol. 2. No. 8--c 
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C(27) C(29) 

Fig. 24. An ORTEP view of the centrosymmetric molecule Mo,O,,(OPr’),,. Some pertinent bond 
distances (A) and bond angles (“) are: Mo( l)-MO(~) = Mo( l)‘-MO(~)’ = 2.585( 1); 
Mo( l)-Mo( 1)’ = 3.353(l), MO(~)-MO(~) = MO(~)‘-MO(~)’ = 3.285(l), Mo( I)‘-Mo( l)-MO(~) = 
146.5(l), Mo( I)-MO(~)-MO(~) = 134.3( 1); Mo-oxo (terminal) = 1.68 (averaged); Mo-0x0 

&) = 1.93 (averaged); Mo-OR (terminal) = 1.86 (averaged), MeOR &) = 2.052.19. 

are basal with respect to the fused square based pyramids. The central skeleton of this beautiful 
molecule is shown in Fig. 25. 

Since the bridging carbonyl ligand can be counted as a one-electron donor to each metal, the 
addition of CO transforms a d3-d3 dimer to a d2-d2 dimer and thus a M-M triple to a double bond. 
The Mo-MO distance, 2.498(1)A is consistent with this assignment. The C-O triple bond is also 
reduced to a C-O double bond: (MzM)~+ + CO+(M=M)*+@-CO’-). 

In the presence of donor ligands, such as pyridine, it is possible to isolate an extensive series 
of compounds of formula Mr(OR)&&CO) from reactions between M,(OR), compounds and 
CO.69 These compounds are closely related to Mo,(ORu~,(~-CO), having a donor ligand truns 
to the M-C bond of the bridging CO ligand. In solution, the donor ligands are labile to reversible 
dissociation and, on the NMR time-scale, bridge G terminal OR group exchange is rapid. 
However, at low temperature and high magnetic field strengths, low temperature limiting spectra 
are obtained which are consistent with the structures observed in the solid state. The donor ligands 
serve the important role of suppressing the kinetically facile disproportionation reactions which 
occur in the presence of excess CO. Also, CO dissociation from Mo~(OR)~(@ZO) is blocked when 
the dimer is ligated. 

These ,u~-CO compounds show anomalous spectroscopic properties (see Table 5). The values 
of v(C0) are unprecedentedly low for p2--C0 ligands in neutral molecules. Also, the 13C carbonyl 
chemical shifts appear below 300 ppm, which is out of the range of bridging carbonyl ligands in 
organometallic compounds. From simple symmetry considerations, it can be seen that the M-M 
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Fig. 25. Central skeleton of the Mo,(OBu’)&CO) molecule showing some of the pertinent 
distances. 

n bond can interact strongly with the C=O x* orbital. These molecules are inorganic analogues 
of cyclopropenones and show a significant contribution of the resonance shown in XIV. 

I A’\ C , /+‘, 
M 

\_J 
M 

The resonance form XIV is equivalent to an oxycarbyne ligand bridging two metal atoms and 
suggests that the p-CO ligand might behave as a good Lewis base. This has actually been 
demonstrated in the isolation of a molecule of formula W4(OPr’),2(py)2(CO)2 formed in the reaction 
between CO and W,(OP&&JJ),.~~ This intriguing complex may be viewed as a dimer of dimers 

Table 5. Some characterization data for the M2(OPr$,(PY)&C0) compounds” 

31 

6 (13CO) ppm 325.7 310.4 
JI~,~_,,C = 170 MHz 

d(C-0) % 1.19(l) 1.22(2) 

d(M-CO) 2 2.06(l) 

d04-M) ii 2.486(2) 

. 

'All data taken from ref. 69. 

2.04(2) 

2.490(3) 



712 M. H. CHISHOLM 

O(4) O(61 

Fig. 26. An ORTEP view of the central W,O,,(CO),N, skeleton of the czntrosymmetric 
W,(OPr’),,@y),(CO), molecule. Some key bond distances are: W(l)--W(2) = 2.654(l), 

W(l)--C(I) = 2.00(3), W(2kC(l) = 1.91(3), C(lkO(1)’ = 1.33(3) and W(2)-0(1) = 2.01(l) A. 

formed by the loss of one pyridine from W,(OPr?,(py)z(CO): 2W,(OPr3,@y),(CO)+ 
W4(OPr’),2(py)2(CO)2 + 2py. Figure 26 shows the essential details of this molecule.70 

Four points should be noted. (1) The W-W distance of 2.654(l) A is close to that of a single 
bond distance found in edge-shared octahedral complexes of W(5+), e.g. 2.715(l) A in 
W,(OEt),Cl, and certainly longer than the W=W bond in W,(OEt)4(HOEt),CI,” and 
W,(OPf),(py),(CO). (2) The W-O (carbonyl) distance of 2.02 A is much shorter than would be 
expected for a simple donor O+W distance. The W-O distance is approaching a W-OR terminal 
distance. (3) The C-O bond distance of 1.32 A is close to that expected for a C,2,0 single bond 
distance. (4) The W-C (carbonyl) distance is shorter by cu. 0.1 A than it is in the 
W,(OPr’),(py),(~-CO) molecule. All four points are indicative of the importance of the resonance 
forms XVa and XVb. 

o/* * 
I \// 
C 

/\ 
t 

W WY0 

nza IPb 

Thus, in a simple sequence, the WzW and c=O bonds are transformed to single bonds, W-W 
and C-O, respectively. In a further reaction with W,(OPr’),, it appears that an additional 
two-electron reduction of the CO ligand occurs to give carbido and oxotungsten clusters. It is not 
yet clear how this proceeds: the stoichiometry of the reaction is not known. The structural 
characterization of W,(OPr’),,(NMe)(C), a molecule derived from the degradation of 
W,(OPr’),(HNMez)2, reveals ” the buttefly W,C unit shown in Fig. 27 and bears a striking 
resemblance to the “iron-butterfly”, Fe,(C)(CO),,.” 

In the presence of excess CO, two other carbonyl compounds have been isolated and 
structurally characterized. Mo(OBu’),@y),(CO), is formed in the reaction between Mo,(OBu?, and 
CO, in the presence of pyridine, and has a distorted octahedral geometry based on XVL40 

This molecule is characterized by unusually low v(C0) values, 1906 and 1776 cm-‘, for cis 
dicarbonyl Mo(2+) containing compounds. In part, this may be understood in terms of the RO 
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x-donating ability of the RO ligands. The C-Mo-C angle is also unusually small, 72”, and this 
presumably influences the magnitude of the CO coupling which is exceedingly large, A = 140 cm - ‘. 

Cotton and Schwotzer70 have isolated a compound of formula W,(OPr’),(CO), from the 
reaction between W2(OPr’)6(py)2 and CO. This molecule has the edge-shared octahedral geometry 
shown in XVII. 

The W-W distance is greater than 3 8, too long to indicate any W-W bonding. Also, the W-O 
distances associated with the W,(~,-OPr$ group are asymetric, averaging 1.92 and 2.10 A to W( 1) 
and W(2), respectively. The compound may be viewed as a W(6+)-W(0) dimer in which a pair 
of alkoxy groups act as neutral ligands to a W(CO), group. It is easy to see how W(CO)6 and 
W(OPr’), could be derived by the further reaction with two equivalents of CO. In the reaction 
between CO and Mo,(OPr’),, an adduct, Moz(OPrQ,(C02),, was isolateda and was proposed to 
have the similar structure shown in XVIII based on the appearance of two CO bands at 1940 and 
1820 cm-‘. 

Fig. 27. ORTEP view of the central W,(C)(N)O,, skeleton of W,(p,-C)-(p,-NMe)(OPr’),,. Some 
pertinent bond distances (A) are: W(l)-W(3) = 2.799(2), W(l)-W(4) = 2.814(2), W(2)-W(3) = 
2.822(l), W(2)-W(4) = 2.747(2), W(3)-W(4) = 2.795(2), W( 1)-C = 1.91(l), W(2)-C = 1.96(l), 
W(3w = 2.25(l), W(4)-C = 2.24(l), W-O (terminal OR) = 1.90 (averaged), W-p,0 (bridging 

OR) = 2.05 (averaged), W-p-N = 1.94 (averaged). 
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If for the sake of electron counting we split the bridge asymmetrically, this may be viewed as 
a Mo(6+)---Mo(2+) dimer. Mo2(OPrq8(C0)2 would then be related to Mo(OBU’)~(~~)~(CO)~, 
XVI. 

2. Addition of aikynes 
Hydrocarbon solutions of Mo,(OR), compounds (R = Bu’, Pr’ and CH,Bu? react rapidly with 

the sterically unencumbered alkynes, CH=CH, MeC%CH and MeC=CMe. Ethyne produces an 
insoluble polymer of grey-black metallic appearance; propyne yields a yellow powdery material 
and but-Zyne gives a rubbery material. The detailed nature of these polymers are not known at 
present. The polymerization processes are very rapid at room temperature and, in an attempt to 
moderate these reactions and investigate the mechanism of polymerization, we carried out alkyne 
additions in the presence of donor ligands such as pyridine. This approach yielded a number of 
interesting compounds containing alkyne or alkyne fragments. For the isopropoxy ligand, 
compounds of formula Mo,(OPr’)&y),(,u-C,RR’) were isolated (R = R’ = H, Me and R = Me, 
R’ = H). The structure of Mo,(OPr”),@y),(p-C,H,) is shown in Fig. 28, wherein a close resem- 
blance can be seen to the Mo,(OPr’)&y),(CO) molecule. In solution, these molecules are fluxional 
and show rapid reversible dissociation of pyridine on the NMR time scale. 

With the less sterically demanding neopentoxy ligand, flyover compounds are formed and a 
view of the structurally characterized compound Mo,(OCHzBu?,@y)(,+C,H,) is shown in Fig. 29. 
A number of interesting points emerge from a consideration of this structure. Whereas it is possible 
to view the Mo,(OPr’),(py),(p-C,H,) molecule as a d3-d3 dimer with the bridging alkyne acting 
as a four-electron donor, in the p-C,H4 compound, the dimolybdenum center has clearly been 
oxidized. The Mo-MO distance, 2.69(l)& is approaching that of a single bond distance. If the 
p-C,H4 ligand is counted as a 2-ligand with respect to MO(~) and merely a q4-diene to MO(~), then 
the formal oxidation state of MO(~) is +4: and that of MO(~) is + 3;. The Mo( I)-+-0 distance, 
2.06(2) A, is notably shorter than the MO(~)-p-0 distance, 2.17(2) A, and the MO(l)-N(pyridine) 

Fig. 28. An ORTEP view of the central Mo,O,N&GH& skeleton of the Mo2(OPr?,(PY)&C2H2) 
molecule. Some bond distances (A) (averaged where appropriate) are: Mc-MO = 2.554(l), MC+0 
(terminal) = 1.94(2), Mo-O(& = 2.15(l), Mo-N = 2.31(l), Mo-C = 2.09( 1) and C-C 

&C,H,) = 1.368(6). 
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Fig. 29. An ORTEP view of the Mo,(OCH,Bu’),@-C,H,)@y) molecule. Some pertinent bond 
distances (A) (averaged where appropriate) are: Mo-MO = 2.69(l), Mo-0 = 1.92(2), Mo-0 
&) = 2.15(2), M+N = 2.15(l), Mo-C (a) = 2.12(2), Mo-C (z) = 2.37(2); C-C (JJ--C,H.,) = 1.45(2). 

distance, 2.15(3) A, is significantly shorter than those in Mo,(OPr’),(py),~-C,H,) which average 
2.31( 1) A. In solution (toluene-d,), the molecule is not fluxional on the NMR time scale and the 
pyridine ligand does not exchange with free pyridine. Only at +9O”C do these processes become 
sufficiently rapid to cause line broadening. 

The nature of the formation of the p-C4H, ligand is evidently a simple coupling process since 
the ‘H NMR spectrum of the p-C.,H2D, ligand formed from the addition of C2H, to 
Mo,(OCH,Bu’),(py),(~-C,H,), is an AX spectrum whereas that of the protio ligand p-C4H, is 
an AA’XX’ spectrum at 220 MHz. 

The possible role of these compounds in alkyne polymerization was investigated by a variety 
of labelling studies which showed that they were only involved in alkyne trimerization to give 
benzenes, e.g. as in eqns (14) and ( 15).73 

Mo,(OPr’),(py),(MeC,H) + 3HC=CH-,Mo,(OPr’),(py),(HC,H) + C,H,Me (14) 

Mo,(OCH,Bu’),(py)(~-C,H,) + ~DC=CD+MO~(OCH~BU’)~(~~)(~-C~D.,) + C,H4D2. (15) 

The catalytically active species in the polymerization process, which is kinetically more rapid 
than cyclotrimerization, is not yet known. It could conceivably be a carbene, vinylidene or carbyne 
function,74 all of which could be derived from an alkyne. 

Analogous reactions involving W,(OR),L, compounds with C2H, have led to the isolation of 
simple adducts W,(OR),(py),(~-C,H,) where R = Bu’ and Pri.43 The isopropoxide is isostructural 
with its molybdenum analogue and shows similar solution behaviour. However, its reactivity is 
somewhat different. Addition of more ethyne leads to W2(0Pr?,@-C4H4)(CZHZ) presumably via an 
intermediate W,(OPr’),(py)(~-C,H,) analogous to Mo,(OCH,Buf),(py)&C4H4). Similarly, addi- 
tion of 2-butyne to W,(OPr3,(py), proceeds ultimately to give Wr(OPr3)&-C,Me,)(C,Me,). The 
solid state structures of the compounds WZ(OPr’)&C4RJ(CZRZ) where R = H and Me have been 
determined by X-ray studies and their dynamic solution behaviour investigated by variable 
temperature NMR studies. An ORTEP view of the W2(0PI”)&-C4H4)(C,H,) compound is given 
in Fig. 30 which provides the basis for a comparison with the Mo~(OCH~BU’)~(~~)(,U-C,H,) 
molecule. The W-W distance is 2.877(l) A, indicative of a relatively weak M-M bond, This 
distance is cu. 0.2 A longer than that in Mo,(OCH,Bu~,(py)(~-C4H4), consistent with the view that 
metal d electrons are effectively tied up in backbonding to the n-acceptor ligands. Tungsten, relative 
to molybdenum, is more easily oxidized and, in this instance, is reluctant to eliminate a benzene 
molecule. 
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Fig. 30. An ORTEP view of the W,(OPr’&-C,H,)(C,H,) molecule. Some pertinent bond distances 
(A), averaged where appropriate, are: W( 1)-W(2) = 2.877(l), W(2w(3), -C(6) = 2.1 l(l), 2.14( 1); 
W(lkC(3), -C(4), -c(5), -C(6) = 2.42(l), 2.42(l), 2.40(l), 2.37( 1); W(2kC(7), -C(8) = 2.09(l), 
2.06(l). The W-O distances fall within the range of W-OR terminal and p2 reported in Table 3. 

As noted earlier, W,(OBu’), reacts with 2-butyne to give (Bu’0)3W=CMe.64 Cotton and 
Schwotzer” have characterized [(Bu’O),W(p-CPh)12 and W2(0Bu’),(~-C2Ph2), compounds from 
reactions involving Wr(OBu’), and PhCXPh. The structure of the former compound is similar to 
that observed for [(Me,SiCH,),W(p-CSiMeJh,r6 while the latter contains a planar W,O, moiety 
with terminal OBu’ ligands with two skewed bridging CL-acetylene ligands. It is evident that a wide 
variety of products are derived from reactions involving alkynes and M,(OR), compounds and that 
steric and electronic factors and reaction conditions are critical in controlling the course of the 
reaction. 

3. Alkyl-alkoxides of dimolybdenum (M=M) 
Two approaches to the synthesis of mixed alkyl-alkoxides of dimolybdenum (M-M) have been 

taken. One involves metathetic reactions wherein an alkyl ligand or an alkoxy ligand is introduced 
to the dimetal center, e.g. as in (16)” and (17).” 

l,ZMo,Br,R, + ZLiOR’+ 1 ,2-Mo2(0R’),R, + 2LiCl 

where R = CH,SiMe,, R’ = Bu’ or Pr’. 

(16) 

Mo,(OBu’), + 2ZnMe,+ 1 ,2-MozMe,(OBu’), + $Zn(Me)OBu’],. (17) 

The other approach involves the alcoholysis of 1,2-Mo*Rr(NMe& compounds. The latter 
reaction yield products dependent on the nature of the alkyl ligand as is shown in (18) and (19). 78 

1 ,2-MoZR2(NMe2)4 + R’OH+ 1,2-Mo,R,(OR’), + 4HNMe, (18) 

where R = Me, R’ = Bu’; R = CH2CMe,, CH,SiMe, and R’ = Bu’, Pr’, CH,CMe, and Et. 

1,2-Mo2R,(NMe,), + R’OH+Mo,R(OR’), + RH + 4NMe, (19) 

where R = Et and Pr; R’ = Bu’ and Pr’. 
The rate of alcoholysis is dependent on the steric factors of R and R’, being much slower for 

bulky combinations. Alcoholysis is faster for Mo-NMe, groups than for Mo-R groups, but the 
thermodynamically favoured products in (18) and (19) are MOz(0R')6 compounds, and these are 
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ultimately formed under prolonged alcoholysis. For example, while Mo,Mer(NMe,), reacts rapidly 
with Bu’OH to give Mo,Me,(OBu’),, further reaction to give Mo,Me(OBu’), and Mo,(OBu*), 
occurs more slowly. 

The failure to isolate or even detect Mo,R,(OR’), compounds, where R = Et and Pr and 
R’ = Bu’ and P?, suggested a b-hydrogen elimination pathway was involved. This was confirmed 
and delineated in the following reactions.‘* (1) When Mo2(CH,CD3)r(NMe,), and 
Mo,(CH(CD,),},(NMe,), were allowed to react with Bu’OH, the eliminated alkanes were 
CH2DCD, and CD,CHDCD,, respectively. (2) When Mo,(CH,CH,),(NMe,), was allowed to react 
with Bu’OD, the resulting ethyl complex was Mo,(CH~CH,D)(OBU?~. Evidently the elimination of 
alkane involves the transference of a b-hydrogen (or deuterium) from one alkyl group to the 
a-carbon of the other, and the resultant ethyl ligand is formed from the hydrogen atom (deuterium) 
of the hydroxyl group of the alcohol and a coordinated alkene. A reductive-elimination and 
oxidative-addition sequence of the type schematically represented by (20a, b and c) is implicated. 

Et-Mo=Mo-Et+MoEMo + CrH, + CrH, (20a) 

MOEMO + ROH+RO-Mo=Mo-H (2Ob) 

RO-Mo=Mo-H + C,H,+RO-Mo=Mo-Et. (2Oc) 

Each step has precedence in the dinuclear chemistry of molybdenum and tungsten. (1) 
Reductive elimination by alkyl group disproportionation has been observed in the reactions 
between Mo,Et,(NMe,), and CO*, reaction (21).7g 

Mo2(CH,CD,),(NMe,), + COr+Mor(OrCNMe,), + CH,=CD, + CH*DCD,. (21) 

(2) Oxidative-addition of ROH to a W-W triple bond is seen in the formation of 

W&H)r(OPr%. 35 (3) Insertion of alkenes into metal hydrides is, of course, well documented 
in organometallic chemistry and W&-H)r(OPr’),, reacts reversibly with ethylene.35 

Further evidence for the sequence in (20) is seen in the observation that Mo2Bui(NMe2)4 reacts 
with Pr’ OH to give an intense blue solution which by ‘H NMR can be seen to contain a 
MO,-hydride (6 = 6.7 ppm). This probably is a confacial bioctahedral compound: 
Mo,(OPr’)&-H)(p-OPr’),(HNMe,),. Addition of ethylene gives Mo2Et(OP&. 

One other interesting feature of (19) concerns the insertion step forming the alkyl. In reactions 
involving Mo,R,(NMe,), with Bu’OH, where R = Pr’, Pr” and Bu’, the products are Mo,Pr’(OBu’), 
and Mo,Bu’(OBur),. In the reaction between Mo,Pr,“(NMe,), and Pr’OH, the initially formed 
compound is Mo,Pf(OPr’), which, in the absence af donor ligands such as HNMe,, is quite stable. 
However, upon addition of donor ligands, HNMe, or py, isomerization to Mo,Pr”(OPr’), is 
observed. It is apparent that (1) the insertion of the alkene ligand occurs with kinetic control and 
(2) that isomerization of the alkyl ligand by a b-hydrogen elimination process does not readily 
occur for Mo,R(OR’), compounds, but that this may be promoted by a Lewis base association 
reaction. 

It is possible to rationalize these observations in the following way. (1) The metal-hydride 
insertion step occurs across the M-M bond and thus the conformational preference for alkene 
coordination with its alkyl substituent(s) distal to the M-M bond will generate, upon hydride 
insertion, the most highly substituted carbon being a-bonded to molybdenum. (2) The strongly 
n-donating RO ligands will effectively tie up empty molybdenum atomic orbitals which would 
otherwise be available for M---H-C interactions leading to M-H and alkene. This stabilization 
of p-hydrogen containing alkyls has been discussed in detail in connection with M*Rr(NMeJ, 
compounds.37 (3) In the presence of donor ligands, the coordination of a ligand to one metal 
activates the other toward B-hydrogen abstraction. This may be viewed as another aspect of the 
cooperative binding of M,(OR), compounds, reaction (2), discussed previously. 

A common intermediate of the type shown in XIX can be envisaged. 
When X = R (alkyl), elimination of alkane occurs. When X = OR, insertion will lead to 

Mo,{CH(CH&‘}(OR),, where R’ = H or Me. A subsequent isomerization of the alkyl ligand may 
occur in the presence of L providing the alkene can ultimately gain access to a position with the 
alkyl group(s) over the M-M bond. Alternatively, if the Lewis base coordinates to the Mo(OR), 
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end of the molecule, p-hydrogen abstraction followed by an insertion to give the isomerized alkyl 
may occur at the other metal. Clearly more work is required to delineate the intricacies of these 
reactions. 

4. Olefin- and acetylene-metathesis reactions 
One of the most fascinating reactions to capture the minds of organic and organometallic 

chemists within recent years is the olefin metathesis reaction.a’g81 There is now a large body of 
evidence to support the intimate mechanism originally proposed by ChauvinsZ which is depicted 

by (22). 

? 

M=CHR + ,CH,+M=CHR’ + RCH=CH, (22) 

CH 

I 
R 

Schrock et aLs3 have shown that niobuim and tantalum alkylidene complexes can indeed 
promote olefin metathesis. One of the terminating steps and breakdown in the catalytic cycle 
involves a p-hydrogen elimination step either from the metallacycle or from the alkylidene complex 
as shown in (23) and (24). 

H 

-J M- 
\ 

+M + CH#HR. (24) 

CHzR 

In both (23) and (24), p-hydrogen abstraction is followed by reductive elimination of alkene 
by C-H bond formation. The net effect is a 1,2-H atom shift. Schrock et al. have shown that these 
competing B-hydrogen abstraction reactions can be greatly suppressed by replacing Cl by RO 
ligands.” Tungsten(V1) 0x0, imido and alkoxy alkylidene complexes are amongst the best 
homogeneous olefin metathesis catalysts known. *3 The role of the ancillary x-donor ligands in 
the olefin metatesis reaction has recently been the subject of a theoretical study: the so-called 
spectator group effect.*5 

The alkoxy-alkylidyne complexes (Bu’O)~W=CR are efficient alkyne metathesis catalysts. There 
is good evidence to support the view that alkyne metathesis proceeds via the intermediacy of the 
tungstenacyclobutadiene as shown in eqn (25). 
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f 

MsCR + R’CECR’ - M MECR’ + R’CECR (25) 

When chloride ligands are on tungsten, a tungstencyclobutadiene complex, XX, has been 
isolated and structurally characterized*‘j and found to have a trigonal bipyramidal geometry with 
one W-Cl and two W-C bonds in the equatorial plane. 

Cl- 

Cl Bu’ 

I c\ 
wlc /- 
\ “‘0 

I I 

Me 

Cl file 

Further reaction with another molecule of dimethylacetylene gives (q ‘-C,Me,R)WCl,: tungsten 
is reduced from +6 to +4. However, when alkoxy ligands are present, the alkylidyne complex is 
stabilized relative to the metallacyclobutadiene and the ultimate formation of the 
rr-cyclopentadiene W(4+) complex is not observed. Interestingly, one Bu’O ligand can be 
introduced into the equatorial site replacing Cl in XX, but a further Bu’O for Cl substitution 
reforms the alkylidyne complex, eqn (26). 

Cl 
I R 

I _-I: -_ 
BuQ-W-<&T-Me 

I 

(Bu’O),W=CR 

Cl 
i.le 

(26) 

where R = Bu’ or Me 
The Bu’O ligands favour the alkylidyne ligand, relative to the metallacyclobutadiene; they 

suppress B-hydrogen elimination and favour the oxidation state +6 for tungsten. 

V. CONCLUDING REMARKS 

Metal-metal bonds are pervasive in the chemistry of molybdenum and tungsten alkoxides. They 
may modify structures found for 8 metal alkoxides as is seen for W4(OEt),6 or may provide for 
totally new geometries as is seen for the M,(OR), compounds. Metal-metal bonds provide a 
reservoir of electrons for redox chemistry: the reservoir may be tapped in oxidative-addition 
reactions and may be filled in reductive-elimination processes. Alkoxide ligands may act as four- 
or two-electron donors and may readily change between terminal and bridging positions. This 
allows for the facile interconversion of saturated and unsaturated metal centers. As n-donor 
ligands, they can enhance backbonding to n-acid ligands on the same metal; they can tie up vacant 
metal d orbitals and suppress metal-hydride abstraction from coordinated alkyl ligands and they 
stabilize metals in high oxidation states. A variety of steric control may be engineered by suitable 
choice of alkyl group and this may greatly influence structure, M-M bonding and the reactivity 
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of coordinated ligands. This is well illustrated in the reactions of MeCkCMe with W,(OBu?, and 
W,(OPr’), which lead to (Bu’O),W=CMe and W2(OPr’)&-C4Me,)(MeC,Me). It is now clear that 
an extensive organometallic chemistry can be supported in the absence of ligands commonly 
employed in organometallic chemistry. 
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ADDENDUM 
Since the submission of this Report, two particulary significant findings have been made 
which warrant mention here. 

(1) From the reaction between Mo2(Bu’)2(NMe2)4 and Pr’OH in hexane/pyridine 
solvent, the crystalline compound M0~(0P?),,(py)~ has heen isolated and structurally 
characteriz.ed.87 This compound is the first M-M quadruple bond supported by RO 
ligands88 and its isolation in the reaction between Moz(BuQ,(NMe,), and Pr’OH supports 
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the proposed reductive-elimination sequence 20a. The molecular structure of 
Mo,(OPr’),(py), is depicted in XXI below and is typical in conformation to that seen for 
many other Mo,X,LJM z M) compounds .” 

Of particular note, however, are the Mo-MO distances, 2.195(l)& and the Mo-0 
distances, 2.030(3) A (averaged). The Mo-MO distance is the longest thus far seen for a 
Mo-MO quadruple bond”’ and the Mo-0 distances are the longest known for Ma-OR 
(terminal) bonds (see Table 3). The lengthening of these bonds can be understood in terms 
of the mutual influence of alkoxy-a-donor ligands and the Mo-MO quadruple bond. The 
metal d orbitals are used to form M-M bonds, dzz(a), d,,, d,(n) and d,,(6), and metal 
ligand bonds, dX2_+ along with s and px and pY. The Ma-OR a-bonds are thus not 
supplemented by RO-to-MO rr bonds: the observed Ma-OR distances are close to the value 
2.06 A predicted for d(Mo-0) as a single bond in MozRz(OR), compounds (see section 
entitled Physical Evidence for RO-to-M n-Bonding). To the extent that RO-to-MO 
x-bonding does occur in Mo,(OPr’),(py),, this will weaken and lengthen the Mo-MO bond, 
since it will destabilize the M-M II and 6 bonds. 

(2) Though W,(OPr’),(py)2@-CZHZ) is isostructural with its molybdenum analogue 
(Fig. 28) the compound believed to be W,(OBu?,(py),-(p-C,H,) has now been shown to 
be W,(OBu?,(py)@-C,H,) with a solvent molecule of pyridine in the unit cell.*’ Each 
tungsten atom is in a distorted trigonal bipyramidal geometry. There is a perpendicular 
acetylene bridge (perpendicular to the M-M bond) which occupies a common equatorial 
bridging position and a bridging OBu’ ligand which provides a common axial site as shown 
schematically in XXII below. 

XXII 

Of further interest are the W-W distance, 2.667(l) A, and the C-C (acetylene) distance, 
1.441(14) A, both of which are longer than those in W,(OPr?,(py)&C,HJ. It is, of course, 
not clear whether this has any relevance to the fact that W,(OBu?, and MeCzCMe 
react to give two equivalents of (Bu’O),W=CMe, eqn (6). However, we have found that, 
whereas W,(OBu?, and MeC=N react to give methylcarbyne and nitrido tungsten 
compounds, eqn (7), the addition of MeCzN to W,(OR)&-C,RJ compounds yields 
W2(0R)6(~-NC,R,Me,N) compounds containing a ligand derived from coupling one CzC 
and two C=N bonds. 90 For example, MeC= CMe and MeGN give the ligand which may 
be viewed as the deprotonated 4-anion of XXIII below. 

Me 

Me M; \ -r--s Me 

Hp NH2 

XXIII 

87. M. H. Chisholm, J. C. Huffman and R. J. Tatz, .I. Chem. Sot., Chem. Commun., submitted. 
88. F. A. Cotton and R. A. Walton, Multiple Bonds Between Metal Atoms. Wiley, New York (1982). 
89. M. H. Chisholm, D. M. Hoffman and J. C. Huffman, results to be published. 
90. M. H. Chisholm, D. M. Hoffman and J. C. Huffman, .I. Chem. Sot., Chem. Commun., 

submitted. 
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COMPLEXES OF ZINC, CADMIUM AND MERCURY(H) 
WITH THE ZWITTER-IONIC FORM OF NN’-ETHYLENEBIS 

(SALICYLIDENEIMINE) 
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Ahetraet--The Schiff base NN’cthylenebis(salicylideneimine), H2 salen reacts with hydrous and anhydrous 
Zinc, Cadmium and Mercury(II) salts to give complexes M(Ha salen)X1uH20 (M= Zn, Cd, Hg; X=CI, 
Br, I, NOs; M=Zn, X&04; n = O-2). Spectroscopic and other evidence indicated that; (i) halide and 
sulphate are coordinated to the metal ion, whereas the nitrate group is ionic in mercury nitrate compound and 
covalently bonded in zinc and cadmium nitrato complexes, (ii) the Schiff base is coordinated through the negatively 
charged phenolic oxygen atoms and not the nitrogen atoms, which carry the protons transferred from phenolic 
groups on coordination, (ii) therefore the coordination numbers suggested are 6, in mercury and 4- or 6- in zinc 
and cadmium Schitf base complexes. 

Schilf bases derived from salicylaldehyde, such as NN’- 
ethylenebis (salicylideneimine), Hz salen are well known 
as polydentate ligands r*’ coordinating in two ways. 

In the first (and better understood), the liind is ion- 
ised by removal of the phenolic protons giving com- 
plexes such as Zn(salen)? In the second the S&i@ base 
is apparently either un-ionised4J or partly ionised.6 In 
this case the metal ion has class A character: lan- 
thanides,4*5 actinides,7 Ti(IV)p ZIP Sn(IV),‘“‘” 
Co(H)” and Fe(III).” Typical examples are TiCl,& 
salen), UCl,(Hx salen)thf’ (thf = tetrahydrofuran) and 
LaClI(H2 sa1enh4. There has been no report on un- 
ionised Schiff base complexes of the class B metal 
cations such as Zn,” Cd” and Hg.” Although many 
examples (Bullock and Tajmir-Riahi references thereinr 
of the second type are known, until very recently the 
structures of this type of complex were unknown. 
Some authors’4 have supposed that the Schilf base is 
coordinated through the phenolic oxygen since an enol- 
imine to ketoenamine(II) tautometric conversion is 
possible; evidence for this came from IR and UV spec- 
troscopy. From essentially identical IR results, other 
workers4,‘-r’ suggest that the Schiff base is coordinated 
only through the azomethine nitrogen atoms, with the 
ligand remaining in the enol-imine form in the com- 
plexes. 

Recently we have reported” the structure of 
Ca(H2L)(N03)r, HrL=NN - propane - 1.3 - diylbis (sali- 
cylideneimine), (Hlsal-1,3pd), in which the Schii base is 
best described by the third tautomer(III), namely, the 
charge-separated (zwitter-ionic) form. Coordination 
takes place through the negatively charged oxygen atoms 
only (not the nitrogen atoms, which carry the proton 
transferred from the phenolic groups on coordination) 
and bi-dentate nitrate groups. 

The changes observed on comparing the IR spectra of 
this compound and the free Schilf base in the C=N 
stretching region are the same for the complexes dis- 
cussed in this work as for the other compounds.4J*7W” 

*Correspondence to: Department of Chemistry, Universite de 
Montrtal, Montreal, Quebec H3C3VI. Canada. 
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WMJLTS AND DISCUSSION 

The thiieen new complexes (M=Zn, Cd, Hg) 
with H&en which have been prepared are shown with 
analytical data and millimolar conductance in Table 1. 
The low molar conductivities’6 of 1 x 10-“M solutions of 
the halide and sulphate complexes in dimethylfor- 
mamide, dimethylsulphoxide and butanol (in the range 
5-30 f-I_’ cm*) indicate non-electrolytic behaviour, while 
the nitrate complexes show considerable dissociation in 
these solvents (A, = 83-155 W’ cm*), this is due to some 
ligand exchange between the strong donors DMF, DMSO 
and the weakly bonded nitrate group in the coordination 
sphere of these metal ions in these solvents.” 

ZR spectroscopy 
(a) 400&2000 cm-‘. In this region, the free Schiff base 

shows a strong intramolecular hydrogen bonding (O- 
H . . . . Nr which gives rise to a broad absorption near 
2700 cm-‘; this band shifts to 3000 cm-’ in the spectra of 
metal complexes as the hydrogen bonding arrangements 
change (0 . . . . H+-N).” 

On examining the IR spectra of the complexes with 
fully ionised Schiff base, there is neither absorption near 
2700 or at 3Oocm-‘; in these complexes only the 
aliphatic and aromatic C-H vibrations are observed. For 
the hydrated complexes an additional broad band near 
34OOcm-’ was assigned to water molecules. 

723 
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Table 1. Analytical” and conductanceb data for HI salen complexes 

Complexes M% XI N% MXld AUb 

Zn(Hz salen)& 
Zn(Hz salen)Br2 
Zn(Hz salen)& 
Zn(Hz salen)(NO&2Hz0 
Zn(H, salen)SO, 
Zn salen 
Cd(H* salen)C& 
Cd(H2 salen)Br* 
Cd(H2 salen)& 
Cd& salen)(NO&2Hz0 
Cd salen 
Hg(H* salen)Clz 
Hg(H2 salen)Br2 
Hg(I& salen)& 
H&I& salen)(N0,~2Hz0 
Hg salen 

16.25(16.16) 
13.lq13.24) 
11.3q11.12) 
13.15(13.25) 
15.10(15.22) 
19.6q19.72) 
24.7q24.89) 
20.8q20.79) 
17.85(17.71) 
20.6q20.79) 
29.5q29.69) 
37.35(37.17) 
31.75(31.91) 
27.9q27.76) 
31.55(31.85) 
43.05(42.99) 

17.35(17.55) 
32.25(32.38) 
43.10(43.20) 
24.9q25.13) 
22.20(22.35) 

lG5(15,72) 
29.35(29.60) 
39.8q40.00) 
22.75(22.94) 

lGq13Y5) 
25.30(25.45) 
34.95(35.12) 
19.5q19.78) 
- - 

7.04(6.92) 
5.7q5.67) 
4.5q4.76) 
- - 
6.4q6.52) 
8.ey8.44) 
6.3q6.20) 
5.3q5.18) 
4.25(4.39) 

G9(7.39) 
5.0q5.18) 
4.6q4.48) 
4.0q3.87) 

5.8q6.G) 

Loqc) 13.7 
Loqc) 17.5 
1.00(d) 5.5 
l.oqc) 155.0 
1.00(e) 27.2 
Loqc) 1.1 
1.00(c) 24.5 
1.00(c) 27.5 
1.00(c) 29.5 
l.Oqc) 132.0 
Loo(c) 2.9 
1.00(c) 26.8 
1.00(c) 8.5 
Loo(c) 12.9 
1.00(e) 83.5 
Loqc) 1.5 

“Calc. analyses in parentheses; bmillimolar conductance values in c DMF, d butanol, e DMSO. 

(b) 2OOO-6OOcm-‘. The main features of this region 
relevant to the present discussion for the ligand and the 
complexes are listed in Table 2. A strong absorption 
band at 1630cm-’ was assigned to C=N stretching 
frequency in the free ligand which shifts to a higher 
frequency at about 1650cm-’ in metal complexes (AF 
g-35 cm-‘). It has been found” that C=N’ groups have 
in general higher frequencies than the parent C=N 
groups, thus the results are consistent with the presence 
of charge-separated forms and these and the other 
comp~exes4.s.7-ll.‘4.‘5 

are likely to be structurally related 
in that the coordination takes place through the nega- 

tively charged phenolic oxygen atoms rather than the 
positively-charged nitrogen atoms of the azomethine 
groups. A sharp absorption at 1280cm-’ assignable to 
C-O stretching vibration in the free base changes little 
on complex formation (At - 10 to + 17 cm-‘). The C-O 
stretching vibration must include considerable contribu- 
tions from the skeletal vibrations of the aromatic ring 
and because the vibration changed little in the complexes 
it was suggested” that the bonding arrangements of the 
oxygen atoms were the same in the free Schii base and 
the metal complexes. 

On comparing the IR spectra of these complexes with 

Table 2. Selected IR bands (cm-‘) for the @and and metal complexes 

Ligand Complexes C=N c-o M-O Other bands 
Lliaandl 

H*S&T 

Zn (H2salen) Cl2 

Zn(H2salen)Br2 

Zn(H2salen112 

Zn(H2salen)S04 

Zn(H2salen) (N03)2.2H20 

Cd(H2salen)C12 

Cd(H2salenlBr2 

Cd(H2salen112 

Cd(H2salen) (N03)'2.2H20 

Cd(snlen) 

Hg(H2salen)C12 

Hg(H2salen)Br2 

Hg(H2salen)12 

Hg(I12salen) (N03j2.2H20 

Hg(salen) 

1630 s 1280 s 

1665 s 1285 "s 515 s 290 vs Zn-Cl 

1660 s 1215 "S 500 

1645 s 1285 s 505 

1665 vs 1297 vs 520 

165ll "S 1280 "S 510 

1630 v.5 1280 "S 510 

1640 "S 1285 "s 520 

1642 s 1280 5 510 

1648 vs 1285 "s 520 

1620 bs 1315 "9 505 

1635 s 1285 s 510 

1648 s 1270 s 500 

1640 s 1290 s 480 

1640 s 1290 Ill 505 

1610 vs 1275 s 520 

s 240 s 

5 _-- 

s 270 m 

s 350 5 

m 295 Ill 

s 210 m 

s ___ 

s 240 s 

s 580 5 

s 245 m 

s 240 s 

m ___ 

m -_- 

m 550 5 

Zn-Br 

Zn-02S02 

Zn-ON02 

Cd-Cl 

Cd-Br 

Cd-0N02 

Cd-N 

Hg-Cl 

Hg-Br 

Hg-N 

- 
s, strong; b, broad: v, very: nr, medium. 
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the fully ionised SchifI base compounds one can see that 
the C=N stretching vibration of the free ligand has fallen 
on complex formation and the C-O stretching vibration 
increased to a higher frequency (Table 2). Therefore the 
results are consistent with those of the structurally 
known ionised compllxes such as U(salen)Clz-2thf7*‘9 
where the coordination took place via the phenolic 
oxygen atoms and the nitrogen atoms of the azomethine 
groups. 

Nitrate complexes 
The IR spectra of Hg(H2 salen)(N0&2H20 showed a 

broad and strong absorption band centered at 1370 cm-’ 
which was related to the presence of the ionic nitratem in 
this compound, whereas the absence of the said ab- 
sorption in the spectra of the Zn(H2salen)(N0&2H20 
and Cd(H2salen)(NO&*2H20 with the presence of the 
strong absorption from yI (148&15OOcm-‘), u,(lO2& 
1030 cm-‘), v4( 12tWl300 cm-‘) and v,(820 cm-‘) was 
indicative of the coordinated nitrate group in CIV 
symmetry21*U in these two nitrato complexes. The weak 
fundamentals v4 (720cm-‘) of the ionic nitrate and v3 
and us of bonded nitrato group were masked by the 
strong ligand absorption (700-800 cm-‘). 

Sulphate complex 
On comparing the spectra of the free ligand and the 

halide complexes with the sulphate compound, the sul- 
phate spectra were dominated by the strong absorption 
from ~~(1190, 115s and 1120cm-‘), v,(998 cm-‘), 
~~(450 cm-‘) and ~4(6lO, 640 cm-‘) of the sulphate group 
in C2” symmetry.23’” Therefore the sulphate group must 
act as a chelated ligand in this compound. 

(c) 600-200 cm-‘. A broad band in the spectra of the 
halide complexes around 200-3OOcm-’ may be asso- 
ciated with metal-halide stretching vibrations?% (Table 
2). However conclusive evidence regarding the bonding 
of M-O25 of the ligand has been provided by the occur- 
rence of the strong absorption band at about 500 cm-’ in 
the spectra of the metal complexes (Table 2). The metal- 
oxygen*’ stretching vibrations of the coordinated anions 
(nitrato and sulphato) were found near 250-350cm-’ in 
the spectra of zinc and cadmium complexes. A sharp, 
strong absorption around 550-600 cm-’ in the spectra of 
the fully ionised SchifI base complexes, M(salen), is 
attributed to M-N stretching.*’ 

CONCLUSION 
On the basis of the properties of the complexes stu- 

died here, some features can be emphasized: (a) the 
ligand is coordinated through the phenolic oxygen atoms 
only, (b) the halides and sulphate are bonded to the metal 
ions, (c) the nitrate group has shown ionic character in 
the mercury nitrate compound but covalently bonded in 
the corresponding zinc and cadmium SchiB base com- 
plexes, (d) therefore the mercury ion would be 4-coor- 
dinated in these series of Schiff base complexes whereas 
the zinc and cadmium ions could have 4-coordination in 
halo and sulphato and 6-coordination in nitrato (except 
for Hg(II)nitrate) complexes with possible tetrahedral or 
octahedral geometry around these metal cations. 

Materials 
EXPERIMENTAL 

AU the chemicals were reagent grade. The ligand was prepared 
by routine method.’ 

Poly Vol. 2. No. CD 

Prcporation of the compkxes 
Most of the complexes were prepared by the addition of the 

stoichiometric amount of the hydrous or anhydrous metal ion salt 
in absolute ethanol or methanol (containing 1% water) to a hot 
solution of the ligand in absolute ethanol. A yellow precipitate 
formed almost &mediately. This was filtered off and washed 
with hot ethanol and ether several times and dried (CaCI,). The 
complexes are not soluble in common organic soiventsy only 
dissolve in dimetbylformamide, dimethylsulphoxide and slightly 
hot alcohol. Many unsuccessful attempts were made to prepare 
the Schii base complexes of cadmium and mercury sulpbate due 
to the insolubility of CdS04 and FIgSO in alcohol. 

Analysis of the complexes 
The metal ions were determined complexometrically,2 halides 

as silver halide and sulpbate ion as BaS04, nitrate was analyzed 
by precipitation with nitron% and nitrogen was estimated by 
Kejeldabl’s method.= 

Vibrational spectra 
IR spectra were obtained on Perkin-Elmer 5% (4&W 

2OOcm-‘) using Nujol and Hexacblorobutadien mulls technique 
with KBr and polyethylene disks. 

Conductance measrremen~s 
Conductivity measurements were made in 10m3 M dimetbyl- 

formamide, dimethylsulpboxide and butanol solutions at 25°C 
with a CDM2e conductivity meter (Radiometer, Copenhagen). 
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Abstract-The vapour densities of complex species in the YbC13/AIC13 system were investigated by using tracer 
‘@Yb. The results obtained allowed a description of the equilibria in the vapour phase in the temperature range 
from 500 to 1000 K. The equilibrium constants according to YbCb(,) + n*A12C~,,=YbA12.C16”+3(~) were fitted to 
expressions of the form log Kp = At (B/T) and the thermodynamic vames of AH and AS were calculated. 

YbC&(,, t 0.5 AI,C&,,, z YbAIC&, AH2% = 149.9(+13)kJ/mol 
A& = 124&13)J/mol K 

YbQ,, t 1.0 A12C~,,,~YbA12Cl~,, AH2% = 87.5(+13)kJ/mol 
AS2% = 47.7(*13)J/mol K 

YbC&,, t 1.5 AI&,,,= YbAl3Cl,s(,, AH2% = 27.6(+4)kJ/mol 
AS298 = -115(*8)J/mol K 

YbCI,,,,+ Z.OAl,C&= YbAI,Clts<,, AH*% = 0(+4)kJ/mol 
AS2% = -65.9( f lO)J/mol K. 

The formation of gaseous complexes has gained in 
significance in the preparative chemistry and in industrial 
problems. Slightly volatile halides can be transported 
chemically through temperature gradients and the com- 
bination of this chemical transport together with other 
reactions leads to new synthetic routes.‘-’ The halides of 
the lanthanides are important in the development of high 
pressure discharge tubes. The halides are decomposed in 
the plasma and reformed near the wall. To increase the 
saturation of the halides the addition of complex formers 
is necessary, e.g. CeI, + NaI + CSI.~ 

A further field of application of gaseous complexes is 
the separation of lanthanides and actinides by gas 
chromatography of the aluminium chloride com- 
plexes.7-9 Like many other complexes’ the aluminium 
chloride-lanthanide chloride system presents a special 
problem containing several complexes.‘“-‘6 The general 
methods used to investigate these aluminium chloride- 
lanthanide chloride systems and to determine the ther- 
modynamic values are UV-Vis spectrometry’“*“*‘7 and 
entrainment, quenching and chemical transport experi- 
ments ” and mass spectrometric investigations.16 The 
applications of these methods are limited. At tem- 
peratures above 850K spectrometric methods are not 
useful because the AlC13 attacks the cell. At tem- 
peratures lower than 650 K it is ditlicult to investigate the 
complex systems because of the small absorbances 
measured. Mass spectrometric investigations allow 
pressures up to 10-l atm only.‘**‘9 The entrainment 
experiments are limited to low pressures, too. 

To get further information on the equilibrium and on 
the thermodynamic data of the lanthanide chloridealu- 
minium chloride system we have applied a new method 
suggested by Peterson et af.‘?he basic idea is to use a 

*Author to whom correspondence should be addressed. 

heated quartz tube and to measure the radioactivity of 
“?bCl in the vapour as a function of the temperature, 
knowing the amount of solid YbCl’, ‘69YbC13 and AlC13 
at the start of the experiments. The y-counting rate of 
“?b is related to the vapour density of the complexes 
in the gas. The vapour pressure,of pure YbCl’ is negligi- 
ble in the temperature range measured. The advantages 
of this measuring system are: 

(a) The method is useful for volatile inorganic species, 
which are not accessible to spectrometric techniques. 

(b) The method allows investigation of the system at low 
temperatures and at low complex concentrations by adding 
elevated amounts of tracer ‘?b (important for the 
determination of the vapour density of the large 
YbAl.,Cl’,-complex). 

(c) The method allows measurement of the vapour 
densities of the complexes at elevated temperatures (1000 
K) and pressures (5 atm). 

In the present study we have investigated the YbCI,- 
AlCl,-system in the temperature range from 500 to 
lOOOK. Like the other lanthanide chloride-aluminium 
chloride complexes YbCls can be. expected to react with 
AlCl, according to the general equation 

ybCJ3(,, + u*&CLs, = YbALCLn+3~a>. (1) 

The occurrence of the gaseous complex is responsible for 
increased concentrations of the lanthanide in the gas 
phase. 

AK& was prepared by passing chlorine over analytical grade 
ahrminium metal at temperatures of 6OOK. The chlorine was 
dried by passage through sulphuric acid and phosphorus pen- 
toxide. The aluminium chloride was sublimed under a chlorine 
atmosphere into a quartz tube and flushed with dry helium 
(99.999’36, passed through a cold trap at -19OT). 
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furnace 

Fig. 1. Schematic diagram of the experimental section. 

In order to prepare YbC&, dry YbrOl was transferred to a 
quartz tube containing a great excess of AK& (Fig. I). The tube 
was flushed with helium, evacuated and sealed, then placed in a 
furnace and slowly heated to 600K. Yb203 reacted with AICI, 
according to equation 

Yb&s) + A1zC&-+ 403,s1+ 2YbChs,. (2) 

This method was worked out and reported by Papatheodorou et 
al.” for preparing some lanthanide chlorides and ThCld/AlC13 by 
reaction of the corresponding oxide with AIC13. Under a helium 
atmosphere known amounts of YbCI,, irradiated ‘69YbCI, and 
AIC13 were transferred to a helium flushed cylindrical quartz 
tube. The quartz tube was evacuated and sealed, then placed into 
a furnace surrounded by a shield of lead bricks except for a 
detection slot (Fig. 2). (Size of the quartz tube: Bi =6.5 cm, 
1 = 30 cm, volume = 40 cm’.) 

The furnace consists of three resistance-heated, 1 mm thick 
Kantal wires around a ceramic tube (26 mm I. D., 35 mm 0. D.). 
The furnace is insulated with a 40 mm thick “ceramic fibre felt”, 
which guarantees a sufficient uniform temperature distribution 
inside the ceramic tube. Thermocouples are used for temperature 
measurement and control. The three parts of the oven have 
separate temperature controls allowing as well isothermal as 
temperature-programmed operation with constant heating and 
cooling rates.2o The temperature gradient along the furnace was 
adjusted so that the temperature of the detection point was 
34°C higher than that of the sample containing the end of the 
tube. The non-volatilized portion of the YbC13, thus, remained 
outside of the detection volume. Reported temperatures were 
those of the cooler end of the tube, because the equilibrium 
between Al+& and YbC13 was established over the condensed 
phase.” In the temperature range measured the vapour pressure 
of pure YbC13 did not contribute to the y-ray measuring.*’ 

,--------- ---____--- SRMPLE 

TII T2 
I 1 .- ------ FURNRCE (T2)TI) 

------ LEAD SHIELD 

I 
1 ‘\---------- GE-LI-DETECTOR 

i q -. DRTf7 STORRGE 
I - 

I ------------------ QURRTZ TUBE 

Fig. 2. Schematic diagram of the experimental set-up. 

For the detection of the radioactive compound a Ge-Li- 
detector was used, placed outside the furnace at the opposite 
side of the cool end of the quartz tube. It was surrounded by lead 
bricks so that only the y-rays of a small section were detected 
and the background counting rate was less than 1% of the 
maximum counting rate obtained when all the YbC13 was in the 
vapour phase. 

The y-rays of ‘@YbC13 were measured several times for 
ascending and descending temperatures. To calculate the con- 
centration of ytterbium chloride in the vapour phase the average 
values of the y-count& of every measuring point were used. 

The experiments were evaluated for temperatures between 500 
and 1OOO K only. At temperatures below the triple point of AlC13 
(T - 460 K) a solid vapour interface can exist.‘* The solids which 
are present can be AIC13, LnC13 (Ln = lanthanides) and/or a solid 
solution of the two.” At temperatures between 460 and 500 K a 
region of liquid-vapour equilibrium exists.“-‘3 A break in the 
plot of the complexed metal ion quantity vs the temperature 
curve indicates the physical change of the condensed phase from 
solid to liquid.‘**“.** The nature of these phases in the vicinity of 
the triple point are not well known.” The reaction of AlC13 with 
quartz was investigated by Sch%er et al?’ Despite favourable 
thermodynamics the reaction does not occur to any significant 
extent below MOO K. 

In order to determine the vapour complex density and ther- 
modynamics of the AlC13/YbC13-system the following experi- 
ments were performed: Five different YbC13 and AICl, weight-ins 
the y-peak contents of ‘@Yb in dependence of the corresponding 
temperatures are recorded in 5 K intervals from 500 to 1OOO K. 
To maintain equilibrium, ascend and descend rates of 0.4 K/min 
are sufficient for high reactant concentrations, for lower AlC13 
weight-ins, ascend rates lower than 0.1 K/min are necessary. The 
y-peaks are evaluated automatically by an “ND66 Multichannel 
Analyzer System” and recorded by a PDP-11 system processor. 
The partial pressure of aluminium chloride is calculated from the 
known amounts of AIC13, corrected for the AICI,, which com- 
bines with ytterbium chloride and that part which forms the 
dimerisation according to 

2 AIC13(,, = AI,C&, 

using literature data” for the equilibrium constant of the dis- 
sociation. Some aluminium chloride vapour pressures and cor- 
responding temperatures of the experiments are given in Table I. 

The weight-in of AlC13 and YbC13 is chosen in such a manner 
that at temperatures of about lOOOK all the YbC13 is in the 
vapour phase. Thus, the maximum number of the y-counting rate 
is proportional to the weight-in. Assuming a linear function 
between the y-counting rate and the YbC13 present in the vapour 
phase it is possible to determine the partial pressure of the 
complexed ions. 
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3. RESULTS AND DI!XUSSION 
Assuming that only monolanthanide complexes were 

formed in the A1C13/LnC13-system, the LnA13C112-com- 
plex was established to be the main complex in the 
temperature range from 500 to lOOOK.“.” Thus, the 
predominant vapour complex in the A1C13/YbC13-system 
was assumed to 

(YbCl3),* 1.5 AlX& (m = 1). 

The assumption (m = 1) as well has been used for the 
transition metal chloroaluminate complexes supported by 
mass spectrometric studies,‘6*‘8 as for the investigation 
of NdC13,13 SmCI,,” GdC13,14 and EuCl,” AlCl3-systems. 
For higher temperatures and low AlC13 pressures the 
formation of gas complexes with lower molecular weight 
(LnAl,Cl,, LnAlClJ became prevalent; at low tem- 
peratures, however, a complex according to 

YbCi3 + 2A&Ci6 e YbA&CI,, (3) 

was supposed to exist in detectable quantities beside the 
l.S-complex. The thermodynamics of the equivalent 
NdAbCl,,-complex were determined by Bye and 
Gruen.13 

In the temperature range from 500 to 1OOOK the 
equilibrium of the vapour phase could best be rational- 
ized by considering that two or more different 
YbCl,/AICl, complexes should coexist.’ In agreement 
with these considerations the experimentally deter- 
mination of the stoichiometric factor n according to 

YbC13 t n*AlX& = YbAl,.Ck,.+, (1) 

decreased from 1.8 to 0.95 with increasing temperature. 
Since P, dPAl,CI, (PE = pressure of the complexed 
vapour phase), the equilibrium constant of reaction (1) is 

K, = Pd(PA,&“. 

Between 670 and 770K the stoichiometric factor n 
was nearly constant indicating the dominance of the 
YbA13C112 complex. Assuming that only very small 
amounts of complexes other than YbAl,Cl,, were 
present in this temperature range, plots of the logarithm 
of the equilibrium constant K,.3 vs l/T according to 

YbCl3(,, t 1.5 Al&,(,, =YbA13C1,2(,, (4) 

should as well be a linear function of l/T as coincidence 
for different AICI,/YbCI, weight-ins. These conditions 
are sufficiently fulfilled in a first convergence and the 
equilibrium constant of the reaction (4) was fitted to an 
expression (Temp = 680-750 K) of the form 

with 

lg KM = Al.3 + @M/T) (5) 

(6) 

and 

P YbA,3C1,2 = Pctot 

(Pctot = sum of the partial pressures of the complexes) 

Requiring lg K to be a linear function of l/T with eqns (5) 
and (6) the partial pressure of the YbA13Cllrcomplex is 
given by eqn (7): 

P Y~.M~c~,~ = 10 exp ks + (BJT)l * (PA12Cd1.s. (7) 

The assumption that YbA13C112 was the only complex 
present in the temperature range from 670 to 770 K was not 
exactly fulfilled. The larger complex-YbAl.+Cl,,was 
present in small amounts, too. We tried to eliminate this 
interference. Knowing the approximate partial pressure of 

Table 1. AlCl3 and Al+&, partial pressures at the start and the end of the experiments 

‘P* 

1 

2 

3 

4 

5 

hll,Cl, 523 hC13 523 

Catml Catml 

1.91 0.0054 

1.46 0.0047 

1.04 0.0040 

0.51 0.0028 

2.86 0.0067 

973 
PRl,Cl, 

Catml 

2.02 

1.44 

0.91 

0.34 

(73 
hl, 

tatml 

2.94 

2.48 

1.99 

1.21 
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the 15complex from eqn (7) and assuming that the 550 to 600 K is 
complexes with lower molecular weights did not con- 
tribute to the partial pressure Pctot at temperatures lower 
than 750 K K2.o = (PCtOt - PYbAIjCl,2 IV A12Cl$‘0 

P YbAL,C,,j = Pctot - PYbAIJC1,2 (8) = YbAIJCI,#A12Cd2’0 P 

(9) 

and 
and the equilibrium constant of the YbAL,CL5-complex 
according to reaction (3) in the temperature range from lg K2.0 = A2.0 + (B2.dTh (10) 

.a319 

l/T [l/Kelvin] 

. . . . . . . . . 

+ 

Fig. 3. Gaseous equilibrium of YbCI,(,, + nAl&,,,- -YbAlz,Cb,+,c~j lg Kn in dependence of l/T (for different 
weight-ins). 
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Fig. 4. Complexed YbCb for diierent weigh&ins in dependence of the temperature T. 
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The partial pressure PybA19c1,2 is calculated from eqn (7). The complexes with lower molecular weights did coexist at 
The values of AZ.,, and B2.0 were determined from the plot higher temperatures, each in significant amounts. The 
of Ig K2.0 vs l/T. Knowing the values of A2.0 and Bz~ new approximation method used for the determination of the 
values of A,.s and B1.5 were determined with larger complexes (YbAl.& and YbAl,&) is not prac- 

ticable for the smaller complexes. 
P YbAljC1,2 = Pctot - PYbAl4CI,J (ii) To determine the thermodynamic values of the com- 

plexes YbAlC& and YbA12Cl, we set: 
and eqns (5) and (6). 

The partial pressure PYbA,.,cIIS is calculated from eqn PC21 = PybAIcr6+ PYbArzCr9 
(7b) = Pctot - pYbAljCl,z - pYb.414‘3,~ (13) 

P YbA1&I15 = 10 exp[(At.o t 
U 

A C,, d In T/R * In 10 
)) 

and 

))I 
PC21 = ho * (Pa,zcd’.” + Ko.s * @‘,,,zc,Jo.5 (14) 

+ (B,.o/T t 
(I 

AC, dT/R * In 10 *T * (PA1*C16)2~0 
with 

VJ) 
b KLO = A,.o+ &o/V 

with ACp = 3 cal/K for reaction (3). This iteration method 
was repeated till the values of A2.0, Bz.o, AI.s and BM and 
became constant. For temperatures below 750K the 
vapour pressures then could be represented by: lg Ko.s = Ao.s + (Bo.,/T) 

A,.5 = -0.60 B,., = - 1442 PYbAIsCIIz is calculated from eqn (7) PYbAr&I15 is cal- 
culated from eqn (7b). 

Az.o= -3.35 Bz.o= -30. Knowing the partial pressures PC21 from eqn (13) as a 
function of temperature, the constants A,.o, B,.o, &., and 

Using Bo.s were varied and computer processed. With 

AS AH 10 exp (&.o + &O/T) * (P,wJ’.~ 
-- 

lgK’R* In10 R* T* In10 (12) t 10 exp (Ao.s t Bo.JT) * (P~,2c1Jo.5 = PC2lt (15) 

the thermodynamic data were calculated and listed in 
the partial pressures PC2lt were determined theoretically 

Table 2 with 
for every measuring point. 

The best fit would be when the difference (D) between 

and 

the sum of the measured partial pressures (PC21) and the 
AC, = 0 Cal/K for reaction (4) sum of the theoretically determined partial pressures 

(PC210 became zero: 

AC, = t 3 Cal/K for reaction (3). x(PC21 -PCZlt) = CID1 = 0. 

Table 2. Thermodynamic functions for the reaction LnCh(,)+ n*AlX&+LnAlznC16n+3(Y) at 298 K 

COMPLEXES 

LnC13 * 0.5 Al2CI6 

YbC13 * 0.5 fl12Cl6 

NdC13 * 0.5 fl12C16 

LnC13 * 1.0 fl12Cl6 

YbCl3 * 1.0 fl12Cl6 

YbC13 * 1.5 fl12Cl6 

GdC13 * 1.5 R12C16 

SmCl3 * 1.5 fl12C16 

NdC13 * 1.5 A12C16 

YbC13 * 2.0 A12Cl6 

NdC13 * 2.0 fl12CI6 

Ab. AL 
LIT. 

Ckf/moll CJ/mol Kl 

204.7 136.9 theoret. 

149.9 +_ 13 124.4 f 13 this work 

157.0 2 13 110.3 + 13 Cl61 

100.9 45 f 5 theoret. 

87.5 +- 13 47.7 +- 13 this work 

27.6 _+ 4 -11.5 2 8 this work 

35.8 _+ 6 11.0 f 11 Cl41 

26.1 _+ 1 - 4.2 _+ 1 Cl11 

45.2 2 1 8.4 _+ 1 Cl31 

0 _+4 -65.9 _+ 10 this work 

0 +_ 1 -67 t 2 Cl31 

(16) 
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Equation (16) is fulfilled with 

A,.,, = 2.0 B,.,, = -4300 (AC, = -4cal/K)* 1161 
A,, = 5.5 Bo.J = -7300 (AC, = -2cal/K)* *estimated. 

The thermodynamic values were calculated from eqn 
(19) shown in Table 2. 

Figure 5 shows the amounts of complexed YbCl, in 
dependence of the corresponding temperature for 
experiment 1. The values of AH and AS 
for some lanthanide complexes are compared in Table 2. 
To estimate the thermodynamic values of the formation 
of the complexes a method is used suggested by 
Schafer.’ For 

and 
AH*% = 37.5(+3)kcal. 

These data give good correspondence with our experi- 
ments and the data calculated theoretically. 

For the reaction 

YbCI~o, t 1 .O Al&&(,, = YbAl$&, (12) 

we estimate the entropy to be the same as the entropy of 
the divalent chloride compounds (AS 112 1 cal/mol). With 
eqn (31) and 

0.5 Yb#.&) t 0.5 Al,C& G= YbAlC&, (19) 

we set according to experience AHo= 0 AS’=0 and 
AC, = 0.’ 

2YbClj(,, = 2*0.5 Yb,CI,,,, 

the enthalpy of reaction (12) is 

73.7 -2*(-24.8 cal/mol)- AH*% = 24.1 kcal/mol. 

From our experiments follows the reaction (12) 
From the combination of the dimerisation’ and the 

sublimation of YbCl, (eqn 20, 21) follows eqn (18). 

YbC&,, $0.5 Yb#&) AHog8) = -24.8 kcallmol 
AS - -17.3 cal/mol K (298) - (20) 

YbCho, $ YbCI,,,, AHo98j = 73.7 kcahmol 
AScz9aj = 50 callmol K (21) 

YbC13o, t 0.5 Al&,, = YbAIC&, 
AHcm8) = 48.9 kcal/mol 

ASc298j = 32.7 cal/mol K I(l8) 

AC, = -4 Cal/K. Ml 

From our experiment we determine for reaction (18) 

AS,,, = 9.1(?3) cal/mol K 

AH950 = 19.6(rt3)kcal/mol 

AS*% = 11.4(*3)cal/mol K 

AH298 = 20.9(*3)kcal/mol 

38.2(*13)J/mol K 

82.1(+13)kJ/mol 

47.7(? 13)J/mol K 

87.5( f 13)J/mol 

with 
AC, = - Zcal/mol (estimated). 

The experimental data are in good agreement with our 
calculated data; experimental data of other LnAl& are 
not available. 

For the reaction 

A&,,, = 25.12(?3)cal/mol K B 105.2(+-13)J/mol K 
AHsso = 33.2(?3)kcal/mol P 139.0(+13)kJ/mol 
A$& = 29.7(?3)cal/mol K B 124.4(?13)J/mol K 
AHz9s = 35.8(*3)kcal/mol P 149.9(*13)kJ/mol. 

Schafer et 01.‘~ determined the entropies and enthalpies 
of the equivalent NdAICl,-complex by mass spectros- 
copy (T = 1123 K) resulting: 

LnC130, t 1.5 AM&,, ~LnA13C112(gj 

we determined for Ln = Yb (AC, = 0) 

AZ& = -2.8(?2)cal/mol K 

-11.5(+8)J/molK. 

AHzg8 = +6.6( + l)kcal/mol 
+27.6(*4)kJ/mol. 

ASz9% = 26.3( + 3)caVK In Table 2 the thermodynamic values are listed. 

YbC19 

Cmgl 

(22) 

1. 

2. 

3. 

4. 

5. 

6. 

weight-in : 

AK19 : 479.1 mg 

YbC13 : 6.5 mg 

experimental 

calculated 

YbCl9 * 2.0 fll2Clg 

YbC19 * 1.5 A12C16 

YbC19 * 1.0 A12C16 

YbCl9 * 0.9 fl12Clg 

Fig. 5. Amount of YbCh in the vapour dependence of the temperature T. 
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1 

IgP E 

weight-in : 

AIClg : 479.1 mg 

YbC1-j : 6.5 mg 

1. A12C16 

2. AIC13 

3. YbC$ * 1.5 A12C16 

4. YbC13 * 2.0 A12C16 

5. YbC13 * 1.B A12C16 

6. YbC13 * 8.5 A12C16 

500 600 700 B0El 90E 10E0 

T CKI 

Fig. 6. Partial pressures in the system YbCI,*(AlCl,),. 

The entropies and enthalpies of the IS-complex 
appear very close to the data which Papatheodorou et 
al” obtained. Compared with the thermodynamic values 
of the equivalent NdAI,Cllz’o and GdAl,C11,‘4 a 
difference is observed. Papatheodorou et al.” consider 
this difference to be attributed to experimental un- 
certainties or bonding and structure differences of the 
vapour complexes. 

From the changing of the stoichiometric factor and 
from the plot of the logarithm of the equilibrium constant 
(IgK,) against the temperature (l/T) we conclude the 
existence of a large complex (YbA14Cl,,) according to 
eqn (3). 

YbCls(,, + Z.OAltCls(,, ti YbAlXl,S(,, (3) 

In the temperature range from 520 to 6OBK and with 
AC, = +3 Cal/K we determined AH*% and A&, of reac- 
tion (3) 

AS, = - 16.0(?3)cal/mol 

- 659(?10)J/mol K 

AHz9% = O(?l)kcal/mol 

0(+4)kJ/mol 

The thermodynamic data are compared in Table 1 with 
those of the equivalent NdAL,C&complex, investigated 
by Bye and Gruen.” Our data are in accordance with the 
data 0ye and Gruen obtained. 

CONCLUSION 

From our experiments follows the existence of four 
different ytterbium chloride-lanthanide chloride com- 
plexes (YbAlC&, YbAlzC19, YbAIXllz, YbALClr5). We 
have determined the thermodynamic data of the com- 
plexes formed in the YbCl,/AlCl,-system in the tem- 
perature range from 500 to 1OOOK. In accordance with 
former investigations of the LnCUAlCb-systems 
the YbAl,Cl,, complex is found to 
be the main complex in the temperature 
range from 500 to 900 K (Figs. 5 and 6). The dominance 
of this complex leads to elevated statistical errors in the 

determination of the thermodynamic values of the other 
vapour species; the existence of a large complex 
(YbAl.CIIS) at lower temperatures, however, and the 
appearance of YbAlCl, and YbAl$& at elevated tem- 
peratures is evident. 

With ascending temperatures and low aluminium 
chloride pressures the existence of the YbAlC&-complex 
is favoured, probably that is the reason why Schafer et 
al.16 cannot find any fragments of the NdAlQ, complex 
by mass spectrometric investigations in the NdCI,/AIClr 
system at temperatures <of 1123 and 1150 K. With our 
data we determine theoretically the partial pressure of 
the YbAl#&-complex to be less than 1% compared with 
the partial pressure of YbAIC& under the experimental 
conditions Schafer and F16rke16 used. 

Our experiments confirm the existence of a YbAICII,- 
complex, equivalent to NdAl,Cl,, recorded by Bye and 
Gruen ” 

The’method is very useful for the investigations of 
volatile inorganic complex species, in particular it is 
possible to describe the equilibrium in the vapour phase 
within a great temperature range and with elevated 
AlCl,/Al,Cf,-pressures, facilitating the determination of 
the thermodynamic data of the secondary complexes. 
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FORMATION AND THERMODYNAMIC 
PROPERTIES OF MIXED COMPLEXES OF 

Cd(I1) WITH THIOUREA AND NITRITE OR 
THIOSULPHATE IONS AS LIGANDS 
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Abstmct-Formation and thermodynamic parameter8 of mononuclear miXed complexes 
C!d(SCN,H,)~O~,2-’ and Cd(SCN,H,),(S,O,)p~’ -PI in aqueous solution were investigated by poten- 
tiomctric measurements at different temperatures and p = 1 for KNO,. 

Tu 
TS 
Nt 
X 
n 

P 

AG’,AW,AS 

AG”, Lw”, AS” 

NOTATION 
thiOUna 
thiosulphate ion 
nitrite ion 
Nt or Ts 
index referred to Tu molecules coordi- 

nated 
index referred to Nt molecules coordi- 

nated 
overall free energy, enthalpy and en- 

tropy changes (respectively in Kcal/ 
mole, Kcal/mole and cal/mole/deg.) 

free energy, enthalpy and entropy 
change8 for the coordination of single 
Tu, Nt or T8 ligand (complex +Y 
= com@xY, with Y = Tu, Nt, or Ts). 

The equilibrium data on mixed complexes gives infor- 
mation about the thermodynamics of addition or 
displacement reactions. By means of the inter- 

*Author to whom correspondence should be addressed. 

pretation of these quantities, changes in substrata 
structure (i.e. as produced by coordinated ligands) 
and solvent effects on the reactions can be deduced. 

In aqueous solution, Cd(H) behaves like a “soft” or 
“class B” acid’ and usually forms complexes of low 
thermodynamic stability. Z-6 Therefore, reactions of 
substrata complexes of this ion must depend con- 
siderably on coordination and solvation of various 
reaction terms. 

On cadmium complexes with thiourea, nitrite or 
thiosulphate there are notes on equilibria with one 
ligand?-lo This paper refers to Cd(U)-SCN,H,-NO,- 
and Cd(II)-SCN2H,-S20,2- mixed complexes. 

EXPERIMENTAL 
Experimental parts and calculations are referred to in 

previous works”-‘” and will be summarized. 
In every system the final AG’, AH* and AS’ data are 

based on 25&300 titrations (about 2500-3000 experimental 
points) covering four or five temperatures. 

Function (1) (in tabulated form) in dependance on [Tu] 
and M was obtained by non-linear analytical extrapolation 
of values measured at finite [Cd(II)],,, by using the following 

Fig. 1. Relation between In @P and ln Tu at 20°C and c = 1 for the system Cd(II)-Tu-Nt. 

735 
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potentiometric system (2). 

ln a, = hm ln ([Cd(II)I,,,/]Cd(II)lr~) (1) 
lcdW)~O 

Cd/Cd(II)//KNO,sat//SCE. (2) 

Responses and reversibility of this cell were tested pre- 
viously.” Electrode potentials were measured using an Amel 
mod. 333 potentiometer. The complexes identified by suc- 
cessive divided differences method” applied in two succes- 
sive stages on linear transform eqn (1). Enthalpy and entropy 
changes were calculated by linear fitting of Gibbs-Helmoltz 
equation on the experimental data {AG”, T}. 

All calculations were computerized by using our pro- 
grams on HP 9825 desk computer. 

Cd(H) and ligands concentration ranges are reported in 
the following scheme: 

5 x 10-3M<[Cd(II)]w<7x 10-2M 

0 M < [SCN,H& 9 0.5 M 

0 M I [NO, -b, 5 0.2 M 

OM<[S,O,*-],,<4.5x IO-*M. 

In order to have very meaningful In p values, only solu- 
tions having [Cd(B)],, c (ID& + D&)/4 were considered. 
The cadmium solutions were as nitrate salt, nitrite as 
potassium salt and thiosulphate as sodium salt. Thiourea 
purified by recrystallization from ethanol was used for 
thiourea solutions. Ionic strength was kept constant (_u = 1) 
by adding suitable amounts of KNO,. 

RESULTS AND DLSCUSSION 
Formation of mono and di-coordinated complexes 

with nitrite ion were found in the system 
Cd(II)SCN,H,,-NO,-. Figure 1 refers (on loga- 
rithmic diagram) to experimentally deduced de- 
pendence of conditional constants (& = C &,,[Tu]“) 
and Tu concentration. Empty symbols a$ the values 
obtained by successive non-linear extrapolations, 
whereas filled ones correspond to the values obtained 
by non-linear least squares fitting. The sharp func- 
tional dependence of $J, parameter on [SCN2H4] is 

consistent with successive coordination of two thio- 
urea molecules independently of substratum. 

The number of simple cadmium complexes with 
thiourea (CdTu,* + , n = l-2) is in apparent contrast 
with the one previously found” where a tetra- 
coordinated cadmium-thiourea complex was 
found.“” This suggests that the highest Cd-Tu com- 
plex may be tetracoordinate. Because of uncertainties 
in the measurements (N 5x)‘* and. low thermo- 
dynamic stability of complexes, it is preferred to 
describe the function (1) by the least number of 
certainly identifiable terms. In any case, Fig. 1 clearly 
shows the first derivative of experimental dependence 
of In #J, (p = 0) on In vu] (as evaluated at the upper 
limit), is still increasing. 

In the system Cd(II)-SCN2H4-S20j2 - dicoordinate 
complex with thiourea and a sharp dependence of 
4, =-Z &,JS20~-~ on [S20rr -1 (Fig. 2) was found. 

Table 1 refers to identified comnlexes and their 
formation parameters. Data in regular type are the 
most probable deduced from primitive experimental 
data; the ones starred are interpolated on {AG’, TJ. 
By using the standard deviation of AH* and AS , 
standard errors on AG” can be deducedI 

Binary diagrams of Figs. 3(a) and (b) refer to only 
mononuclear complexes. Although they are deduced 
from the most probable starred data, because of the 
experimental errors, the boundaries of different sur- 
faces are shaded. 

In the system Cd(II)-SCN,H,-NO*-, Cd(I1) is 
mainly in hydrated form. The only mixed complex 
with analytical importance (because of its high per- 
centage) is Cd(SCN,H,),(NO,),. 

In the system Cd(II)-SCN,H,-S20:- for 
- 2.9 I p[S20:-] I - 1.4 and - 1.5 5 p[SCN2H4] 
I - 0.5 there are the surfaces relative to the mixed 
complexes Cd(SCN2H4)(S20,)22;Cd(SCN2H4)2(S203) 
and Cd(SCN2H4)2(S20,)22-. Figure 4 refers to the 
changes of thermodynamic functions in some reac- 
tions of complexes as derived from the most probable 
values of Table 1. The successive coordination of a 

Fig. 2. Relation between In @” and In Ts at 30°C and /.L = 1, for the system of Cd(H)-Tu-Ts. 
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\ 

CdTu,Nt, 

Cd*2 
CdNt’ 

CdNt, 

-2 
-16 

I 
- 1.0 

Fig. 3(a) Distribution diagram of mononuclear complexes in the system Cd@)-Tu-Nt, zit 25°C and p = 1. 

Fig. 3(b). 

t hl tTu3 CdTu2Ts 
CdTu,Ts;= 

CdTui2 

Distribution diagram of mononuclear complexes in the system Cd(H)-Tu-Ts, at 25°C 
/I = 1. 
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single ligand is represented by an arrow while ligand 
displacement can be deduced along two opposite 
arrows. 

The coordination of one thiourea or nitrite ligand 
causes nearly the same free energy losses 
(N l-2 Kcal/mole). It seems the nature of coordi- 
nated groups does not have much influence on partial 
AC” values, which are dependent on coordination 
number of substratum reagent. In fact the AC” in- 
creases with the coordination number of substratum. 
In the coordination of thiosulphate ion the free energy 
losses are most evident (N 3-5 Kcal/mole) and are 
modified in a positive way by coordination number. 

According to the experimental results, the coordi- 
nation of Tu to complex substrata of Cd(I1) shows the 
following stability sequence: NO2 - < SCN,H, 
< szoj2 ~. 

Enthalpy changes for similar reactions show a 
different sequence. The coordination of S20t- has 
more positive AH” changes in respect to the values 
relative to the other two ligands. In the coordination 
of SCN,H, or NO,- AH* is dependent on substrata 
and it is not possible to define an unequivocal se- 
quence. Consequently, the higher stability of thio- 
sulphate coordination comes from the entropy 
change. 

At least, the direct relation between AS” and AH” 
(AS” 2 0 a AH* 2 0) confirms the results of previous 
work.” 
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Abstract-The formation of n-alkylammonium complexes was studied using Na,Ti,O, and K,Ti,O, and 
the results for both compounds were compared. Alkylammonium complexes could be obtained from 
H,Ti,O, and H,Ti,09.H,0, which were prepared by HCI treatment of Na,Ti,O, and K,Ti,O, respectively. 
The complexes were formed by exchange of H+ with alkylammonium ions. Molecular intercalation of 
alkylamine was also possible with H,Ti,O,.H,O. However, alkylammonium complexes were not formed 
directly from Na*Ti,O, and from K;Ti,O,. Orientations of alkylammonium ions in the interlayer are also 
discussed in relation to the structure of the titanate layers. 

Organic intercalations have been thoroughly in- 
vestigated for clay minerals and for transition metal 
dichalcogenides.‘-3. However, there have been few 
studies on synthetic layered oxides. Organic com- 
plexes were first investigated for Na2Ti,0,, &NbsO,, 
and NaU0,V309.fi They were obtained by direct 
exchange of the interlayered alkali metals with al- 
kylammonium. These investigations did not pay at- 
tention to the structure of host layers. Most of the 
host materials have flat layers. 

In recent years, we found that HTiNbOs could 
absorb alkylammonium into its interlayer;’ HTiNbOS 
was prepared by the ion exchange of KTiNbO,. The 
tilting angle of the alkyl chain to the basal plane was 
71” in HTiNbOS complexes. It was much larger than 
56” which is the value found for clay minerals and 
transition metal dichalcogenides.*s3 The tilting angle 
might be different because the TiNbOS layer is un- 
even. It was not clear whether the organic complex 
was produced by the exchange of H+ with al- 
kylammonium cations or by the intercalation of al- 
kylamine which then formed alkylammonium with 
the interlayered proton taken into the interlayer at an 
earlier stage. 

There is a series of alkali titanates having the 
general formula A,Ti,O*, + , where A is an alkali metal 
and 1 <n I 8. K,Ti,O, and Na,Ti,O, have layers 
which are basically built up from four or three units 
of TiO, octahedra as depicted in Fig. 1. Their struc- 
tures belong to the monoclinic system. All Ti,O, 
layers stacking in the a-direction are constructed by 
exactly the same arrangement of three TiOs blocks in 
Na,Ti,O,. Sodium ions are distributed equally in 
every T&O, block. In K2Ti,09, every two Ti409 layers 
have the same configuration of Ti40, units. The con- 
vex and concave arrays are opposite in neighbouring 
layers. Potassium ions are accommodated in a widely 
opened space in the interlayer. Ion exchange and 
dehydration of these compounds have been stud&L8 
All sodium ion were substituted with proton in triti- 
tanate. In tetratitanate, half of the potassium ions 

*Author to whom correspondence should be addressed. 
tpermanent address: Research Laboratory, Osaka 

Cement Co. Ltd., Minamiokajima, Osaka 551, Japan. 

were exchanged with proton but the other half were 
substituted with H,O+ probably for structural rea- 
sons. The difference in structure between Na,Ti,O, 
and K,Ti409 and the presence of water in the latter 
may affect the formation of alkylammonium com- 
plexes. 

This paper deals with the formation of al- 
kylammonium complexes of trititanate and of tet- 
ratitanate from the viewpoint of reaction mechanism 
and of structure. The reaction was firstly investigated 
with NaZTi307, KZTi409 and their HCl-treated prod- 
ucts using n-propylamine or n-propylammonium as 
intercalants. The rate of reactions and the properties 
of products were then examined with various al- 
kylammonium ions having different lengths of alkyl 
chain. 

EXPERIMENTAL 
Na;Ti,O, was prepared by heating a mixture of Na,CO, 

and TiO, in the molar ratio 1: 3 at 800°C for 20 hr and for 
another 20 hr after grinding. K,Ti,O, was obtained by the 
reaction of K&O, and TiO, in the ratio 1: 3.5, using the 
same heat treatment as in the case of Na,Ti,O,. The 
hydrolyses of Na,Ti,O, (ca. 0.75 g) and K,Ti.,O, (ca. 1 g) 
were nerformed in 200 cm3 of 0.5 M HCl at 60°C for 3 davs. 
The icid solution was changed every day in order to rem&e 
alkali completely from the compounds. The products were 
washed with distilled water and dried in vacuum at 30°C. 
Hereafter we denote Na,Ti,O,, K*Ti,O, and their acid- 
treated products as Na-, K-, NaH- and KH-types, re- 
spectively. 

These materials (co. 50mg) were respectively sealed in 
glass tubes with 50% aqueous solution of n-propylamine 
(cu. 2ml). n-Propylamine 098% pure) was supplied by 
Nakarai Chemical Co. Ltd. n-Propylamine has a large 
dissociation constant of pK, = 10.53, so that most would be 
ionized as n-propylammonium in the presence of water.9 
Durations of reaction were about a month at 60°C. The 
glass tubes were shaken well during the reaction to keep the 
reaCtion homogeneous. We also investigated whether NaH- 
and KH-type compounds can intercalate n-propylamine 
molecules v&h or without addition of water. Exchange of 
the interlayered H+ or H,O+ was also investigated in 500/, 
aqueous solutions of n-alk;lammonium salts h&g vario;; 
lengths of alkyl chain. 

Excess alkylammonium ions were removed when the 
reactions were completed. The products were washed with 

Poly Vol. 2. No. 8--E 741 
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KITi,Og 

mOnoclinic 

a:le.zd 
b. 3.797A 
C.lZOli 
II.106 L’ 

Na,Ti,O, 

mOnoclinic 

o.a.s71A 
b.3.8Od 
c.9135f 
05101.57~ 

Fig. 1. Schematic crystal structures of K,Ti,O, and Na,Ti,O, and their crystal data.“~‘* 

acetone and dried in air. The products were characterized by 
X-ray powder diffraction. C, H and N contents were 
determined by conventional chemical analysis. 

RESULTS AND DISCUSSION 

Formation of alkylammonium-titanate complexes 
Exchange of interlayered cation with n- 

propylammouium was investigated with Na-, K-, 
NaH- and KH-type compounds. The amounts of 
n-propylammonium in the complexes were deter- 
mined by C, H, N chemical analysis on the products 
from NaH- and KH-compounds. They were plotted 
against run duration as shown in Fig. 2, and reached 
a maximum within a week. The lattice parameter, a, 
which can be related to basal spacing, expanded from 
8.08 to 16.63 A on the formation of the n-propyl- 
ammonium complex of NaH-compound, and from 
18.77 to 34.15 A in the case of the KH-compound. 
The expansions suggest that n-propylammonium is 
accommodated in the interlayer regions. The reaction 
did not proceed homogeneously. Both the original 
and the final a-parameters were observed in X-ray 
diffraction photographs of the compounds during the 
exchange reactions. On the other hand, there were no 
changes in the X-ray diffraction patterns of Na- and 

DlJrat10n (day) 

0 : KH-type.n-C3H,NHZ.H20 

0 NoH-lype.n-C,H,NH,.H,O 

0. K-type, Na-type.n-C,H,NH,.H,O 

Fig. 2. Reaction of n-propylammonium ions with Na,Ti,O, 
and K,Ti,O, and their HCl-treated products. 

K-type compounds even after three weeks. The aque- 
ous solution of n-propylamine is basic, while NaH- 
and KH-type compounds behave as Lewis acids. 
Acid-base interaction might enhance the exchange 
reactions with n-propylammonium cations. 

Experiments were carried out to determine whether 
the reactions of NaH- or KH-compounds with n- 
propylamine proceed by exchange of interlayered H + 
with n-propylammonium or by intercalation of n- 
propylamine which then forms propylammonium 
within the interlayer. The NaH-compound did not 
react with n-propylamine without the presence of 
water, as shown in Fig. 3. However, the pro- 
pylammonium complex was formed when water was 
added to the reaction system. These results suggest 
that the complex could be obtained by the exchange 
of H + with n-propylammonium. On the other hand, 
the propylammonium complex could be easily pre- 
pared from the KH-compound even if water was not 
added to the reaction system. 

The n -alkylammonium complexes were formed 
more rapidly from the KH-compound than from the 
NaH-compound. The amount of interlayered pro- 
pylammonium for the KH-compound reached its 
maximum value within a day, as shown in Fig. 3. In 

L OF--- ; 1 I 
10 15 2ov 

Duration (day) 

0 KH-type.n-C,H,NH,.H,O 

0 KH-type+C,H,NH, 

0 NaH-type.+C,H,N+HzO 

+ NaH-type. n-C,H,NH, 

Fig. 3. Effect of water on the reaction of n-propylamine 
with H,Ti,O, and H,Ti,O,.H,O. 
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the case of the NaHcompound, it still continued to Structure of the complexes 
increase after one day, and the reaction was com- The C, H and N percentages and the chemical 
pleted in a week. The rate of reaction was much formulae for tri- and for tetratitanate are listed in 
affected by the length of the alkyl chain, because Tables 1 and 2 respectively. The ratios of C/N in the 
alkylammonium ions had to diffuse through the products are almost the same as the values for 
interlayer space: the rate decreases with increase in corresponding alkylammoniums. These results lead 
length-of a&y1 chains. It took one month to obtain 
the maximum amount of n-C6H,$JH$ in the inter- 
layer region of NaH-compound. However, the reac- 
tion with the KHcompound finished within a week. 

The KH-compound has a composition of 
H2Ti409*H20, which can be rewritten as (I-I+, 
H,O +)Ti,09. Hydroxonium ions, H,O + , are proba- 
bly located in the wide interlayer space of tet- 
ratitanate as is K + in K,TbO,. The parts of the Ti,O, 
layers which do not accommodate interlayered ions 
face very closely to each other. Absorption of al- 
kylammonium increases the interlayer distance and 
decreases the repulsive force between neighbouring 
T&0$- layers. The interlayered water in the KH- 
compound may also keep the interlayer space open, 
so that it’is easy for tetratitanate to be intercalated by 
alkylamine, forming alkylammonium with the inter- 
layered proton. It is already known that prior inter- 
calation of a smaller molecule makes additional 

- - - 

25 - 
0: (n-CmH2m.lNH3)xH*-xTi34 

l : C~+&,,&!&+4@q 0 

20 - 

- -Q 

intercalation of a larger species possible.” This ion 
exchange is obviously possible in the case of the 

I I I I I 1 

KH-compound as shown in Fig. 3. In conclusion, the 
0 I 2 3 4 5 6 

KH-alkylammonium complex can probably be ob- 
Number otcarbordin h-C,H2,,,.,NH3f 

tained through both mechanisms, ion exchange and 
molecular intercalation. 

Fig. 4. Interlayer distances of alkylammonium-titanate com- 
plexes as a function of carborl number in the alkyl chain. 

Table 1. C, H, N contents and chemical formulae of n-alkylammonium-trititanate complexes 

c (be%) N(wt%) H(wt%) (n-C,,,H2,,,+lNH3)xH2_xTi307 

- 

4.30 1.99 (NH4)o 87Hl 13Ti307 . . 

3.45 3.90 2.37 (CH3NH3)o 17Ti3O7 . 83Hl . 

5.67 3.39 2.33 (C2H5NH3)0 32Ti307 . 6EHl . 

8.09 3.22 2.86 (n-C3H7NH310 32Ti307 . 6& . 
10.51 3.25 3.26 (n-C4HgNH310 31Ti307 . 6gH1 . 

16.18 3.28 4.14 (n-C6H13NH3)0.76Hl.24Ti307 

Table 2. C, H, N contents and chemical formulae of n-alkylammonium-tetratitanate complexes 

C(Wtz%) N (wt%) H(wt%) (n-C,,,H2m+lNH3)xH2_xTi40g~yB20 

- 
2.73 1.70 (NH410 72Hl 2,3Ti40g'1.06H20 

. . 

2.82 3.25 2.10 (CH3NH310 . 8gHl . llTS40g'0.75H20 

5.25 3.26 3.01 C2H$H3)o 0gTi40g'2.09H20 . glHl . 
8.15 3.32 2.95 (n-C3H7NH3jo OBTi40g~0.86H20 . g2Hl . 

10.69 3.17 3.61 (n-C5HgNH310 . g7Hl . 03Ti40gS1.53H20 

14.69 3.62 4.27 h-C5H11NH3)1 86Ti40g'1.S2H20 . 14H0 . 
13.89 3.13 4.02 h-C6H13NH3)0 12Ti40ge1.56H20 . **HI . 
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Table 3. Lattice parameters of n-alkylammonium-titanate complexes 

n-alkylammonium 

ammonium 

methylammonium 

ethylammonium 

propylammonium 

butylamonium 

pentylammonium 

hexylammonium 

T 
T 

trstitanate 

a(;;) b(i) c(i) Hdeg. 

9.45 3.75 9.05 95.0 

12.55 3.78 9.23 102.0 

15.06 3.78 9.27 103.0 

16.63 3.76 9.27 103.0 

18.31 3.76 9.21 100.0 

22.01 3.76 9.21 100.0 

24.91 3.76 9.21 100.0 

tetratitanate 

aA b(i) CC;;) Bfdeg.) 

21.54 3.78 11.60 105.0 

19.60 3.78 11.54 104.0 

30.60 3.78 11.78 108.0 

34.15 3.78 11.78 108.0 

37.92 3.78 11.54 104.0 

44.07 3.78 11.54 104.0 

50.59 3.78 11.54 104.0 

Parameters, a, b, c, were initially calculated using reflections 100, 020 and 002. The value of /l was 
estimated using the parameters of a, b and c and reflections 101, 10i and/or 201 of trititanate complexes. 
Lattice parameters of tetratitanate complexes were similarly calculated using reflections of 200, 020, 003, 
101 and 301. The values were then refined by the least squares method for all diffraction lines. Accuracy 
might be not so good for the longer alkylammonium complexes as for ethylammonium because they 
showed only a few X-ray diffract& lines. 

to the conclusion that alkylammonium ions were 
absorbed in the titanates without decomposition dur- 
ing the reactions. Chemical formulae presented in 
Table 1 suggest that less than half of the interlayered 
protons were substituted by alkylammonium in 
H2Ti307. X-Ray powder diffractions of all the prod- 
ucts could be indexed as monoclinic, having almost 
the same lattice parameters as those of H2Ti307 
except for a. The parameters are summarized in Table 
3. The unit cell in the basal plane has a dimension of 
b . c = 3.8 x 9.2 A2 for trititanate. Two alkyl chains 
standing perpendicularly to the T&O, layer can be 
accommodated in one T&O, unit of the basal plane 
because the van der Waals radius of an alkyl group 
is about 2 A. However, judging from the results given 
in Tables 1 and 3, it is reasonable to estimate that half 
of the protons were substituted for alkylammonium, 
forming double layers in the interlayer region. Al- 
kylammonium and proton stand alternately within 
the same layer. In the case of H2T&09.H20, Table 2 
suggests that only the proton was exchanged with 
alkylammonium, leaving H30 + as it was in the 
interlayer. Alkylammonium and hydroxonium stand 
alternately in the same interlayer, forming a double 
layer of these ions. Such an arrangement is also 
acceptable judging from the unit cell size of 6 .c = 
3.8 x 12A2. 

Interlayer distances of the alkylammonium com- 
plexes are plotted against the numbers of carbons in 
alkylammonium chains, as presented in Fig. 4. They 
were roughly estimated as a sin fi in trititanate and 
a/2 sin B in tetratitanate. They increase almost lin- 
early with the number of carbon atoms, having a 
gradient of 2.1 &carbon number. The alkyl chains 
grow by 1.27 A per added carbon. The gradient 
therefore suggests that the interlayered al- 
kylammonium ions form double layers with their 
terminal NH: groups pointing to the host (T&O,)‘- 
and (T&O,)-’ layers. The inclination angle of the 
alkyl chain to the basal plane is sin-’ 
(2.1/1.27 x 2) x 57”. This value is about the same as 
those observed for intercalation compounds prepared 
using materials with flat layers such as clay minerals. 
The structure of the host (Ti,0,)2- and (Ti.,09)2- 
layers does not seem to affect greatly the tilting of 
alkyl chains in the interlayer. The interlayer distance 
of the methylammonium-tetratitanate complex was 
well off the line presented in Fig. 4, and was not very 
different from the value for the ammonium complex. 

The ammonium ion is spherical having an ionic 
radius of 1.5 A; methylammonium has a length of 
about 5 a because the van der Waals radius of an 
alkyl group is 2A and the covalent bond distance. 
between C-N is 1.5 A. The dimensions of the unit cell 
are b . c = 3.8 x 12 A in the basal plane of tet- 
ratitanate. Methylammonium ions can lie horizon- 
tally in the basal plane. Ethylammonium cannot have 
the same configuration as methylammonium because 
its length of 6.5A is greater than half the c- 
parameter. In the case of trititanate, the unit cell is 
not large enough to accommodate even methyl- 
ammonium when keeping its alkyl chain horizontal. 
Thus all the alkylamonium ion, C,,,H,+ ,NH:, have 
the same orientations in the series m = &6. 

In summary, alkylammonium complexes were ob- 
tained from H2Ti307 and H2Ti409.H20. The inter- 
layered proton was exchanged with alkylammonium. 
Molecular intercalation was also possible with tet- 
ratitanate. Slopes of alkyl chains in the complexes 
were not much different from those of flat layered 
materials, in spite of the convex and concave features 
of uneven host layers in the titanates. 
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Abstract-Chlorometallates of transition and B subgroup elements are readily prepared 
and precipitated by reaction of the corresponding metallic salts with l-methyl-4,4- 
dimercaptopiperidinium chloride. These chlorometallates investigated were [ZnC1,12-, 
[CdCl,]- , [CoCl,]‘- , [CuCl=J3- and [FeC1.J2-. Strong S-H . . . Cl interactions, but not 
N-H . . . Cl, have been evidenced by IR spectroscopy in the zinc, cadmium and cobalt 
complexes. The S-H and N-H absorptions are observed at = 2480 cm - ’ and 3060 cm-‘, 
respectively. Partial deuteration of the [ZnC1,12- complex with d,-methanol, shifted these 
IR signals to 1800 and 2260 cm -I, clearly evidencing a X-hydrogen type of bond. The 
S-H . . . Cl interaction is smaller in the [FeCld12- complex, and practically nonexistent in 
the [CuC1,13- complex. 

Ambidentate ligands which may, in principle, co- was prepared according to a reported method.4 
ordinate through nitrogen or sulfur have received Hydriodic acid (Merck) was purified by the hypo- 
considerable interest. A great deal of work has phosphorous acid method.s Unless specifically 
been done with /I-mercaptoamines2 and recently mentioned all other reagents and solvents were 
with 1-methyl-4-mercaptopiperidine.2*3 How commercial grade and were used without further 
ever, amino-gem-dithiols, i.e. ligands with two purification. Elemental analyses were performed in 
thiol groups on the same carbon and an amine our laboratories. All melting points are un- 
group in the molecule, have not been studied. corrected. 

We report in this communication the syntheses 
of halocomplexes of the first transition series and 
I-B and II-B subgroups, which are crystallized as 
salts of I-methyl-4,4-dimercaptopiperidinium, an 
amino-gem-dithiol cation. These compounds (the 
copper compound excepted), display strong 
S-H . . . Cl interactions. In addition, the N-H 
bond is very little externally perturbed if at all. The 
complexing ability of the I-methyl-4,4-dimer- 
captopiperidine ligand will be the object of a 
following communication. 

[C,H,,NS,]X (X = Cl, Br, I) 
Bromide (II) and iodide(II1) salts of [C,H,,NS,] 

have been prepared following the procedure used 
for chloride(I).4 Hydriodic acid (57%) and hydro- 
bromic acid (48%) have been utilized instead of 
hydrogen halides. 

General 

EXPERIMENTAL 

IR spectra were determined on a Beckman IR- 
20A as KBr pellets. The IR spectral data are listed 
in Table 1. The UV-visible spectra were recorded 
on a Beckman, Acta III. The 1-methyl4- 
piperidone (Fluka) was distilled before use. The 
gem-dithiol 1 -methyl-4,4-dimercaptopiperidine 

A solution containing 2 g (14.6 mmol) of ZnCl, 
finely divided in ethanol and 1.5 cm3 of hydro- 
chloric acid (36%) was slowly poured into a stirred 
solution of 2 g of [C,H,4NS2]Cl (10 mmol) in eth- 
anol previously filtered. A white, crystalline solid 
separated, m.p. 116S”C (dec). Found: Zn, 12.2; Cl, 
26.4; S, 23.3. Calc: Zn, 12.2; Cl, 26.5; S, 23.9%. 

[C,H,4NSJCdC13.1.5H20 (V) 

*Author to whom correspondence should be ad- 
dressed. 

A stream of hydrogen chloride was passed 
through a methanolic solution of 1 g (4.4 mmol) of 
CdC1,.2.5H20, for 5-10min. A methanolic solu- 
tion of 1.3 g (6.5 mmol) of [CsH,,NS2]Cl was 
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Table 1. IR spectral data 

II 

III 

Iv 

v 

VI 

VII 

VIII 

2940(s), 2910(s), 2680(rs), Soots), wws), %4O<sh ZqWvs), 

1465(vs), 1440(m), 1415(m), 1400(m), l3OO(m), 1260(m), 116O(ma), 

i&o(m), 1osofs), 1040fm), 985(m), 965(s), 800(s), 760(m). 

2940(s), 2920(s), 2700(*s), 247O(vs), 147O(vs), 14OO(=j), 1310(m), 

127Oh), 1170(m), lO9O(m), lo@, 980(s), 960(s), 800(s), 770(m). 

2940(s), 2720(w), 2470(vs), 146O(vs), 1400(s), 1310(m), 1265(m), 

1170(m), 1050(s), 3030(m), 980(m), 970(5), 960(m), tloo(m), 760(m). 

3060W, 2480(s), 147Okd, 1450(a), 1410(m), 1380(s), 1365(a), 

1315(m), 1170(s), 1120(m), 1050(m), 1030(m), lOOO(sf, 980(s), fW+ 

760(m), mfs,sh), 270(-,sh). 

344ofm,b), 305O(vs), 2470(s), 146O(vs), l445(s)r 1410(m), 1370(s), 

1310(m), 1170(m), loso( 1030(m), 980(s), 970(s), 950(m), 820(m), 

760(m), 340(w), 2Wu,sh), 250(v). 

3440(m,b), 306O(vs), 2500(s), 2480(s), 147O@s), 1450(s), 1410(m), 

137o(vs), 1310(m), 1270(m), 116O(vs), 1120(s), 1080(m), lo!iots), 

1030(s), 99o(vs), 97O(vs), 820(s), 800(m), 760(s), 49O(W),47O(Wh 

33o(m,sh), 3lO(s,sh), 29S(s,sh), 2&S(=). 

34OO(s,b), 2950(s), 2680(s), 258o(s,b), U70(5), l44o(m), 1310(m), 

l260[m), 1160(m), 1050(m), 10300(m), 970(s), 800(m), 740(m), 301(w), 

300-%0(v,b). 

WO(s,b), JOOO(s,b), 2980(s), 2760(s), 2500(s), 1470hh 1420(m), 

1370(m), 1310(m), MO(~), 1170(m), 1060(m), 1030(m), 1000(m), 980(s), 

760&f, 280(s). 

treated in the same way. Both solutions were mixed 
and, upon partial removal of the solvent at room 
temperature by means of a rotary evaporator, 
white crystals of (V) separated. After the first 
crystals were formed the vessel #ntai~ng them 
was separated from the rotary evaporator and 
cooled with ice-water until no more precipitation 
was observed. The white crystals were filtered and 
washed with cold methanol containing hydrogen 
chloride. Found: Cd, 27.2; Cl, 26.3; S, 15.4. Calc: 
Cd, 27.4; Cl, 26.0; S, 156%. 

[C,H,,NS&CoCJ.H20 (VI) 
The method described for (V) was used with few 

variations (ethanol as solvent and CoCl,.6Hz0 as 
the metallic salt) to synthesize (VI). The precip- 
itation of blue crystals takes several days unless 

ether is added (m.p. = 117°C (dec)). Found: Co, 
10.6; Cl, 25.8; S, 23.4. Calc: Co, 10.7; Cl, 25.9; S, 
23.4%. 

A stream of hydrogen chloride was passed 
through a ethanolic solution of 2 g (9.7 mmol) of 
CuC1,.4H,O until a yellowish red coloration is 
obtained ( = 20 min). An ethanolic solution of 2 g 
(lOmmo1) of [C&,,NSJCl was saturated with 
hydrogen chloride as before, 

Upon mixing, a yellow precipitate separated. it 
was filtered, washed with ethanol containing some 
hydrogen chloride and dried under vacuum. The 
compound is yehow but becomes greenish unless 
kept in anhydrous atmosphere. Found: Cu, 8.03; 
Cl, 22.4. Calc: Cu, 8.05; Cl, 22.5%. 
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[C,H,,NS&FeCl,.H,O (VIII) 
A stream of hydrogen chloride was passed 

through a solution of 2 g (10 mmol) of 
[C,H,,NS&l in degassed absolute ethanol. In an- 
other vessel were introduced 1 g (5 mmol) of 
FeCl,.4H,O, a small piece of pure metallic ion and 
enough degassed absolute ethanol to dissolve the 
metallic salt. Hydrogen chloride was passed during 
a lo-min period. By mixing both solutions a pale 
yellow solid immediately separated. The precip- 
itation was complete in a 34 hr period. The solid 
was filtered and rinsed, first with cold degassed 
absolute ethanol containing some HCl, finally with 
dry ether. The solid was dried under vacuum. 
Found: Fe, 10.1; Cl, 25.9. Calc: Fe, 10.2; Cl, 26.0%. 

Partial deuteration of [C,H,,NS,],ZnC14 (IX) 
Compound (VII) was dissolved in d,-methanol. 

After 2 hr the resulting solution was roto- 
evaporated down to dryness yielding a white solid. 

RESULTS 

Reaction of metallic salts of transition and B 
sub-groups elements: ZnCl,; CdCl,.2.5H,O; 
CoCl,.6H,O; CuCl,.4H,O; FeCl,.4H,O with 
1-methyl-4,4_dimercaptopiperidinium chloride 
yields, in alcohols and in presence of hydrogen 
chloride, halometallates of I-methyl4,Cdimer- 
captopiperidinium. In absence of hydrogen chlo- 
ride metal complexation would take place via 
sulphur. 

The identity of the species containing the anions 
[CoCl,]’ -, [ZnClJ - and [FeClJ2 - was definitively 
established by their elemental analysis and far IR 
spectroscopy (Table 1). Besides, the absorptions 
centered at N 685 nm, c N 700 in VI, are in good 
concordance with literature data for [CoCl,12- 
complexes.6 Unfortunately, not so much spec- 
troscopic information is available regarding the 
structures of (V) and (VII). Discrete species 
[CuCl,13- are known to exist in the series 
[M(NH&,]CUC&. However, most of the com- 
pounds whose stoechiometry could indicate the 
presence of the anion [CuClJ3 - are actually made 
up of [CuClJ’- and Cl- .’ According to litera- 
ture data, the most energetic absorptions due to 
[CuCl,12- and [CuCl,13 - species happen to be 
between 280-305 and 256-280 cm-‘, 
respectively.’ The corresponding absorption in 
(VII) is at 301, and the next one at 287cm-’ 
favouring, therefore, a [CUC~,]~-/C~- species. The 
existence of Cd-Cl bonds in (V), is clearly proved 
by IR absorptions at 280 cm -I, However, the IR 
information is not sufficient to choose among the 

different structural possibilities of the tri- 
chlorocadmiates. 

DISCUSSION 

Complexes having gem-dithiol ligands have not 
been described in the literature. The scarcity of 
gem-dithiols, and the sulfur atom tendency to form 
bridges between two metal atoms poses serious 
difficulty to use them as complexing ligands. We 
have evidenced this difficulty using the ligand 
1-methyl-4,4-dimercaptopiperidine to complex 
VIIIB and IIB transition metal ions.’ However, 
the N-methyl-4,4-dimercaptopiperidinium ion has 
been shown to be very efficient to precipitate 
halocomplexes of VIIIB, IB and IIB metal ions. 

An interesting point about some of these salts is 
the formation of hydrogen bonds S-H . . . Cl, and 
the existence of non externally perturbed H-N 
bonds. We arrived to this conclusion upon obser- 
vation of the IR spectra of these complexes in the 
3500-2000 cm - ’ range. Strong absorptions at 
= 3060 and N 2480 cm- ’ stand out in the spectra 
of (IV), (V) and (VI). Deuteration of (IV) by means 
of d,-methanol, and IR spectral analysis of the 
deuterated sample indicated that these absorptions 
were due to hydrogen participating bonds, where 
the hydrogen atom is easily replacable by deu- 
terium. Two new bands at 2260 and 1800 cm-’ 
were observed as a result of the deuteration. The 
ratios of frequencies between the corresponding 
former and new bands are 3060/2260 = 1.35 and 
2480/1800 = 1.37 in good agreement with the ex- 
pected ratios for N-H or S-H: 1.37 and 1.39, 
respectively. Accordingly, the absorptions at 3060 
and 2480 cm -’ in IV are due to bonds having labile 
hydrogens, i.e. in this case S-H or N-H. The IR 
spectrum of (IV) in the 3200-2200 cm-’ range is 
depicted in Fig. 1. We have attributed the absorp- 
tion at 3060 cm-’ to the N-H bond, for the S-H 
bond absorbs at 26O(r2570cm-’ when it is not 
externally perturbed. Moreover, the S-H absorp- 
tion moves to lower wavenumbers when the proton 

/ v 
I I I 

3000 2600 

Fig. 1. IR spectrum of [C6H,4NS2]2[ZnClJ in the range 

3200-2200 cm- ‘. 
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is participating in a hydrogen bond. According to 
Chenon and Sandorfy’s prediction this absorption 
at 3060 cm -’ corresponds to a non-externally 
perturbed N-H bond.9s’0. 

Absorptions near 2500 cm - ’ are observed in the 
IR spectra of amine halohydrates (e.g. 2510cm-’ 
in triethylammonium chloride)’ and are attrib- 
uted to hydrogen bonds N-H. . . Cl. However, the 
N-H absorption at 3060 cm - ’ in (IV), (V), (VI) 
suggests that N-H does not participate, at least 
strongly, in hydrogen bond formation and con- 
sequently, no N-H bonds would be expected 
around 2500 cm-’ for these compounds. There- 
fore, we assign the absorption at 2480 cm-l to the 
S-H bond. The unusual strong intensity of the S-H 
absorption in these spectra is attributed to hydro- 
gen bond formation. Supporting our assignation 
are the strong absorptions at 2400 and 2520 cm-‘, 
that are observed in l,l-dimethyl-Cmercap- 
topiperidinium chloride and 1,l -dimethyl-4- 
mercaptopiperidinium trichloroestannate, respect- 
ively. I1 None of these compounds has a N-H 
bond that could give rise to these absorptions. 

The assignation is further corroborated com- 
paring the position of this absorption in 
[C,NSH,,],[CoCl,] and [C6NS2H,,],[CoC1,]. As may 
be seen in Fig. 2, the cations are identical except 

SH 

H&--N 
/ : 

H+jSH 

H SH H 

(a) (b) 

Fig. 2. The cations I-methyl-4,4-dimercaptopiperid- 
inium (A), and I-methyl-4-mercaptopiperidinium (B). 
Piperidine hydrogens have been omitted for clarity. 

that one is a gem-dithiol, and the other is a 
monothiol. Because both salts have the same an- 
ion, any difference in the position of the S-H 
absorption must be due to the cation. It is gener- 
ally accepted that the strength of the hydrogen 
bond is dependent on the acidity of the proton and 
the electronegativity of the two elements bonded 
by hydrogen. The pK, of l-methyl-rl-mercap- 
topiperidine is 9.5’* and the pK, of 
l-.methyl-4,4_dimercaptopiperidine, calculated 
from the former using Taft and Hammett’s param- 
eters is 7.5.13 These pK values suggest that the 
strongest hydrogen bond should take place in 
[C,NS,H,,],[CoCl,]. This compound should, there- 
fore, display a SH absorption at lower frequency 
and with higher intensity than [C,NSH,,]2[CoCl,]. 
The experimental results are 2530(m)cm-’ for 

[CsNSHl.,]2[CoClJ14 and 2480(s) cm - ’ for 
[C,NS2H14],[CoC14] in concordance with our inter- 
pretation. We believe, therefore, that in com- 
pounds (IV), (V) and (VI) there is a hydrogen bond 
uia SH connecting the halocomplex and the cation. 

The IR spectrum of [C,N!!&H,,],[CuCl,] displays 
absorptions at 2680(s) and 2580(s) cm-’ but none 
of both above discussed. These absorptions at 2680 
and 2580 are in the typical range for ammine 
halohydrates and are indicative of a hydrogen 
bond via N-H. In [C6NS2H14],[FeC14] it is proba- 
ble that both types of hydrogen bond via S-H and 
N-H coexist because the IR absorption at 
3OOO(s, b) and 2500(s) suggest a S-H hydrogen 
bond type and the absorption at 2760 a bond of the 
N-H type. 

As can be seen from the former discussion all 
halocomplexes described here, except [CuC1J3-, 
manifest a tendency to form hydrogen bonds via 
SH. This trend is very clear in the [CoCl,]*-, 
[ZnC14]*- and [CdCl,] - but not so much in 
[FeCl,]*-. On the contrary, [CuC1,13- does not 
show it since the hydrogen bond is formed via 
N-H. The reason may be that [CuCl,13- is actually 
made up of [CuCl,]*- and Cl -. 
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2. 

3. 

4. 
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Abstract-The bonding in &so-boron hydrides, B,H,,- (where n = 5-12), is considered 
to be the sum of all possible n(n - 1)/2 boron-boron interactions. The bonding energy u 
between any pair of boron atoms is taken to depend only upon the internuclear distance 
d, and to be given by u = l/d* - l/d. This scheme can be used to rationalize details of 
molecular geometry and also allows the relative importance of various intramolecular 
rearrangement pathways to be assessed. This method is compared with alternative 
approaches to treating the bonding in these molecules. 

In a recent paper’ we have proposed a new 
approach which may be used for the prediction of 
the structures and the intramolecular rear- 
rangement pathways for the close-boron hydrides, 
B,H,‘-. It is assumed that every boron atom is 
directly bonded to every other boron atom, the 
bonding depending only upon the interatomic dis- 
tance. A convenient relation between the bonding 
energy uii and the interatomic distance di/ between 
boron atoms i and j is of the form: 

1 1 
u”=Jj-q. 

The total bonding energy of the molecule is then: 

U=& (2) 
ij 

Fitting this function vs the known crystal struc- 
tures of [zn(NH3),][B8H8]2 and Rb2[B9H913 yields 
x N 2 and y N 1. A particular advantage of this 
approach is its extreme simplicity which allows 
structures to be calculated without imposing any 
symmetry on the molecule and allows a wide range 
of reaction coordinates to be examined for the 
intramolecular rearrangement of these com- 
pounds. 

*Author to whom correspondence should be ad- 
dressed. 

In this work we complete the analysis of the 
close-boron hydrides and compare the results with 
those obtained from experiment and with those 
obtained from PRDDO calculations by Lipscomb 
et al.” and from MNDO calculations by Dewar 
and McKee.’ Future work will extend this ap- 
proach to nido-, arachno- and hypho-compounds. 

RESULTS 

B,H; - 
The structure calculated for BSH,2- using a 2: 1 

potential is a trigonal bipyramid, the distances 
between the boron atoms and the polyhedral cen- 
tre being rq = 1.220 and r,, = 1.445 (r,,/r,, = 
0.844). The bonding energy U = - 2.4692. A tri- 
gonal bipyramidal &h symmetry was assumed for 
the PRDDO calculationq5 the resulting structural 
parameters being req = 1.06 A, r,, = 1.19 A and 

reslraX = 0.89. The B,H,2- anion is experimentally 
unknown. 

B,H,2 - 
The present calculations show that the regular 

octahedron is the stable geometry, r = 1.352, 
U = - 3.6928. The octahedral structure is the 
experimentally observed structure for 
(Me,N),[B,HJ,9 r = 1.20 8, and is also that found 
from PRDDO”’ calculations, r = 1.20 A, and from 
MND08 calculations, r = 1.225 A. 

Using the 2: 1 potential the trigonal prism lies 
0.0371 units higher in energy, r = 1.381, 
U = - 3.6557, the angles the polyhedral centre- 

749 
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boron atom vectors make with the three-fold axis 
being 50.6”. The PRDDO and MNDO calculat- 
ions show the trigonal prism is 728 kJ mol -I and 
296 kJ mol- ’ respectively less stable than the octa- 
hedron. A lower symmetry (C,) transition state 
for the rearrangement of B,Hz- with an activation 
energy of 347 kJ mol - ’ located from the PRDDO 
calculations could not be located using our model. 

l&H? - 
Using the 2: 1 potential the pentagonal bi- 

pyramid was found to be the stable geometry for 
B,HT- with res = 1.489, r, = 1.229, rq/rsx = 1.212. 
A pentagonal bipyramidal structure was assumed 
for the PRDDO calculations’ yielding rcs = 1.35 A, 
r, = 1.13 A, req/rax = 1.20. The pentagonal bi- 
pyramid was also found from MNDO 
calculations,s rq = 1.399 A, r, = 1.190 A, res/ 

r, = 1.176. These three sets of results are in 
Yapproximate agreement but in contrast to early 
‘EHT calculations’O*‘l which assumed penta- 
gonal bipyramidal stereochemistry with Bq - 
B, = 1.80 A, the stable structure being found 
at r,/r, = 0.92. The structure of B,H,‘- is experi- 
mentally unknown although “B NMR spectra are 
consistent with a pentagonal bipyramidal struc- 
ture.‘O 

Using the 2: 1 potential, the capped octahedron 
and the capped trigonal prism lie 0.0085 and 
0.0087 energy units above the pentagonal bi- 
pyramid (Tables 1 and 2). The capped trigonal 
prism lies 106 (or 148)‘* kJ mol-’ above the 
pentagonal bipyramid from the MNDO calcu- 
lations. 

BsH,2 - 
The Dzd dodecahedron is the most stable struc- 

ture calculated using x = 2, y = 1. The calculated 
stereochemical parameters, rA = 1.563, rB = 1.351, 
r,/r, = 1.157, 4A = 35.6”, &, = 107.4” are in agree- 
ment with the known crystal structure of 

LWN-h)41[B8H812: rA= 1.51 A, r, = 1.31 A, 
rA/r,, = 1.15, $A = 31.1”, cj~a = 105.7”. The dodeca- 
hedral structure is similarly found to be the most 
stable stereochemistry from PRDDO’ and 
MND08 calculations, the structural parameters 
again being reasonable (rA = 1.476 A, rB = 1.257 A, 
r&r, = 1.17, 4A = 31.6” 
r, = 1.495 A, rB = 1.3i8AdB= l$ie 1.:;: 
$A = 33.!?, cjB = 102.5” respeciively). 

9 

The 2: 1 potential shows the bicapped trigonal 
prism to be the next most stable stereochemistry at 
0.0013 energy units above the dodecahedron.’ 
The bicapped trigonal prism was also found to be 

Table 1. Structural parameters (degrees) for seven-atom polyhedra“ 

polyhedron s-try etom 6 e I 

pentagonal bipyramfd 
Sk 

A (0.0) 1.229 

B (90.0) (0.0) 1.489 

upped octahedron %I 
A (0.0) 1.790 

B 65.0 (0.0) 1.395 

g 125.0 (60.0) 1.333 

cepped trigonal prism c21 
A (0.0) 1.737 

B 70.2 47.8 1.431 

P 138.5 (0.0) 1.290 

Sri e ues in parentheses are enforced by symmetry or by choice of axes. 

Table 2. Bonding energies for seven-atom polyhedra 

polyhedron n U_U(pentagonal bipyramid) 

pentagonal bipyramid -5.1048 0.0000 

upped octahedron -5.0962 0.0085 

capped trigonal prism -5.0961 0.0087 
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the next most stable stereochemistry from the 
PRDDO and MNDO calculations, at 15 and 8 kJ 
mol - ’ respectively above the dodecahedron. 

B,H,Z - 
The results using the x = 2, y = 1 potential for 

B,H,*- have also been reported previously.’ The 
tricapped trigonal prism is the most stable 
structure, with rap = 1.633, rprism = 1.423, 

rcap/rprism = 1.148 and C$ = 46.6”. The tricapped tri- 
gonal prismatic structure was assumed for the 
PRDDO calculations,’ which yielded rap = 
1.57 A, rprim = 1.42 A, r,,/r,,, = 1.11, 4 = 
51.2”. In contrast, the MNDO calculations’ 
yield the capped square antiprism as the most 
stable structure, with the tricapped trigonal prism 
being less stable by 98 kJ mol - ‘. The 2: 1 potential 
calculations show that the capped square antiprism 
is less stable than the tricapped trigonal prism by 
0.0021 energy units.’ 

The experimentally observed structure in 
Rb2[B,H,]’ is a tricapped trigonal prism, 
r 1.630 A, 1.434A, r lr = 1.14, 
~=~O.l’. In [B~r~,~S~e2)J13 one s~~p~~~atorn is 
attached to a prism boron atom and the other 

sulphur atom to the truns-capping atom. For all 
nine boron atoms, reap = 1.63 A, rtism = 1.44 A, 

rcap/rprism = 1.13, 4 = 52”. If only the seven BH 
groups are considered, rap = 1.63 A, rprism = 1.46 A, 

rcap/rprism = 1.11, C#J = 52“ and if only the two BSMe, 
groups are considered, rEap = 1.63 A, rprism = 1.33 A, 

r,,lr,ti, = 1.23, C$ = 52”. 

B,,H:, 
With the imposition of no symmetry elements, 

the x = 2, y = 1 potential yields the bicapped 
square antiprism as the stable structure for B,,H:; . 
The calculated structural parameters, rap = 1.729, 

rantiprism = 1.480, rcap/rantiprim = 1.17, C#J = 63.0”, may 
be compared with rap = 1.84 A, rantiprism = 1.51 A, 

r,plr,,tiprism = 1.22, 4 = 60“, observed for a variety 
of bicapped square antiprismatic molecules (Table 
3). A bicapped square antiprism was the assumed 
structure for the PRDDO calculations,5 which 
yielded r = 1.75 A, 

l.%, 
rantiprism = !.46A, 

rcaplr,,tiprism = 4 = 60.3”. A bicapped square 
antiprism was similarly obtained from MNDO 
calculations,* rap = 1.822 A, rantiprism = 1.540 A, rap/ 

rantiprim = 1.18, 4 = 60.7”. 
A number of approaches were used to consider 

Table 3. Structural parameters (degrees and A) for bicapped square antiprismatic molecules 

LP ~tiprism 
SL 
Gnti.risra 

* cap-centre- uef 
can 

c”2[Blo~lol 1.86 1.51 1.24 60 179 14 

~2[*10~g.*10Bg~~ 1183 1.49 1.23 60.4 175.3 15 

(Et3NW2 1 (B10~g)2NOlb 
1.85 1.53 1.21 60.3 178.5 16 

(~4N)2~BloB7C13~c 
1.82 1.52 1.20 61.1 176.8 17 

d 
I~~3F~2Cu12~*~oB~ol~C13- 1.82 1.49 1.22 59.8 179.5 18 

[*loBB(B~2)21e 
1.84 1.51 1.22 60.5 177.4 19 

d Two bicapped square antiprisms are linked through BiIB bridges to antiprism 

atoms. Neglecting these atoms. rcao/r 
_ antiprism 

- 1.8311.49 - 1.23. = 60.2'1 

1? The nitrosyl Broup links two bicapped square ontiprisos through capping 

atoms. Neglecting these atoms, r Ir 
-cap -antiprism 

- 1.0711.53 - 1.23. $ - 60.2'. 

I One chlorine atom is attached to a eappinB atom and NO chlorine atoms to 
antiprism atoms. For the BCl groups, I jr 

-cap -antiprism 
- 1.8611.46 - 1.27, 0 - 

60.2'. For the BH Broups. T fr 
-cap -antiprism - 1.7811.54 - 1.16. 0 - 61.0.. 

1 Each copper atom asyuauetrically bridges a capping site and an antiprism 

site. CPH 
cap 

- 1.86:. Cu-8 
antiprism 

- 2.075;. For these four chemically 

simtlar boron atoms. r /I 
-cap -antiprism - 1.8211.46 - 1.25. 0 - 59.3.. 

1 The SIG2 Broup is attached to one capping atom, and one of the antiprism 

borm~at~ms IS bonded to the other half of the dimer. For all other BH groups. 

~ap/r_tiprism - 1.89/1.51 - 1.25, $ - 60.8'. 
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possible intermediates for the intramolecular rear- 
rangement of B,,H:,, including those based on 
classical geometrical polyhedra and those based on 
fragments of close packing. 

There are no regular polyhedra available for a 
cluster of ten atoms in which all vertices are 
identical, all edges are identical, and all faces are 
identical. There are two semiregular polyhedra in 
which all vertices are identical, that is, all boron 
atoms are the same. These are the pentagonal 
prism with regular pentagonal and square faces 
and the pentagonal antiprism with regular pen- 
tagonal and equilateral triangular faces (Fig. 1). 

Five non-uniform convex polyhedra can be con- 
structed with regular polygons as faces (Fig. 2). 
These have more than one type of vertex, that is, 
there are boron atoms in different environments. 
The bicapped square antiprism has 16 triangular 
faces, the sphenocorona has two square and 12 
triangular faces, the bicapped cube has four square 
and eight triangular faces, the bidiminished ico- 
sahedron has two pentagonal and ten triangular 
faces, and the capped tridiminished icosahedron 
has three pentagonal and seven triangular faces. 
The detailed shapes of these polyhedra change 
using the x = 2, y = 1 potential, the structural 
parameters being listed in Table 4. The bi- 
diminished icosahedron does not exist as a min- 
imum under the constraints of C,, symmetry with 
the two mirror planes containing four atoms and 
two atoms respectively, but turns into a 
sphenocorona with substantial creasing of the two 
pentagonal faces ABDIC and ABEJF (Fig. 2b). 

A capped tridiminished icosahedron (Fig. 2e) is 
a particular case of a general series of structures 
with C’,, symmetry and can be considered as a 
1: 3: 3: 3 stack (Fig. 3a). A “tetracapped trigonal 
prism” (Fig. 3b) is closely related, being a 1: 3 : 3 : 3 
stack; this polyhedron is not convex if constructed 
from equilateral triangles. Both of these polyhedra 
grossly distort using a 2: 1 potential to form the 
“trirhombohedron” containing three rhomboidal 
and ten triangular faces (Fig. 3c and Table 4). For 
a “hard sphere model” trirhombohedron, that is, 
one in which all edge lengths are identical, the 
dimensions of each rhomboidal face is given by 
ABE = 72.0”, BAC = 108.0”, and the ratio of the 

Fig. 1. Pentagonal prism and pentagonal antiprism. 

” 
J (3 (b) ” (C) J 

Fig. 2. (a) Bicapped square antiprism. (b) Spheno- 
corona. (c) Bicapped cube. (d) Bidiminished ico- 

sahedron. (e) Capped tridiminished icosahedron. 

long diagonal to an edge is BC/AB = (JS + 1)/2. 
This ubiquitous “golden ratio” is also found in 
other rhombic polyhedra. For example the rhom- 
bic triacontahedron consists of 30 equal rhom- 
boids in which the ratio of the long diagonals to the 
short diagonals is (45 + 1)/2. It may be noted that 
a trirhombohedron can be considered as half a 
regular icosahedron fused to half a rhombohedron 
(Fig. 4). Alternatively, a trirhombohedron can be 
formed if one face of a regular icosahedron is 
coalesced to a point. The trirhombohedron created 
using the x = 2, y = 1 bireciprocal potential is 
slightly distorted with a small creasing of each 
rhomboid along a long diagonal, the dihedral 

(a) (b) 

A 
C 

D fc’, a Q I”*- E 
J 

H 

(cl 
Fig. 3. (a) Capped tridiminished icosahedron. (b) Tet- 

racapped trigonal prism. (c) Trirhombohedron. 
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Table 4. Structural parameters (degrees) for ten-atom polyhedra” 

753 

b&zapped square antiprism 

pentagonal prism 

pentagonal antiprism 

SpbeUOCOrOIla 

bicapped cube 

trirhombohedron 

scarab prism 

edge-shared bioctahedron 

large tetrahedron 

dsd transition state 

A 

B 

A 

C 

G 

I 

A 

B 

A 

B 

E 

H 

A 

C 

G 

A 

C 

E 

A 

C 

G 

A 

B 

A 

E 

G 

I 

(0.0) 

63.0 

57.9 

59.1 

28.0 

71.5 

103.4 

138.3 

(0.0) 

58.4 

(0.0) 

62.2 

84.9 

133.6 

30.3 

82.6 

139.9 

45.8 

58.5 

(90.0) 

31.9 

(90.0) 

(90.0) 

(0.0) 

(54.7) 

36.3 

77.1 

83.1 

140.0 

(0.0) 

(0.0) 

(0.0) 

(0.0) 

58.5 

(0.0) 

(90.0) 

(0.0) 

(O-0) 

(60.0) 

(0.0) 

(0.0) 

49.7 

44.2 

(0.0) 

99.0 

44.6 

(90.0) 

59.9 

(0.0) 

(0.0) 

(O-0) 

43.3 

139.7 

66.3 

1.729 

1.480 

1.561 

1.557 

1.676 

1.665 

1.421 

1.291 

1.923 

1.462 

1.407 

1.727 

1.526 

1.390 

1.657 

1.286 

1.801 

1.305 

1.637 

1.871 

1.492 

1.810 

1.136 

1.291 

1.993 

2.005 

1.582 

1.167 

1.278 

%l"es in parenthesis are enforced by synnnetry or by choice of axes. 

angle between ABC and BCE (Fig. 3c) being 
176.7”. 

Rhomboidal semiregular polyhedra formed 
from rhomboids and regular polygons are not 
usually considered in classical accounts of poly- 
hedra but are nevertheless encountered in chem- 
istry. For example a central gold atom is sur- 
rounded by a trirhombohedral arrangement of 
gold atoms in [Au{Au(ligand)},,].20 The simplest 
examples of rhomboidal semiregular polyhedra are 
those formed by the face-sharing of polyhedra 
which have been chosen so that the dihedral angle 
between adjacent equilateral triangular faces is 

180.0”. Two simple examples are shown in Fig. 5, 
the face-sharing of an octahedron and a tet- 
rahedron to form a “capped octahedron” with 

(a) W 

Fig. 4. (a) Trirhombohedron. (b) 
Rhombohedron. 

(Cl 

Icosahedron. (c) 
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(b) 

Fig. 5. (a) Face-sharing of an octahedron and a tet- 
rahedron to form a “capped octahedron”. (b) Face- 
sharing of a cuboctahedron and a square pyramid to 

form a “capped cuboctahedron”. 

four triangular and three rhomboidal faces, and 
the face-sharing of a cuboctahedron and a square 
pyramid to form a “capped cuboctahedron” with 
four triangular, five square and four rhomboidal 
faces. Other polyhedra composed of rhomboids 
and regular polygons may be formed by con- 
traction of parallelohedra as discussed by Cox- 
eter.” 

Two additional stereochemistries can be gener- 
ated by removal of some of the applied symmetry 
elements from the pentagonal prism and the pen- 
tagonal antiprism respectively. It is generally ob- 
served that removal of five-fold axes from poly- 
hedra with pentagonal faces results in linkage 
across the 1,3-positions to form a “scarab” (Fig. 
6). Removal of the five-fold axis from the pen- 
tagonal prism so that the symmetry is reduced 
from D5,, to C, results in the formation of the more 
stable scarab prism (Fig. 7a and Table 4). This 
polyhedron is very slightly concave, the dihedral 
angle between the trapezoidal CFJG face and the 
triangular ACF face being 180.8”. A similar pro- 
cess generates the C, scarab antiprism from the 
D,, pentagonal antiprism (Fig. 7b and Table 4). 
This again results in creasing of the scarab faces, 
the dihedral angle between ADHI and AEI now 
being 169.2” for a 2: 1 potential. 

Other stereochemistries for ten atom clusters can 

0) (b) 

Fig. 6. (a) Regular pentagon. (b) Scarab. 

be generated by taking fragments of close packing, 
by the linking of octahedra, or by the capping of 
octahedra. The edge-shared bioctahedron (Fig. 8a 
and Table 4) is formed from two octahedra, AC- 
DHGI and BEFGHJ, sharing the GH edge. Alter- 
natively it can be considered as a tetracapped 
octahedron (ABGHIJ as the octahedron, CDEF as 
the capping atoms). The structure can be consid- 
ered as a fragment of close packing, the close 
packed layers being ABCGF and DHEIJ. The 
layers are slightly buckled, the dihedral angle 
between ABG and ACG being 172.8”. This ar- 
rangement of metal atoms is observed in V,,Oip .22 

The most symmetrical ten-atom cluster is the 
large tetrahedron (Fig. 8b and Table 4). It can also 
be considered as a tetracapped octahedron (ADE- 
FGJ as the octahedron, BCHI as the capping 
atoms), or as a fragment of cubic close packing 
(layers being B, ADG and CEHJIF). For a 2: 1 
potential the large triangular faces are slightly 
convex, the dihedral angle between ABD and ADE 
being 176.6”. 

The last plausible intermediate to consider for 
the rearrangement of a bicapped square antiprism 
is that formed when two adjacent triangular faces 
flatten out and distort to form a square as in a 
“diamond-square-diamond” (M) transition 

B 
D C /* 

F K IJ5J /‘\I E 
H - - 

G 

(a) (b) 

Fig. 7. (a) Scarab prism. (b) Scarab antiprism. 
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state.23 If only a single square face is enforced, the 
resulting clad transition state is shown in Fig. 9. The 
dihedral angle between the triangular faces BEG 
and EGI (and the symmetry related DFH and 
FHJ) is 176.1” so that the structure approaches a 
polyhedron formed from one square face, two 
rhomboidal faces and ten triangular faces. 

J I 

(a) 

09 
Fig. 8. (a) Edge-shared bioctahedron. (b) Large tet- 

rahedron. 

The bonding energies of these ten-atom .poly-. 
hedra calculated using a 2: 1 potential are given in 
Table 5. The most stable polyhedron is the bi- 
capped square antiprism containing only trian- 
gular faces. The calculated transition states for the 
rearrangement of the bicapped square antiprism is 
the trirhombohedron with three rhomboidal faces, 
which is preferred to the sphenocorona with two 
square faces. All other polyhedra are much less 
stable. The relation between the two possible tran- 
sition states is shown in Fig. 10; sliding the top 
edge of the sphenocorona as indicated by the 
arrows transforms the square faces into two of the 
rhomboidal faces of the trirhombohedron. Experi- 
ments which will distinguish between these two 
transition states are not easy to envisage, for 
example rearrangement of the bisubstituted bi- 
capped square antiprismatic [B,,,H,(ligand)J will 
lead to the same mixture of isomers through either 
intermediate. 

With no applied symmetry, the structure calcu- 
lated for B,,H:; using the 2: 1 energy potential is 
the octadecahedron of C, symmetry (Fig. 11). This 
polyhedron can be considered to be formed from 
an icosahedron by coalescing one edge to form a 
vertex, atom B in Fig. 11. This boron atom has six 
close boron neighbours. The changes in bonding 
energy arising from moving this atom are ex- 
tremely small and a detailed consideration of the 
stereochemical parameters is not warranted. The 
structural parameters quoted in Table 6 are those 
obtained from calculations in which only a single 
mirror plane was assumed. The structure of 

Table 5. Bonding energies for ten-atom polyhedra 

polyhedron P =bicapped square antiprism 

bicapped square antiprism -10.6933 0.0000 

trirhomboludroo -10.6883 0.0050 

SphellOCO~Olla -10.6871 0.0062 

dad transition state -10.6427 0.0506 

edge shared bioctahedron -10.6208 0.0725 

scarab antiprism -10.6146 0.0787 

bicapped cube -10.6089 0.0844 

pentagonal antiprism -10.5947 0.0987 

scarab prism -10.5766 0.1167 

pentagonal prlam -10.5682 0.1252 

large tetrahedron -10.5064 0.1870 



756 D. J. FULLER and D. L. KEPERT 

Fig. 9. dsd Transition state. 

K 

(a) 

Fig. 10. Relation between the sphenocorona and the 
trirhombohedron. 

Ii 
Fig. 11. Octadecahedron. 

B,,H:; is not known, although this octadecahedral 
structure is observed in (Et,N)2[B,,H$e,]” in 
which the Se, ring links atoms D and G (Fig. 11). 

The stereochemical parameters of other eleven- 
atom polyhedra are given in Table 6. The pen- 
tacapped trigonal prism, capped pentagonal prism 
and capped pentagonal antiprism are obviously 
related to classic geometric polyhedra. Lowering of 
symmetry of the capped pentagonal antiprism so 
that only one mirror plane is retained results in the 
pentagonal face forming a scarab, EACDB in Fig. 
12, with the formation of a scarab- 
heptadecahedron or capped sphenocorona. 

Table 7 shows that the scarabheptadecahedron 
of C, symmetry is the favoured transition state for 

H G 

li 

(b) 
Fig. 12. (a) Capped pentagonal antiprism. (b) Scar- 

abheptadecahedron. 

the rearrangement of the octadecahedron of C,, 
symmetry. The MNDO calculations* also show the 
C,, structure to be the most stable, with the C, 
structure 2 kJ mol-’ higher in energy. Within the 
precision of the PRDDO calculations6 both of 
these structures were found to be within approxi- 
mately 10 kJ mol-’ of each other. 

J&H:; 
The x = 2, y = 1 potential function leads to 

the expected icosahedral structure for B12H:~ 
with r = 1.586.’ The icosahedral structure was 
also found from MNDO calculations, 
with r = 1.728 A.” Icosahedral symmetry was 
assumed for the PRDDO calculations5 which 
yielded r = 1.65 A. Icosahedral structures are 
observed for Kz[B,2H,,]25 and (EtjNH),[B,,H,,],26 
with r = 1.688 and 1.694 A respectively. Exam- 
ination of a large number of possible pathways for 
the intramolecular rearrangement of B,,H& re- 
veals that face rotation with the formation of a C,,, 
icosahedron as intermediate is preferred, with 
an activation energy of 0.0587 energy units.’ A 
similar but not identical intermediate was found 
from MNDO calculations with an activation en- 
ergy of 376 kJ mol- ‘. 
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DISCUSSION The MNDO calculations yield the incorrect struc- 
Theoretical calculations on boron hydrides ture for B9HgZ-. The PRDDO calculations using 

which allow geometrical optimisation of a particu- full geometrical optimisation appear to have been 
lar structure are presently restricted to the empir- carried out only for B,H,2-, B,H:-, and B,,H:;. 
ical x = 2, y = 1 potential used in this work and The very simple 2: 1 potential has allowed struc- 
the semi-empirical MNDO and PRDDO methods. tures to be calculated with no implied symmetry 

Table 6. Structural parameters (degrees) for eleven-atom polyhedra” 

polyhedron ey==try atom * e E 

octadecahedron 

peotacapped trigwal prism 

capped pentagonal prism 

capped penta6onal antiprism 

scarabheptadecahedron 

A (0.0) 

B 53.0 

D 53.1 

P 106.9 

G 102.7 

I 112.4 

K 167.0 

A (0.0) 

B 59.6 

B (90.0) 

A (0.0) 

B 53.0 

G 113.3 

A (0.0) 

B 60.0 

G 117.4 

A 46.0 

C (46.0) 

E 73.3 

P 104.5 

G 102.9 

I 112.3 

K 180.5 

(0.0) 

90.5 

(0.0) 

56.7 

132.4 

(0.0) 

(0.0) 

(60.0) 

(0.0) 

(36.0) 

(0.0) 

(36.0) 

51.2 

137.1 

(0.0) 

(180.0) 

101.3 

35.4 

(180.0) 

2.029 

1.439 

1.652 

1.963 

1.608 

1.308 

1.303 

1.379 

1.752 

1.312 

2.011 

1.738 

1.411 

1.758 

1.654 

1.477 

1.520 

1.668 

2.098 

1.302 

1.454 

1.644 

1.381 

%l a ues in parentheses are enforced by symetry or by choice of axes. 

Table 7. Bonding energies for eleven-atom polyhedra 

polyhedron v g-$octsdecahedron) 

octadccahcdron -12.9635 0.0000 

ecarabheptadecahedron -12.9602 0.0032 

pentacapped trigone prism -12.9425 0.0210 

capped pentagonal antiprism -12.9405 0.0230 

capped pentagonal prism -12.8996 0.0639 

Poly Vol. 2, No. 8-F 
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Table 8. Activation energies (arbitrary units) for the rearrangement of B,H,*- 

ion transition state E act 

BsH6 
2- 

B7H7 2- 

BflH8 
2- 

B9H9 
2- 

BloHlo 
2- 

BllHll 2- 

B12H12 2- 

trigona1 prism 

capped octahedron 

capped trig. prism 

bicap. trig. prism 

capped sq. antipr. 

trirhomtmhedron 

sphenocorona 

scarabheptadecahedron 

&,h icosahedron 
- 

g3b lcosahedron 

0.0371 

0.0085 

0.0087 

0.0013 

0.0021 

0.0050 

0.0062 

0.0032 

0.0587 

0.0587 

and has allowed a great diversity of rearrangement 
pathways to be examined. In some instances reac- 
tion intermediates have been located which have 
not been considered by previous workers, namely 
the capped octahedron for the rearrangement of 
B,H,‘- , the trirhombohedron for the rear- 
rangement of B,,H:;, and the C,, icosahedron for 
the rearrangement of B,,H:;. 

The activation energies for the intramolecular 
rearrangement of B,H,,*-, in arbitrary units, are 
shown in Table 8. Experimental data is in general, 
but not exact, agreement with this qualitative 
order. There appears to be no experimental infor- 
mation on B,H: - or substituted compounds. The 
“B NMR spectrum of B,H,*- in water shows a 
5:2 pattern of boron atoms consistent with a 
rigid pentagonal bipyramidal structure at 
room temperatures.” The “B NMR spectrum 
of Na2[BsHs] in 1,Zdimethoxyethane at -32°C 
shows a 2:4: 2 pattern consistent with a bicapped 
trigonal prism but not a dodecahedron. The spec- 
trum collapses above 46°C as expected for a 
stereochemically non-rigid molecule, the detailed 
behaviour depending both on choice of solvent 
and cation.27 The rlB NMR spectrum of 
(Me,S),[B,H,] in water is reported to show boron 
atoms in the ratio 3: 6 indicating a tricapped 
trigonal prismatic structure.28 However, the ‘H 
NMR spectrum of [B,H,(SMe,),] shows rapid rear- 
rangement at room temperature with two distinct 
dimethylsulphide groups at low temperature.13 
The halide complexes B,&‘- also show two 
types of boron atoms,29 whereas the oxidised 
B,Br, shows only a “B NMR singlet.30 Disubsti- 
tuted derivatives of B,,H:; have been extensively 
studied, the compounds only rearranging 
above 200”C.31932 The most extensive data is for 

[B,,Hs(NMe3)$’ equilibrium between all possi- 
ble bicapped square antiprismatic isomers is estab- 
lished in the melt after 30min at 300°C. For 
the single pathway 2,3-[B,,H,(MNe,)+ 1,6- 
[B,,H,(NMe,),] at 230°C AH* w 150 kJ mol-‘. 
The “B NMR spectrum of (Et~N)2[B,,H,r] in 
dimethylformamide/acetone/methanol mixtures 
from - 70 to 30°C shows only a single boron atom 
indicating rapid rearrangement.33 Since all bo- 
ron atoms in an icosahedron are identical, infor- 
mation can only be obtained from substituted 
derivatives of B,,H:;. They are exceptionally re- 
sistent to rearrangement, for example 
1 ,7-[B,2H,o(NMe3)2] remains mostly unchanged af- 
ter five minutes in the melt at 400°C.31 
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Abstract-Eight mixed copper(I1) complexes of the type [Cu(II)(D)(HL)], where 
D = anion of glycylglycine, glycyl-L-tyrosine or glycyl-L-phenylalanine, and 
HL = imidazole, 1-methylimidazole, 2-methylimidazole or benzimidazole have been pre- 
pared and characterised. The visible and EPR spectral studies of these complexes indicate 
that they are monomeric having five coordinate square pyramidal geometry (possibly 
distorted) about Cu(I1). The dipeptide behaves as terdentate ligand in these complexes with 
amino, ionised amide nitrogen and carboxylate oxygen donor atoms approximately 
tetragonally disposed about Cu(I1). The magnetic and bonding parameters obtained by 
detailed EPR spectral analysis coupled with electronic absorption spectral data suggest 
that imidazole, I-methylimidazole, 2-methylimidazole or benzimidazole occupies the 
fourth position in the tetragonal plane and water molecule occupies an axial position about 
Cu(I1) in solid state and in solution. 

Current interest in the study of Cu(I1) complexes 
with imidazole ligand has emphasised the im- 
portance of the bond between copper and im- 
idazole from histidine residues of blue copper 
proteins and nonblue proteins.‘g The X-ray 
structural studies of poplar plastocyanine4 and 
pseudomonas aeruginosa azurin’ have revealed 
that imidazoles from histidine residues of these 
proteins are involved in the bonding of Cu(I1) at 
the active site. It is also known that the imidazole 
acts as a bridging ligand at the active site of the 
bovine erythrocyte superoxide dismutase which 
catalyses the conversion of superoxide to 
peroxide. 6,7 The study of a series of model 
Cu(I1) complexes has suggested a distorted square 
pyramidal configuration at the copper site in galac- 
tose oxidase, in oxyhemocyanine and in mag- 
netically coupled ion pairs believed to constitute 
type III copper.8 Recently, many low molecular 
weight complexes of Cu(I1) containing imidazole 
ligand(s) have been proposed as models of active 
site of copper proteins.“’ In view of the im- 
portance of Cu(II)-imidazole complexes as models 
for copper proteins, we report here the synthesis 

and spectral properties of several mixed mono- 
meric Cu(I1) dipeptide complexes of imidazole, 
I-methylimidazole, 2-methylimidazole and ben- 
zimidazole. 

Materials 

EXPERIMENTAL 

Glycylglycine (Gly.Gly), glycyl-L-tyrosine 
(Gly.Tyr) and glycyl-L-phenylalanine (Gly.Phe) 
were purchased from Sigma, U.S.A. Imidazole 
(imH), 2-methylimidazole (2-MeimH) and ben- 
zimidazole (BzimH) were bought from SISCO, 
India. I-methylimidazole (1 -Meim) was obtained 
from Aldrich, U.S.A. Other commercially avail- 
able reagent grade chemicals were used without 
further purification. 

Synthetic procedures 
Cu(Gly.Gly).3H20 (Ia). This complex was pre- 

pared by the method described earlier.12 The prod- 
uct was recrystallised from water. 

Cu(Gly.Tyr).4H20 (IIa). This was prepared by 
the method of Dehand et 
from water.” 

al., and recrystallised 

*Author to whom correspondence should be ad- Cu(Gly.Gly)(imH).2H20 (Ib) and Cu(Gly.Gly) 
dressed. (I-Meim).H,O (1~). These complexes were pre- 
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pared by the methods of Driver and WalkerI 
and recrystallised from 50% methanol. 

Cu(Gly.Gly)(Z-MeimH).2H,O (Id). The blue 
copper hydroxide was prepared by adding excess 
of 6N NaOH to a solution of 0.170 g of copper 
chloride in 15 cm3 of water. This precipitate was 
filtered and washed with distilled water to get it 
free from chloride ions. The precipitate was sus- 
pended in 20 cm3 of water to which 
2-methylimidazole (0.083 g) and glycylglycine 
(0.132 g) were added. The solution was stirred for 
1 hr and then filtered. The deep blue filtrate was 
concentrated to a small volume and kept in a 
refrigerator for 1 day. The deep blue needle crystals 
obtained were filtered, washed with cold water and 
dried in a vacuum desiccator over anhydrous cal- 
cium chloride. Found: C, 30.9; H, 5.1; N, 17.2. 
Calc. for [CsH,,N403Cu].2H,0: C, 30.82; H, 5.13; 
N, 17.98%. 

Cu(Gly.Gly)(BzimH).H,O (Ie). A solution of 
0.118 g of benzimidazole in 20 cm3 of methanol 
was added to a solution of 0.248 g of (Ia). The 
resulting solution was incubated at room tem- 
perature for 1 day. The sky blue fibre-like crystals 
obtained were filtered and washed with ice cold 
water. The product was recrystallized from 50% 
methanol. The crystals were filtered, washed with 
cold ethanol and dried in air. Found: C, 41.0; H, 
4.1; N, 16.7. Calc. for [CI,H,2N403Cu].H,0: C, 
40.06; H, 4.25; N, 16.99%. 

Cu(Gly.Tyr)(imH).H,O (IIb). Glycyl-L-tyrosine 
(0.238 g, 10e3 M) and imidazole (0.68 g, lop3 M) 
were added to a freshly prepared copper hydroxide 
(10v3 M) suspended in 30 cm3 of water. This mix- 
ture was stirred for 30 min at 60°C and then boiled 
for 2 min. The mixed solution was filtered to 
remove unreacted copper hydroxide. The deep blue 
filtrate was concentrated to 15 cm3, on a water 
bath. The resulting solution was kept at room 
temperature for 2 hr. The sky-blue crystals ob- 
tained were filtered. This product was re- 
crystallized from water. The crystals obtained were 
filtered, washed with cold water, methanol and 
then diethyl ether. They were finally dried in 
air. Found: C, 43.9; H, 4.5; N, 14.4. Calc. for 
[C,,H,,N,O,Cu].H,O: C, 43.58; H, 4.66; N, 
14.53%. 

Cu(Gly.Tyr)(ZMeimH).H,O (11~). This com- 
plex was prepared by the addition of glycyl-l- 
tyrosine (0.238 g, low3 M) and 2-methylimidazole 
(0.083 g, lop3 M) to a freshly prepared copper 
hydroxide (10 - 3 M) suspended in 25 cm3 of 50% 
aqueous methanol. This mixture was stirred for 
2 hr and then filtered. The deep blue solution was 
concentrated to a small volume and kept frozen for 
12 hr. The deep blue needle crystals obtained were 

filtered, washed with cold water, methanol and 
finally with diethyl ether. The crystals were finally 
dried in air. Found: C, 44.8; H, 4.8; N, 13.8. 
Calc. for [C,,H,,N,O,Cu].H,O: C, 45.06; H, 5.01; 
N, 14.02%. 

Cu(Gly.Tyr)(BzimH).3.5H,O (IId). Glycyl-L- 
tyrosine (0.238 g, lo-’ M) and benzimidazole 
(0.118 g, 10m3 M) were added to a suspension of 
10v3 M copper hydroxide in methanol-water mix- 
ture (2: 1) (v/v). The mixture was heated on a water 
bath for 30min with occasional stirring and then 
filtered. When this filtrate was cooled, shining sky 
blue crystals were obtained. They were filtered, 
washed with cold water, methanol and diethyl 
ether. The product was recrystallized from 70% 
methanol. The crystals obtained were dried in air. 
Found: C, 45.2; H, 5.3; N, 11 .O. Calc. for 
[C,,Hi8N404Cu]3.5H,0: C, 44.95; H, 5.20; N, 
11.66%. 

Cu(Gly.Phe)(imH).H,O (IIIa). The complex was 
prepared by the same method as described for (Ib). 
This was recrystallised from 50% aqueous ethanol 
solution when dark blue crystals were obtained. 
Found: C, 45.9; H, 4.5; N, 14.9. Calc. for 
[C,,H,,N403Cu].H20: C, 45.47; H, 4.88; N, 
15.16%. 

Physical mkasurements 
The electronic absorption spectra of the Cu(I1) 

complexes were recorded using Perkin-Elmer 
(model 402) spectrophotometer. The matched 
quartz cells of 10 mm pathlength were used. The 
complexes were dispersed in Nujol and their IR 
spectra were recorded on Perkin-Elmer (model- 
577) IR spectrophotometer in the range of 
4000-600 cm - ‘. This instrument was calibrated 
using polystyrene film. 

The magnetic susceptibility measurements at 
room temperature were performed on a Gouy 
balance following the procedure described 
elsewhere.i5 The electron paramagnetic reso- 
nance (EPR) spectra of the Cu(I1) complexes in 
solution at room temperature and at low tem- 
perature (77 K) were recorded on Varian E-l 12 
ESR spectrometer (X-band) by using TCNE 
(g = 2.00277) as g marker. The EPR spectra of all 
complexes except (IIc) and (IId) were measured by 
dissolving them in a mixture of ethyleneglycol and 
water in the ratios of 1: 1 and 2: 1 (v/v). The room 
temperature solution spectra of the Cu(II) com- 
plexes were measured using Varian aqueous solu- 
tion cell, E-248. The EPR spectra of (11~) and (IId) 
were taken in dimethyl sulphoxide (DMSO). The 
pH of aqueous solutions was adjusted using dilute 
NaOH solution. 
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RESULTS AND DISCUSSION 

Eight Cu(I1) dipeptide complexes such as (Ib, Ic, 
Id, Ie, IIb, IIc, III and IIIa, with imidazole, 
1-methyl-imidazole, 2-methylimidazole and ben- 
zimidazole) have been prepared and characterised 
by elemental analysis, and by IR, visible and EPR 
spectroscopy. The IR spectra of these complexes 
show a strong band between 1575 and 159 1 cm - ‘. 
This can be assigned to peptide carbonyl stretching 
band with ionisation of peptide N-H 
hydrogen. I6 The N-H bending vibrations were 
observed between 1597 and 1633 cm-‘. The N-H 
stretching vibrations of NH2 group, imidazole, 
2-methylimidazole and benzimidazole were ob- 
served between 3066 and 3466 cm - ‘. The G-H 
stretching vibration of phenol group in complexes 
containing Gly.Tyr was observed between 
3552-3628.” The effective magnetic moments 
(& of Cu(I1) complexes at room temperature are 
given in Table 1. The magnetic moments are in the 
range of 1 X0-2.00 B.M. These values indicate that 
they are magnetically dilute systems.‘* 

The electronic absorption spectra of the Cu(I1) 
complexes were taken in different solvents in the 
range of 400-850 nm. The absorption maxima with 
their extinction coefficients (E) are given in Table 1. 
All the complexes show only one broad band in the 
visible region, which is assigned to d-d transition 
of the Cu(I1) complexes.‘8 The fairly high ex- 
tinction coefficient observed for this transition is 
indicative of presence of square pyramidal geome- 
try about Cu(I1). The d-d transitions of adducts of 

imidazole, I-methylimidazole and 2-methylimi- 
dazole and benzimidazole with (Ia) and (Da) occur 
at higher energies than of (Ia) and (Da) re- 
spectively. This may be attributed to stronger 
ligand fields of imidazole and related nitrogen 
donors than of water. ig The slightly higher pos- 
ition of absorption bands of (Ic) and (Id) as 
compared to the Cu(Gly.Gly) adduct of imidazole 
(Ih) is probably due to increase of steric hindrance, 
which may result in longer Cu-N bonds and thus 
relatively lowering the 10 Dq values.20 

The absorption spectra of Cu(I1) complexes also 
show some absorption at 850 nm. The percentage 
ratio of cgso and E,, is also measured and they are 
given in Table 1. This percentage varies between 2 
and 9 in Cu(I1) dipeptide adducts of imidazole and 
related nitrogen donors. These lower values sug- 
gest that these nitrogen bases are substituting for 
an equatorial water in Cu(I1) dipeptide complexes 
with dipeptides still behaving terdentate 
ligands.21 However, the 1: 1 complex of CuCl, 
and Gly.Gly shows a A,, at 770 nm with the 
percentage ratio of 68m and L, as 75. In this 
complex, the Gly.Gly binds Cu(I1) quite 
differently22*23 and supports the terdentate bind- 
ing of dipeptide to Cu(I1) in Cu(I1) dipeptide 
adducts of imidazole and related nitrogen donors. 

The EPR spectra of Cu(I1) complexes at room 
temperature are isotropic due to tumbling motion 
of the molecules. The isotropic g value, go, is 
calculated at the centre of the spectrum of the four 
lines. The isotropic nuclear hyperfme constant, Ao, 

Table 1. Visible absorption spectral and magnetic data of copper(I1) complexes 

A in nm in different 
max solvents(E ) f 

Compound =x100 
ceff (K) 

Watepil 
f 

Methanol DMSO 
max 8.M. 

Ia 

Ib 

IC 

Id 

Ie 

IIa 

IIb 

IIC 

IId 

640(85) 

613(87) 

618(87) 

630(87) 

620(125) 

635(75) 

620(74) 

630 

616(95) 

608(95) 

622(102) 

620(107) 

600(91) 

610(115) 

574(110) 

590(110) 

600(87) 

10 

8 

5 

2 

9 

14 

5 

8 

7 

1.92(300) 

1.86(300) 

1.85(298) 

1.84(300) 

1.82(300) 

1.90(300) 

1.87(298) 

1.94(300) 

IIIa 615(87) 595(98) 510(110) 5 1.80(303) 

aJ 
-The pH of the solution was between 6.7 to 7.1 
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is expressed in cm - ’ and is calculated between two 
adjacent lines of the spectrum.x The EPR spec- 
tra of the complexes in glassy state at 77 K show 
three well resolved peaks of low intensity in the low 
field region and intense unresolved peaks are ob- 
tained in the high field region. The gll and All values 
were accurately calculated from this spectrum 
while g, and A, values were evaluated using the 
following equations. 25 The EPR parameters thus 

obtained are given in Table 2. 
The X-ray structural studies of (la, Ib and IIa) 

reveal that they have distorted square pyrami- 
dal geometry about CU(II).~~‘~,‘~ Similar struc- 
tures are expected for other Cu(I1) complexes. The 
gll values of these complexes are also greater than 
corresponding g, values,‘8*26 and therefore, they 
have an unpaired electron in dX2_~ molecular or- 
bital. Considering an approximate D, symmetry 
in these complexes, the metal ligand a-bonding 
parameter a2, was calculated by using the follow- 
ing relationship” 

a2 = g I- 14&+ K)IP + 1 l@ - g,) + 9(g, - gelI 

where P = dipole coefficient = 0.036 cm- ’ for free 
Cu2+ ion. K represents the Fermi contact term 

which is calculated by using the relationship 

K= -&+P(g,-g,). 

The out-of-plane a-bond strength, a’2, was calcu- 
lated by using the relationship 

a2+a’2 -2aa’S= 1 

where S is the overlap integral which is taken as 
0.093.28 The bonding parameters, fi” and p2, 
which represent in-plane and out-of-plane r-bond 
strengths respectively, were calculated by Kevilson 
and Neiman method.28 The charge density in the 
4s orbital or the 4s contribution to the ground 
state can be represented by 6” and is calculated by 
the method of Rockenbauer.27 The values of a2, 

a’2. j?,2, /I’ and c’2 are given in Table 3. 
The metal ligand in-plane o-bonding, a’, is 

completely ionic if a2 = 1 and it is completely 
covalent if a2 = 0.5. The a2 values of these Cu(I1) 
complexes fall in the range of 0.71-0.82. These 
values are indicative of appreciable in-plane cova- 
lence. The substitution of a water molecule by 
imidazole in (Ia) lowers its a2 value and thus 
introduces more in-plane covalency. The trend can 
be explained in terms of imidazole substituting for 
equatorial water in (Ia). Similar changes were 
observed in Cu(I1) dipeptide adducts of other 
nitrogen bases. The values of in-plane n-bonding, 
/I,‘, for the Cu(I1) complexes vary in the range of 
0.79-0.90. The trend of /?,2 values is opposite to 
that observed for a2 values, which is indicative of 
competitive mechanism of in-plane Q- and 
x-bonding in these Cu(I1) complexes. The values of 
out-of-plane n-bonding, /12, vary in the range of 

Table 2. Magnetic parameters of copper(I1) complexes 

AU x lo4 
COmQOUld 

9ll 91 90 

Al x lo4 A0 x lo4 

-1 
cm 

-1 cm -1 
cm 

Ia 2.250 2.068 

Ib 2.238 2.061 

IC 2.230 2.064 

Id 2.236 2.065 

Ie 2.234 2.067 

IIa 2.243 2.059 

IIb 2.226 2.064 

IIC 2.221 2.051 

Ild 2.226 2.056 

IIla 2.228 2.061 

2.128 

2.120 

2.120 

2.122 

2.122 

2.120 

2.118 

2.107 

2.112 

2.116 

185 16 70 

167 7 57 

164 7 56 

164 13 59 

167 27 71 

183 17 69 

165 10 62 

176 33 79 

177 36 81 

172 7 59 
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Table 3. Ligand field energies, bonding parameters and L’~ of copper(H) complexes 

la 15625 0.82 0.27 0.80 0.86 0.30 

Ib 16313 0.38 0.31 0.83 0.84 0.38 

IC 16181 0.76 0.33 0.82 0.89 0.37 

Id 15873 0.76 0.34 0.84 0.91 0.33 

Ie 16129 0.71 0.39 0.89 0.98 0.16 

IIa 15748 0.81 0.28 0.80 0.77 0.31 

IIb 16129 0.77 0.32 0.81 0.89 0.34 

IIC 16949 0.71 0.39 0.88 0.82 0.13 

IId 16667 0.71 0.39 0.90 0.87 0.11 

IIIa 16260 0.78 0.30 0.79 0.83 0.38 

765 

0.83-0.93 showing little to appreciable out-of- 
plane n-bonding. 

The gll values of Cu(I1) dipeptide adducts of the 
imidazole and related nitrogen donors decrease as 
compared to the 811 values of the corresponding 
Cu(I1) dipeptides (see Table 2). This variation is 
also explained in terms of imidazole, 
1-methylimidazole, 2-methylimidazole or ben- 
zimidazole substituting for an equitorial water in 
(Ia) or (IIa).29 This is also supported by the 
conclusion obtained above by trends of a2 values 
as well as X-ray structural studies of (Ih).26 The 
isotropic spectra of these nitrogen base adducts at 
room temperature shows even superhyperke lines 
at the highest field of Cu hyperfines with 14N 
hypertke constant of about 11 gauss. This sup- 
ports the presence of three nitrogen donors in the 
equitorial plane of Cu(I1) ions in these complexes. 
These conclusions are further supported in solu- 
tion also by the change of electronic absorption 
maximum of (Ia) from 640 to 610nm in its im- 
idazole adduct (Ih). If the imidazole binds at apical 
position by displacing an apical water molecule 
from (Ia), the absorption maximum may shift to 
longer wavelength due to the pentammine 
effect.30 The blue shifts on adduct formation by 
other nitrogen donors have also been observed (see 
Table 1). These observations are in contrast with 
the suggestion of Hartzell et al.” that the im- 
idazole occupies an apical position in (Ib). 

The theoretical straight line plot of cr2 the 4s 
contribution to the ground state, against a2 for 
these Cu(I1) complexes, assuming approximate Dti 
symmetry, was obtained by using empirical 

equation 

E “= 1.06 a’-0.567 

suggested by Rochenbauer.27 This plot is given 
in Fig. 1. If cr2 values are obtained using eqn (15) 
from the Rockenbauer’s paper,27 the points fall 
near, above and below the theoretical straight line 
(see Fig. 1). Actually, the above analysis was 
applied to Cu(I1) complexes having tetragonal 
ligand field (square planar). If cr2 values calculated 
from eqn (15) are plotted vs corresponding a2 
values, the points divert upward in rhombic dis- 
tortion and downward in tetrahedral distortion. If 
a similar plot is made of Cu(I1) complexes having 
square pyramidal geometry, by analogy, the points 
divert upward in rhombic distorted square pyr- 
amidal configuration and downwards in tet- 
rahedral distorted square pyramidal configura- 
tion32 or distortion towards configuration inter- 
mediate between square pyramidal and trigonal 
bipyramidal. The rhombic distortion seems to be 
present in (Ih, Ic, Id and IIb), but distortion 
towards tetrahedron or intermediate configuration 
is present in (11~) and (IId). This may be because 
of steric crowding due to bulky substituents on 
dipeptide and imidazole. 

The Cu(I1) dipeptide complexes with imidazole 
and other nitrogen donors have distorted square 
pyramidal geometry about Cu(I1) in these com- 
plexes. The dipeptide occupies three coordination 
positions and imidazole (or other nitrogen donor) 
occupies fourth position in the tetragonal plane, 
and the apical position is occupied by water. 
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Fig. 1. Plot of a* vs c’* for Cu(I1) complexes. 
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Abstmz-The complex formation equilibria between titanium(IV) and fluoride ions have been studied 
at 25°C in 3 M(Na)Cl ionic medium by measuring, with an ion selective electrode for F-, the free HF 
concentration in acid Ti(IV) solutions. The [H ‘1 was kept within 0.25 and 1 M where the predominant 
form of uncomplexed metal is the dihydroxotitanium(IV) ion, Ti(OH),* +. The potentiometric data have 
been explained by assuming Ti(OH)rF+, TiF, and HTiF,-, with equilibrium constants given in Table 3. 
Within the accuracy of the present e.m.f. study, + 0.2 mV, no evidence for intermediate complexes bearing 
2, 3 and SF- was found. 

From a special series of measurements, carried out by replacing a large part of the Cl- with ClO,-, 
it is concluded that no appreciable amount of Ti(IwCl complexes is formed at the 3 M level employed 
as ionic medium. 

NOTATION 

concentration of HF 
total fluoride concentration 
total titanium concentration 
activity coefficient of the i species 
activity coefficient quotient, eqn (5) 
concentration of H+ 
analytical concentration excess of H +, = [Cl-] - 

[Na+] -28 
formation constant for all species containing n F -, eqn 

(9) 
average number of fluoride ions bound per titanium 

atom, = (A -a - [F-l - [HF,-I)/8 
formation constant for Ti(OH),F,,‘-I-“, eqn (4) 

When not stated, concentrations and equilibrium constants 
are expressed on the molar scale. 

Previous measurements’ with the redox Ti(IV)/Ti(III) 
couple in chloride solution have shown the pre- 
dominance of the hydroxotitanium(IV) ion, 
Ti(OH):+, in the acidity range from 0.25 to 2M. 
This result is the starting point of the present in- 
vestigation aiming at the elucidation of the complex 
formation equilibria between Ti(OH)t+ and HF. 

METHOD 

This work describes the determination of [HF] a, 
using an ion specific electrode for fluoride, in a series 
of acid titanium(IV) chloride solutions of various A 
and B values. The acidity levels, H, were chosen 
between 0.25 and 1 M. From the primary data the 
function Z(log u)~,,, which forms the basis of the 
following treatment, was calculated. 

In the attempt to minimize the activity coefficient 
variation of the reacting species the chloride concen- 
tration was maintained at the 3 M level by intro- 
ducing sodium chloride. Thus the test solution (TS) 
had the general comnosition: B M Ti(IVL A M F-. 
HMHi(3-2B-‘H)MNa+,3M’ClL=TS.As 
the reference state 3 M NaCl is taken and the activitv 
coefficient of a reacting species is defined to tend to 

*Author to whom correspondence should be addressed. 

unity as the composition of TS approaches this pure 
salt solution. We recall at this stage that no certain 
conclusions on the number of Cl- bound to Ti(IV) 
species can be drawn from data obtained in a con- 
stant Cl- medium. To gain an idea of the extent to 
which Ti(IV) associates with Cl- a special series of 
measurements was performed by replacing 2.7 M of 
Cl- with C104-. 

The a values in TS were measured with cell(I) 

- EF/TS, Q.QH,(s)/Pt + 0) 

where EF indicates the ion specific electrode for F- 
and Q.QH* stands for quinhydrone. 

The e.m.f. of cell(l) may be written, in V, at 25°C 

E = E; + 0.059 16 log (a&) + E4 (1) 

in which E; is a constant, and Eq is a small correction 
term accounting for the basicity of p-benzoquinone* 
and for fo and fQH2. In each experiment H was kept 
constant while Z was successively varied. Since 
B < 0.1 H, the composition of TS changed only 
slightly. Consequently, for H constant we may ne- 
glect the variation of& and of E, and calculate log a 
by the simplified form of (l), eqn (2), where E0 
includes thef,, and Eq terms, 

E = E,, + 0.05916 log a. (2) 

The measurements were carried out as potentiometric 
titrations. First, E, was determined in the absence of 
titanium. Since in the chosen experimental conditions 
practically all the fluoride is present in form of HF’, 
E,, was calculated by putting a = A in eqn (2). In any 
case E, proved to be constant within f 0.1 mV in the 
A range from 10m3 to 0.1 M. Then the complex 
formation was followed (i) by increasing the A/B 
ratio while B was kept constant, or (ii) by decreasing 
the A/B values. The coincidence of data obtained 
with these different procedures served as a criterion 
for true equilibrium. With the known E,, and using (2) 
a could be calculated for each point. Finally, Z was 
obtained from (A - a)/B being the concentration of 
F- and HF,- negligible in our solutions. 
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EXPERIMENTAL 

Materials and analysis 
Titanic chloride solutions were made from TiCI, 

u.a. quality furnished bv C. Erba. This nroduct was found 
to contain-trace amounis of Fe(III), less-than 0.05x, which 
may be considered unimportant for our purposes. 

A series of 0.8 M stock solutions was prepared by adding 
TiCl, to ice cold 6 M HCl and was stored in a refrigerator 
at 4°C. Storage at low temperature proved convenient due 
to the appreciable HCl vapour tension at room temperature. 
Periodical controls of the acid concentration indicated HCl 
losses of less than 0.3% in 6 months. 

The vi(W)] in the stock solutions was determined gravi- 
metrically (a) as TiO, by precipitating titanium hydroxide 
with gaseous ammonia and then igniting it at 800°C or (b) 
as oxinate according to Berg and Teitelbaum.4 Accurate 
results can be attained with the last procedure provided the 
oxinate is protected by moisture during cooling and weigh- 
ing. The results of analyses agreed to within 0.1%. 

The total chloride concentration of the stock solutions 
was obtained gravimetrically as AgCl and by Volhard’s 
method. The results coincided within 0.1%. 

The analytical concentration excess of H+ was found 
from H = [Cl-] - 2[Ti(IV)]. 

Solutions of hydrochloric acid were prepared by diluting 
the p.a. product Merck and were standardized against 
KHCO, using methyl red as visual indicator. The results 
agreed better than 0.1%. 

Sodium juoriak was obtained as described previously.’ 
Sodium chloride Merck p.a. was ignited in a platinum 

vessel at 360°C in an electric oven. 
Sodium perchlorate and perchloric acid solutions were 

prepared and analysed as described in a previous work.s 
The quinhydrone Merck p.a. was recrystallised from water 

and was dried over H,SO,. No Fe(II1) and Cl- ions could 
be detected in the final product. 

Details of the e.m.$ measurements 
All the e.m.f. measurements were performed in a paraffin 

oil thermostat kept at 25 f 0.02”C. 
The fluoride electrode used, Metrohm, consisted of a 

membrane of LaF, doned with euronium(II) ions. The 
electrode, 5 min after the addition of reagents; acquired a 
potential which remained constant within f 0.2mV for 
12 hr. To check the Nemstian response to the HF concen- 
tration, the e.m.f. of cell (I) was measured in acid solutions, 
H > 0.25 M, as a function of a in the interval from lo-’ and 
0.1 M. In any case E, values constant to f 0.1 mV were 
found. 

The titration vessel was a gold cup which assured chem- 
ical inertia against TS and furthermore a rapid thermal 
equilibrium. Cell arrangements made of plastic material 
achieved the bath temperature in more than 1 hr. A 
Teflon-coated magnetic bar served for stirring. The burette 
tips and other parts which might come into contact with 
fluoride solutions were constructed by Teflon or Plexiglas. 
Fluoride solutions were added with a polythene weighing 
burette. 

The e.m.f. values of cell(I) were measured, with a pre- 
cision of 0.01 mV, with a Dynamco Ltd. 2022 digital 
voltmeter. 

DATA AND CALCULATIONS 

The Z(log u)~,~ data, which form the basis of the 
calculations, are collected in Table 1. In Fig. 1 are 
represented the measurements for H = 0.5 M. 

At each of the studied H levels the Z values were 
found to tend to 6 as a increases. Furthermore data 
of different B fell practically on the same curve. These 
features of the Z(log a) functions suggest mono- 
nuclear complexes with 6 maximum coordination. 
However, as the plot of Fig. 1 shows, the formation 

6 

5 

Q 37 variable 

3 2 

-log a 

Fig. 1. 2, the average number of fluoride ions bound per 
titanium atom, as a function of log a in solutions of 
H = 0.5 M. The curve has been calculated by assuming 

B = 0.01 M and the constants of Table 3. 

units, indicating the limited range of existence for 
intermediate complexes. 

The calculations of the number of OH- and F- 
ions in the predominating complexes and the corre- 
sponding equilibrium constants were performed in 
three steps. First, data of constant H were treated 
separately. By this approach the number of F- in the 
complexes and the conditional constants K, were 
computed. Then the OH - groups and preliminary 
values of /I,, were estimated by examining the vari- 
ation of K, with H. Finally, the equilibrium constants 
were refined with numerical procedures based on the 
principle of the least-squares. 

Treatment of data of constant H 
In this section the Z(log a),, data are considered 

separately. 
In the presence of only mononuclear complexes Z 

may be expressed by . 

in which n, t and p = (n + t - 2) are integers, /I,, is 
the equilibrium constant for 

Ti(OH): + +nHF PTi(OH),F,4-“-‘+p H+ (4) 

and F,,+ is the activity coefficient quotient 

F gWfk(OW*z+ 
6” 

_LAi+ . 

At constant H we may use the approximation 
F,, = constant without introducing any appreciable 
error. 

In order to find n of the main complexes the 
function is accomplished within less than 2 log a experimental data were confronted with normalised 
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Table 1. Survey of measurements 

H = 0.25 Id 

a) Z(-l”g “]Bpo .01294 

0.251(3.313);0.566(2.845):0.684(2.578);1.30(2.4~3):2~13~2~256)~ 
2.73 (2.173); 3.24(2.110); 3.so(2.044);4.35(1:956);4.78(1.854); 
5.07 (1.739): 5.200.648). 

b) Z(-log a,hlo3) 

0.517(2.8g8,22.o5);0.656~2.7:8,21.16);0.779(2.646,20.39~: 
C.g69(2.536,19.33); 1.24(2.437,18.03); 1.67(2.334,16.27): 

1.g4(2.2go,15.32); 2.30(2.243,14.25); 2.70(2.191,13.27): 
3.27(2.126,11.88); 4.08(2.015,10.28); 5.15(1.804, 8.27): 
5.44(1.628, 7.09); 5.59t1.455, 5.68): 5.69(1.312, 4.09). 

H= 0.50 N 

a) Z(-lee a bEo 
. 

oloo 

0~26~(3.000);0.4~3(2.755);0.691(2.498);0.991(2.355~;~.30~~~275~~ 
1.h3(2.180); 2.28(2.111); 2.86(2.045) ; 3.880.931) ;4.54(1.800); 
4.95(1.670); 5.27(1.570). 

b) Z(-loga ,hlo3) 

C.5C5(2.687,37.2g);O.660(2.542,34.10~;0.833(2.432,3~.~1); 
1.03(2.347,28.32); 1.24(2.285,25.82); 1.55(2.217,22.81): 
1.88(2.162;20.27); 2.48(2.086,16.79); 3.+8(1.969,12.84); 
+.44(l.&g,10.03); 5.25(1.540, 6.71); 5.560.352, 4.33). 

H- 1.00 I 

Z(-1oga JhlO3) 

o.221(2.760,41.23);0.335(2.569,37.~5);0.447(2.438,34.84~: 
0.692(2.295,29.74); 1.05(2.191,24.50): 1.47(2.116,20.36): 

1.82(2.069,17.73); 2.25(2.022,15.27); 2.73(1.970,13.15): 
3.13(1.920,11.63); 3.53(1.869,10.36); 3.940.818, 9.22): 
4.14c1.770, 8.54); 4.61(1.666, 7.08); 5.10(1.501, 4.97). 

Z(-1oe;a $x103) 

H= 0.516 IS, 2.7 II; ClO;;,O.3 X Cl- 

0.2o4(3.260,23.54);0.258~3.138,23.01);0.326(3.015,22.38~: 
o.4o7(2.8~g,2~.65~;0.479(L.758,20.69);0.60~(~.63~,~g.58)~ 
0.772(2.518,18.33);0.960(2.432,17 00); 1.21(2.349,15.67): 
1.54(2.279,14.15); 1.93(2.216,12!67); 2.31(2.165,11.45): 
2.56(2.136,10.77); 2.85(2.102,10.05); 3.23ti.063, 5.24): 
3.68(z.OOg, 8.35); 3.940.973, 7.87); 4.22(1.930, 7.37): 
4.4g(l.877, 6.85): 4.76(1.863, 6.25); 4.980.725, 5.63); 
5.21(1.604, 4.67): 5..33(1.486, 3.58): 5.430.413, 2.76): 
5.59t1.347, 1.91). 

model functions representing different hypotheses. 
For the calculations some assumptions had to be 
made about the dependence of h upon B and Z. Since 

logG(o)=lo%(~nK”~~-6)>logZ+ 

B < O.lH, h must be close to H and therefore it is 
sufficient to estimate only a lower and a higher limit (Z/a) da - 6 log u 

for h. We have postulated the validity of the in- 
equalities 

H<h<H+BZ (6) 

(7) 

0.434 
s 

w(Z/w) dw - 6 log w 
09 

in which the upper limit comes from the hypothesis 
that p = II in (4). The results of the next section show 0 

that in our solutions h never exceeds H + BZ. 
On the basis of (3) and (6) two types of functions, 

where K,, the conditional constant, is defined by 

G(a) and @(w), were constructed K, = c B,,H -pF,, (9) 
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and The most probable number ofOH- in Ti(OH),fi-‘-” 

w = a(1 + BZ/H)-‘. (10) 

The integrals j; (Z/a) da as well as I; (Z/w)dw, 
where a, and w,, denote the lowest measured values, 
were evaluated by the trapezoidal rule, thus no 
smoothing was involved. To obtain jOm (Z/a) da and 
&,‘““(Z/w)dw the parabola fitting the lowest three 
(Z/U) = f(a) and (Z/w) = f(w) points was assumed 
to represent the experimental points at values where 
no data are available. 

In any case the same n values were obtained if 
either G(n) or m(w) was employed to approximate 
the data. In order to save space only the functions 
originating from (7) are given. At each acidity studied 
a satisfactory agreement, within the limits of experi- 
mental error, could be found between the 
log G(a)(log a) data and the normalised functions 
Y(logv), in which 

To evaluate t in the reaction products the de- 
pendence on H of the apparent constants was exam- 
ined according to (9). Clearly, correct conclusions on 
t and PI, may be reached only if we are able to 
estimate the activity coefficient changes caused by the 
replacement of a large part of the medium ion Na+ 
with H+. However, since from structural consid- 
erations p is expected to be a small integer, the 
determination of t of the predominating species 
should be only slightly influenced putting F,, = 1 in 
(9). On the other hand, activity coefficient va’riations 
cannot be neglected if the evaluation of t for minor 
complexes and if more accurate a,, are required. The 
calculations presented in this section assume F,, = 1. 
Medium effects are taken into account in thd next 
section as it was impossible to consider them simulta- 
neously with the evaluation of t. 

Y=logG-logK,=log(6+4L~-Z+u-5) (11) 

logu =logu+(1/5)logK,-(l/S)logK, (12) 

The plots of log K, and log K4 against log H could 
be well described by straight lines of slope 1 and 2, 
respectively, thus indicating the presence of 
Ti(OH),F+ and TiF,. The constants /12,, and jJ4 of 
Table 3 were calculated as the average of 
log K, + log H and log K4 + 2 log H. 

L = K4(K6)K,2)-“‘S’. (13) 

On the other hand lakge systematic trends were 
observed with any other model representing the 
presence of only three complexes. We may thus 
conclude that the data of present accuracy are expla- 
ined with the formation of Ti(OH),F3-‘, Ti(OH),, 
FL ” and Ti(OH),.F; ‘” - 2. 

The conditional constants given in Table 2 were 
computed, using (1 l)-(13), from the differences 
log G - Y, log u - log a and L read off in position of 
best fit. Practically coincident results for K, and K4 
were obtained with either (7) or (8), whereas log & 
values higher than 0.3 units were found when (7) was 
replaced by (8). The discrepancy however introduces 
no uncertainty in the evaluation of n of the main 
species. 

Analysis of the K,(H) function led to different 
conclusions. The quantity log & + 3 log H, evaluated 
using approximation (8) was found to be constant 
indicating the formation of HTiF,- with a constant 
fi _ , 6 given in Table 3. On the contrary K,H - 3 values 
obtained using (7) showed a systematic trend with H 
which might be due to either medium effects or 
additional species. Most probably, as it will result 
from the treatment of the next section, the trend 
stems from the approximation F_ ,,6 = constant. 

Refinement of the equilibrium constants 
The calculations of the previous sections were 

based on equations of limited validity and moreover 
on the assumption that no significant activity 
coefficient changes occur when Na+ is exchanged 
with H+. It was therefore desirable to prove the 

Table 2. The conditional constants, K,,, in 3 M (Na, H)CI media 

H, M log Kl lot K4 m&z rc, log KS 
eq’ (7) eq CS) 

0.25 2.86 +0.05 9.58 +O.1 13.06 +C.Oj 13.40 +0.03 

0.50 r.50 +0.05 t1.a3 +0.1 12 .L5 +c .33 12.45 +0.03 

1.00 2.20 +0.05 8.2w.08 11.55 20.03 11.57 +0.02 

Table 3. Survey of equilibrium constants, & 

Method log 8* 1 
. log t90,4 log 8_1,6 

Dependence of 
Kn onH,eq (9) 2.20 + 0.05 a.4 + 0.1 11.57 2 0.03 

Least-squares, 
3 P NaCl 2.28 + 0.03 a.34+ 0.02 11.41 + 0.01 

Least-squares, 

2.7 I.! ClO, 2.38 + 0.03 8.572 0.02 11.77 + 0.01 
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formation of minor species and to refine the constants 
with more exact procedures. 

The experimental data were treated with Sillen’s 
powerful least-squares method Letagrop.6 The com- 
putation consisted in the minimization of the sum 

U=C(Z,-z)* (14) 

where Z, designates values of Z calculated with a 
certain set of assumed constants. 

As a first run we tested the hypothesis involving the 
formation of Ti(OH)*F+, TiF, and HTiF,- . Then we 
took account for medium changes according the 
specific interaction theory (SIT).‘,’ The molal activity 
coefficient yi of the species i, defined so that yi+l as 
the molality of i, m,, tends to zero in the solvent salt 
3.2 m NaCl, may be expressed in NaCl-HCl mixtures 
of constant chloride molality by 

logy, = (b(i, H+) - b(i, Na+))mu+ (15) 

in which b is the symbol of the interaction coefficient. 
According to the theory b = 0 for positively charged 
i. As a consequence the formation equilibria of 
Ti(OH)*F + and TiF, should not be sensibly affected 
by the substitution of Na+ with H + since, as sup- 
ported by the estimates of the next section, reagents 
and products are neutral or positively charged. On 
the contrary the equilibrium leading to HTiF,- 
should be influenced to the extent to which 
b(HTiF,-, H+) differs from b(HTiF6-, Na+). In 
other words the medium effects are accounted for by 

log F- 1.6 = (H (16) 

where < includes interaction coefficients as well as 
conversion terms from molality to molarity. Being 
not able to guess the probable c value, we considered 
it as an unknown parameter to be determined simul- 
taneously with b_ ,.6. When 5 was adjusted to vary 
together with the constants &,, & and b_i,$ U 
decreased by more than 50%. The minimum was 
found with 5 = 0.17 and the constants listed in Table 
3. These are seen to agree well with the graphical 
evaluation. The uncertainty of the Letagrop con- 
stants is 3 times the standard deviation and is lower 
of the maximum error estimated by curve-fitting. 

As the most important measure of the fit between 
experimental data and the proposed model let us 
consider Fig. 2, where (Z, - Z)/Z is plotted as a 
function of Z. From a total 67 points 33 are found 
to show positive and 34 negative deviations. The 
average positive deviation amounts to 3.7%, the 
average negative to 2.9%. The magnitude and the sign 
of the deviations do not exhibit appreciable trend 
with H and Z. 

Calculations were carried out also by assuming, 
besides Ti(OH)*F + , TiF, and HTiF,- , other con- 
ceivable species like Ti(OH)F* + , Ti(OH)zF22 +, TiF, -. 
However no significant lower minima were afforded 
to make plausible the presence of detectable amounts 
of such minor species in the concentration range 
investigated. 

The influence of the Cl- ions on the complex formation 
The probable number of Cl- ions bound to 

Ti(OH),* + and to the fluoride complexes can be 

Poly Vol. 2, No. 8-G 

H,M 
@ 0.25 

.@ 
-10 

I I I I I 
0 2 4 6 

Fig. 2. Illustration of the fit between experimental data and 
the model represented by the equilibrium constants of the 
second row of Table 3 and { = 0.17 (eqn 16). Points for 

3 M Cl - : (ZJZ - 1) x 100 as a function of Z. 

estimated from the differences between equilibrium 
constants determined in solutions where Cl- is re- 
placed by Clod-. If we neglect as first approximation 
changes of the activity coefficients and postulate that 
Ti(OH)l+ and the Ti(OH),c-‘-” species do not 
form complexes with ClO,-, then we may conclude 
from the small difference between the constants valid 
in 3 M NaCl and those found from the special 
measurements in 2.7 M ClO,-, 0.3 M Cll medium, 
given in Table 3, that titanium chloride complexes are 
hardly detectable in 3 M NaCl. 

In order to explain quantitatively the magnitude of 
the &,(ClO,-) - /?,,JCl-) differences, the variation 
of the activity coefficients when Cl- is replaced by 
Clod- was evaluated with the SIT.‘.* By assimilating 
Ti(OH)l+ and Ti(OH)*F + to M$ + and Li + , re- 
spectively, and setting equal to zero the interaction 
coefficients of neutral species, the constants 

log &, = 2.5, f 0.10 

log &, = 8.7, f 0.10 

10g/!_,,,=11.7,*0.10 

were estimated to hold in 3 M NaClO,. For the 
calculations the interaction coefficients listed in Ref. 
8 were employed. The coincidence of experimentally 
determined with predicted constants corroborates the 
hypothesis that chloride complexes are formed in 
negligible extent in 3 M NaCl solutions. 

Comparison with the results of previous work 
The fluoride complex formation has been the sub- 

ject of a number of investigations. 
In 1952, Kleiner9 determined spectrophoto- 

metrically, in 0.1 M HNOJ, temperature not stated, 
the equilibrium constant for ~iO(H,O,)]*+ + F- P 
TiOF + + H202 which, combined with the constant of 
TiO*+ + H202&TiO(H202)]*+, yielded log ([TiOF ‘1 
piO*+]-‘IF-]-‘) = 6.44. 

In 1960, one of the present authors, in cooperation 
with Caglioti and Liberti,” measured, at 25°C in 3 M 
NaClO,, using a quinhydrone half-cell, the com- 
petition of F- for H + and Ti(IV) in the acidity range 
from 0.05 to 0.2M. By assuming that no protons 
were involved in the reaction of TiO*+ with F- the 
data were explained with TiOFz-“, n = 1,2,. . .4. 
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The results of the present work prove, however, the 
inadequacy of that assumption and led the present 
authors to undertake a recalculation of the earlier (B, 
HZ, A, h) data. Here H* stands for the H + analytical 
concentration excess counting H,O, Ti4+ and F- as 
zero level. The function 

R=A+h-(H*+2B) 

B 

c P[Ti(OH),c-‘-“I 

= [Ti(OH),2+] + 1 [Ti(OH),c-‘-“I 
(17) 

was first constructed. Then the various hypotheses 
were tested by minimizing the error sum C (R, - R)2 
in which R, is a value calculated with a set of assumed 
constants. For R > 2 the constants of the third row 
of Table 3 gave (R, - R) values of the expected order 
of magnitude, e.g. a few percent, whilst deviations as 
large as 20% were observed for lower R. In consid- 
eration of the inferior acidity the deviations were 
ascribed to additional species. As a matter of fact, 
Ti(OH)2F2 and TiF,’ -, with equilibrium constants, 
respectively, of lti5Mo and 10’“,9 M-2, improved 
considerably the fit. A practically coincident min- 
imum was, however, obtained by replacing 
Ti(OH),F, with Ti(OH),F and probably a better 
agreement would involve other conceivable species. 
In conclusion these results are in substantial concor- 
dance with those of the present work, although the 
limited accuracy of the earlier measurements does not 
allow an independent and unequivocal interpretation. 
Nabivanets” as well as Parpiev and Maslennikov’2 
have studied the distribution equilibria between ti- 
tanium chloride solutions and ion exchange resins. 
Nabivanets explained his data in 0.2 M HCl in terms 
of TiOF,,-“, n = 1,. . .4, while Parpiev and Mas- 
lennikov estimated from measurements in 0.5 M HCl 
a constant of about 6.3 x lo3 for TiFS- + F- P 
TiFs2-. A satisfactory explanation of the distribution 
data is made difficult by the lack of experimental 
details. 

DISCUSSION 

Most often the titanyl ion, formulated here as 
Ti(OH)t + , has been assumed to describe the ti- 

tanium(IV) solution chemistry. The results of the 
present work show, on the contrary, how the central 
group loses its identity through the removal of OH- 
by F-. As a consequence a quantitative explanation 
of the successive complexation equilibria can be 
achieved only using approaches suitable for the in- 
vestigation of a ternary system (Ti(IV) - H+ - F-), 
i.e. the knowledge of two variables, h and a, in as 
wide a range as possible. 

It is intended to extend the study to acidities 
enclosing the limits from 0.05 to 10 M. At. 
h ~0.25 M, in addition to hydrolytic species, the 
complexes Ti(OH)2F2 and Ti(OH),F,- are favoured. 
On the other hand, measurements obtained in the 
h > 1 M range should contain information on 
TiFn4-” with n < 4. In a new attack of the system one 
should provide e.m.f. data more accurate than 
0.2 mV. The detection of TiFS-, whose limited range 
of existence has to be connected with structural 
changes from TiF, to HTiF,- , is committed to the 
improvement of the potentiometric measurements. 
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QUATERNARY COMPLEXES INVOLVING PYRIDOXAMINE, 
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Abstract-The formation constants of quaternary Co(II), Ni(II), Cu(I1) and Zn 
complexes comprising pyridoxamine as a first, glycine as a second and ethylenediamine as 
a third ligand were determined by pH-metric titration at I = 0.5 M NaNO, and 30”. The 
complexes are generally protonated in which the ligands may act as bidentate as well as 
monodentate. The formation of the quaternary species is discussed in relation to pertinent 
binary and ternary species. The validity of the Van Panthaleon van Eck equation was also 
tested. 

Pyridoxamine (Pm), glycine (Gly) and ethyl- 
enediamine (en) are of considerable interest in 
biological studies, since they are present in 
significant amounts in all cells. Pyridoxamine, a 
vitamin B, compound, may act as a coenzyme for 
reactions of carbonyl compounds.’ Glycine is 
one of the amino acids constituting proteins and 
has been of considerable interest as models for 
metal-proteins reactions.2 Ethylenediamine and 
other polyamines were found to be involved in 
catalytic reactions and act in the transfer of metal 
ions in peptide complexes.3 These ligands were 
proved to form stable binary complexes with some 
divalent metal ions. 4,5 They have been involved 
in some ternary complex formation with Co(II), 
Ni(II), Cu(II), Zn and Cd ions.4s5 However, qua- 
ternary complexes comprising the three ligands 
were not studied. These complex equilibria may act 
as a model for the cluster of ligands around a trace 
metal ion in biological systems. They may describe 
the functions of some vitamin B,-dependent en- 
zymes. In addition, they may give a clue for their 
role in humans if the complexes are introduced as 
chemotherapeutic agents. 

Materials 

EXPERIMENTAL 

Pyrodoxaminedihydrochloride [Pm(HCl)J 
(Fluka AG), and glycine (Gly) (BDH) was used as 

tPart XIV. Kinetics and Reaction Mechanism of the 
Interaction of Pyridoxal-5-phosphate with Cu(II)- 
Pyridoxamine Complexes, Inorg. Chim. Acta. in press. 

$Present address: Chemistry Department, Faculty of 
Science, Cairo University, Cairo, Egypt. 

*Author to whom correspondence should be 
addressed. 

supplied. Ethylenediamine (en) was purified by 
distillation under reduced pressure. The concen- 
tration of the stock solutions of the ligands (0.1 M) 
were checked potentiometrically. Only en (0.1 M) 
was acidified with HN03 (0.2 M). The concen- 
tration of the stock solutions of Co(II), Ni(II), 
Cu(I1) and Zn nitrates were checked complex- 
ometrically, by using potentiometric methods, uti- 
lizing a Radiometer Cupric Selective Electrode.6 

Equipment 
A Radiometer pH-meter model 63, equipped 

with Radiometer combination electrode type GK 
2301C was used to follow the pH during the 
titration of sample solutions of ligands in the 
absence or presence of metal ions. A Radiometer 
autoburette model ABU 12 was used to deliver the 
titrant (0.1 M carbonate-free NaOH). 

Methods 
Titrations were carried out as previously 

described.7 The concentration of the ligands 
never exceeded twice that of the metal ions. Ti- 
tration data were taken at 30°C and at an ionic 
strength of 0.5 M NaNO,. Purified nitrogen was 
surged in the solutions of Co(I1) system during 
titration. The direct pH-meter readings were used 
in the calculations. The pK, value was taken as 
13.75 at I = 0.5 and T = 3O”C[8]. 

The MINIQUAD- program was used to as- 
sess the titration data.9 The procedures for select- 
ing the correct equilibrium model were described in 
previous report.7 All equilibrium constants were 
calculated from at least six titration curves of 
different concentration ratios of metal ions and 
ligands. 

775 
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L 
05 I.0 1.5 

Volume of NaOH (0.f M 1 (ml) 

Fig. 1. Typical titration curve of the quatemary systems involving Pm, Gly and en with various 
metal ions. A, ligands only; B, Zn; C, Co(I1); D, Ni(I1); and E, Cu(I1). 

RESULTS AND DISCUSSION 

Figure 1 shows typical titration curves for 
Co(II), Ni(II), Cu(I1) and Zn in the presence of 
equivalent amounts of Pm, Gly and en. Precip- 
itation occurs above pH 8.0 only in Zn system 
when the composition ratio is l:l:l:l, 
(Pm : Gly : en : Zn). The quaternary complex for- 
mation may be represented by the following reac- 
tion, 

(M, Pm, Gly, en, H3’ ( 1) 

where 1, p, q, r and s are the stoichiometric 
coefficients and 2 = (2r + s) - (1 +p). 

In order to determine the formation constants of 
the equilibria represented by reaction (1) using 
program MINIQUAD-75, the relevant constants 
of the binary and ternary complexes should be 
known together with the protonation constants of 
the ligands. However, not all these constants were 
determined.4p5 The only systems which were not 
investigated were those of M-Gly-en. Table 1 
depicts the values of the ternary complex for- 
mation constants for Co(H), Ni(II), Cu(I1) and Zn 
with Gly and en determined under the experi- 
mental conditions of this work. Some of the values 
were estimated assuming that the difference in the 
formation constants between e.g. 01110 and 01111 
is independent of the metal type Cu(I1) is ex- 
cepted) and that log B’s for different metal ternary 
complexes is linear function of the sum of the log 

of the 1st protonation constants of their ligands 
(Fig. 2). 

The values of formation constants of the qua- 
ternary systems expressed for the equilibrium reac- 
tion (1) are recorded in Table 2. At least 20 sets of 
complexes for each system were examined using 
MINIQUAD-75. The criteria of model choice were 
as previously reported.’ Table 2 shows that most 
of the quaternary complexes are protonated even 
at higher pH’s than in ternary and binary species 
indicating that the protons may be located on the 
Pmmoietyasin1:1:1:1:1and1:1:1:1:2and 

Fig. 2. The formation constants of the ternary species in 
the log forms in their dependence on the sum of log 
forms of the 1st protonation constants of the ligands. 
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Table 1. The formation constants of the ternary complexes of Co(B), Ni(II), Cu(I1) and Zn involving 
Gly and en at I = 0.5 M NaNOI, and T = 30°C. n = number of data points, IJ = standard deviation 
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M lpqrs log B(o) n pH range Reported 

11.38 C.05) 299 6.0 - a.0 12.55 

19.26* 

26.38 C.01) 

16.19 C.02) 15.51 

18.45 

16.20* 261 2.7 - 6.9 

CO(II)O 1 1 10 11.05* 228 6.1 - 8.2 

01111 19.17* 

01112 26.05 C.01) 

Ni(II)O 1 1 1 0 

01111 

01112 

01210 

02110 

Cu(II)O 1 1 1 0 

01111 

01112 

0211r 

02112 

01214 

No 1 1 10 

01111 

01112 

01210 

27.54 C.01) 

44.64 C.01) 

34.34 c.010 

46.15 C.01) 

10.23t.02) 201 6.1 - 8.2 

18.11 C.01) 

25.23* 

15.79 C.01) 

* 
Est. values. 

on Gly or en or both as in 1 : 1 : 1 : 1: 3 and 
1 : 1 : 1 : 1 : 4. Moreover, the existence of qua- 
ternary species with two ligand molecules of the 
same kind could not be proved. 

A good linear relationship is found between log 
formation constants of the quaternary complexes 
(log /Ilo) and the second ionization potential (I,) of 
the metal ions under consideration (Zn is excepted) 
which prove the validity of Van panthaleon van 
Eck equation” (Fig. 3). 

log 81~ = AU, - B) (2) 

where A and B are constants depending on the 
ligand and the experimental conditions but inde- 
pendent of metal ions; A depends on the number 
of donor atoms and the polarizability of ligands, 
while B is characteristic of the donor atoms. The 
values of A decreases as the number of protons 
increases in the complex. They are 3.14, 2.56 and 
0.8 for l:l:l:l:l, 1:1:1:1:2 and 

1 : 1 : 1 : 1 : 4, respectively. This observation indi- 
cates a decrease in the number of the ligating 
atoms, as the number of protons increases in the 
complex. This linear relationship of log fi,o on I, 
made it possible to predict values of log /3,o of 
Cu(I1) system for 1 : 1 : 1 : 1 : 0 and 1 : 1 : 1 : 1 : 3, 
species (Table 2). The difficulty in obtaining an 
equilibrium model including the latter two species 
for Cu(I1) system may be due to structural factors. 
In case of the 1 : 1 : 1 : 1 : 0 species an octahedral 
structure should be expected which is not as stable 
as in the Ni(I1) and Co(I1) systems. On the other 
hand, steric hindrance may be excercised more in 
the Cu(I1) square planar complex of 1 : 1 : 1 : 1 : 3 
species. It is unfortunate that log/I,, for Zn com- 
plexes cannot be fitted in the above linear re- 
lationship invalidating eqn (2). 

The affinity of the ternary complexes M Pm Gly 
H,, M Pm en H, and M Gly en H, to the ligands 
en, Gly - and Pm -, respectively, to form the 
quaternary complex species, 1 : 1 : 1 : 1 : sH may be 
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Table 2. Log values of quaternary complexes of Cu(II), Ni(II), Co(H) and Zn involving Pm, Gly 
and en at I = ). 5 M NaNOX and T = 30°C. S = sum of squared residuals, Xi* = Chi square 

Stoichiometric 
M coefficients 

1P9 r's log8(o) (S)x107 Xi* R n pH range 

CO(IIJl 1 1 1 4 

11113 

11112 

11111 

11110 

Ni(11)l 1 1 1 4 

11113 

11112 

11111 

11110 

cl(=) $1 11 4 

11113 

11112 

11111 

11110 

Zn(II)l 1 1 1 4 

11113 

11112 

11111 

11110 

48.39C.01) 31 15 0.010 166 7.3-9.5 

40.36C.01) 

32.91C.01) 

23.56C.01) 

14.64C.01) 

48.14C.01) 12.6 477 0.015 245 6.3-10.2 

40.98C.02) 

34.38C.01) 

26.26C.01) 

17.20(.01) 

50.22C.01) 3.2 20 0.007 201 4.0-9.5 

43.2* 

39.77C.01) 

32.46C.01) 

25.5"' 

48.82C.01) 1.9 46 0.009 128 '7.1-9.5 

41.19C.01) 

33.77C.01) 

25.4OC.01) 

16.P!J C.01) 

* 
Est. value. 

7 
0 

P 11114 

P 
l . 

, 1111s 

/’ 
40 81’ 

811112 

/’ 
,o 

38 j” 
/ 

/PllllO 

1 44 42 40 

- 26 

- 24 

- 22 

- 20 

- IS 

- 16 

- 14 

Fig. 3. The dependence of log fi,o on the ionization 
potential (I,) of the metal ions for different quaternary 

species. 

visualized if one considers the following equilibria: 

MPmGlyH,+enP MPmGlyenH,; 

K’ = B, o/B MP~G,~H, (3) 

MPmenH,+Gly- PMPmGlyenH,; 

K”= B,olBw~menn, (4) 

MGlyenH,+Pm- Ft MPmGlyenH,; 

K”’ = &j//IM Gly cn H, (5) 

where BMhGlyH,9 BMhmH, and BMGGlyenH, are the 

formation constants of the ternary 
complexes.4*5 Table 3 lists the log values of K’, 
K” and K”’ whenever their calculation is permis- 
sible. It appears that reactions (3) and (5) are more 
favorable than reaction (4). 

The formation of quaternary complex may also 
arise from the interaction of three different binary 
complexes or one binary species with one ternary 
species or even from the combination of two 
different ternary complexes. 

Different combination of binary complexes may 
lead to the formation of the 1 : 1 : 1 : 1 : sH qua- 
ternary complex. However, a detailed description 
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Table .3. Log K values expressed by eqns (3)-(14) 

Stoichiometric 
coefficients 

lpqrs 
log K co Ni cu Zn 

11110 

11111 

11110 

11111 

11110 

11111 

11110 

11111 

11110 

11111 

11110 

11111 

11110 

11111 

11110 

11111 

11111 

11112 

11112 

11113 

11114 

11110 

11111 

11111 

11112 

11112 

11113 

11113 

11110 

11111 

11111 

11112 

11112 

11112 

11113 

11113 

11114 

11110 

11111 

11111 

11112 

11112 

11113 

11110 

11111 

log K1 4.15 

5.18 

log K1' 3.41 

3.78 

log KII1 3.59 

5.39 

log K'" -1.08 

-1.19 

log KVa -4.99 

-13.04 

log KVb -5.76 

-4.80 

log Kvc -4.64 

-3.12 

log Kvl -2.02 

(n=O,m=l) -1.55 

(n=l,m=O) -0.99 

(n=O,m=2) 0.85 

(n=l,m=l) -0.09 

(n=l,m=2) - 

(n=l,m=3) - 

log KV1' -2.13 

(n-O,m=1) -0.33 

(n=l,m=O) -1.10 

(n=O,m=2) 1.14 

(n=l,m=l) 1.13 

(n=l,m=2) 0.10 

(n=3,m=O) - 

log KVII1 -1.75 

(n=O,m=l) 0.05 

(n=l,m=O) -1.28 

(n=l,m=l) 0.95 

(n=O,m=2) 1.52 

(n=2,m=O) 1.12 

(n=l,m=2) 0.52 

(n=2,m=l) 1.45 

(n=2,m=2) 1.60 

log Kxx -1.47 

(n=l,m=O) -1.58 

(n=O,m=l) -0.33 

(n=O,m=2) 1.80 

(n=l,m=l) -0.65 

(n=l,m=l) 0.22 

log Kx -1.36 

-0.99 

5.66 8.51 

6.69 7.65 

4.18 5.65 5.88 

4.69 5.23 6.4s 

5.82 

7.76 

9.30 6.59 

7.29 

-2.10 -3.51 -0.47 

-1.16 -2.61 -0.55 

-5.55 -4.88 -3.69 

-12.90 -16.45 -10.19 

-6.59 -7.96 -3.95 

-6.41 -11.24 -2.33 

-4.44 -4.61 -2.50 

-4.27 -7.89 -1.08 

-0.70 -1.12 

-0.19 -1.54 

0.33 -1.78 

1.08 0.25 

-0.10 -1.85 

2.20 

-1.90 

-0.17 

1.01 

.86 

2.01 

1.10 

0.58 

2.96 

1.15 

0.49 

1.67 

1.00 

2.27 

2.67 

2.27 

0.71 

0.99 

1.03 

0.52 

0.10 

3.45 

-0.50 

1.02 

-0.92 

-0.02 

1.80 

3.07 

2.40 

2.89 

'4.32 

3.92 

i. 111 

3,. 46 

3.97 

-0.84 

0.70 

0.34 

1.34 

0.94 

0.42 

2.01 

0.14 

-1.16 

1.40 

2.66 

-1.65 

1.95 

-1.37 

-0.86 

-0.62 

-2.07 

-2.49 

-1.19 

1.73 
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Table 3. (Contd) 

Stoichiometry 
coefficients 

1pqrs log K co Ni CU Zn 

11112 0.79 0.41 -0.68 3.31 

11110 log Kxl -2.60 -2.03 -2.56 

11111 -0.70 -1.00 -3.22 - 

11113 0.54 

11110 

11111 

11111 

11112 

11112 

11113 

11110 
11111 
11112 

11110 

11111 

log K**' 

(n=l,m=O) 

(n=O,m=l) 

(n=O,m=2) 

(n=l,m=l) 

(n=l,m=2) 

log K XIII 

log KXrV 

-1.26 1.05 3.20 0.16 

0.34 1.22 0.19 Z.b/ 

0.54 2.23 - 2.23 

2.01 3.23 6.13 3.4R 

1.89 l.'t6 - 3.08 

1.46 0.94 -0.41 3.38 

-0.81 -0.41 -1.24 1.71 

-0.34 0.07 -1.66 2.31 
2.06 1.34 0.15 3.83 

-1.29 -1.04 -1.16 - 

-0.26 2.84 -1.82 - 

11113 1.86 

of these equilibria depends on the availability of 
different species. The forthcoming analysis will 
deal only with symmetric combination of binary 
complexes. The proton will be assumed to be 
located on the Pm since most of the binary com- 
plexes of Gly and en are unprotonated; 

MLH, + ML’ + ML” P MLL’L”H, + 2M 

K’” = B’QIB’ML’B’ML”B’MU’, (6) 

M(LH,), + M(L’), + M(L”), P MLL’L”H, + LH, 
+ML’+ML” 

or 

P MLL’L”H, + ML’ + MLH, + L” 

K”@) = ~‘~P’ML’B’MLH,/B~MLH,~~ML’BzML” (7b) 

or 

P MLL’L”H, + MLH, + ML” + L’ 

K”@) = B,oB’MLHB’ML”lB2MtH,B2ML’BZML” (7c) 

where LH,, L’ and L” stand for PmH,, Gly and en, 
and &, fi,MLB and BIMLH, are the formation con- 
stants of the monobility species and pzML, jJzML” and 

B ZMLH, are the formation constants of the dibinary 
species. The values of log K’” and K” are depicted 
in Table 3. It seems that quatemary complex 
formation are not enhanced via the interaction of 

binary species since most of the values of log K’” 
and log K” are negative. However, it has been 
proved that ternary complexes of systems in- 
volving Pm, Gly and en with Co(II), Ni(II), Cu(I1) 
and Zn can generally coexist with binary species 
involved in these systems[4,5]. So it may be rea- 
sonable to discuss the formation of 1 : 1 : 1 : 1 : sH 
quaternary complexes from the point of the inter- 
action of the 1 : 1 : 1 : 1 : sH ternary species. This 
may be viewed from the following equilibria, 

MLL’H, + MLL”H, + MLL’L”H, + MLH, 

K”’ = ~‘QB’MLH,IP’MLL’HSIMLL”H, (6) 

MLL’H, + ML’L”H, e MLL’L”H, + ML’H, 

K”” = ~‘QB’ML’H,IB’MLL’H,BIML’L”H, (7) 

MLL”H, + ML’L”H, F? MLL’L”H, + ML”H, 

K”“‘= B~QBIML"H,/BIMLL"H,BIML'L"H, (8) 

wheWAMLL'H,,,, BIMLLsH,, BIML'L"Hu~~~BIMLL'L"H,~~~ 

the formation constants for the ternary species 
mentioned in the above equilibria and 
n + m = s + t (the number of hydrogen atoms). 
The values of log K’s are recorded in Table 3. 
Although, other ternary species than 1 : 1 : 1 : sH 
may be also involved in quaternary complex for- 
mation, yet they are of minor importance due to 
their lower relative concentrations.4.s 

Since some binary species may exist with some 
ternary species, their interactions are unavoidable. 
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Fig. 4. Distribution diagrams of the quaternary system as function of pH. (a) Co-Pm-Gly-en, (b) Ni-Pm-Gly-en, 
(c) Cu-Pm-Gly-en, (d) Zn-Pm-Gly-en. 
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The following possibilities are only representative governing factor in the enhancement of quaternary 
and probably the most important; complex formation. 

MLH, + ML’L”H, # MLL’L”H, + M, 

KM = BI&MLHJIMLL’L’H, (9) 

ML’ + MLL”H, # MLL’L”H, + M, 

KX = BLQIBIML’BIMWH, (10) 

ML” + MLL’H, # ML’L”H, + M, 

Kx’ = BIQIBWBIMLL’H, (11) 

M(LH& + ML’L”H, # MLL’L”H, + MLH, 

Kxi’ = BIQBIMLH,IB2MLHBIML’L”H, (12) 

ML; + MLL”H, # MLL’L”H, + ML 

Kx”’ = BLQBLMJB~MLL”H,&L (13) 

ML; + MLL’H, # MLL’L”H, + ML” 

Kxn’ = B,QBIML”IBZML”B,MLL’H,, (14) 

The values of log Krxdxiv are shown in Table 3. 
There is a certain degree of enhancement of qua- 
ternary complex formation through some of the 
above equilibria specially for 1 : 1 : 1 : 1 : 2 species. 

Figures 4(a-d) show the distribution curves of 
the binary, ternary and quaternary complexes in- 
volving Pm, Gly and en with the metal ions under 
consideration as function of pH. As it has been 
mentioned previously,’ these curves are de- 
pendent on the initial concentration of the reac- 
tants. In equal concentration of M : Pm : Gly : en a 
mixture of binary, ternary and quaternary com- 
plexes may exist in various ratios. Of course, highly 
protonated quaternary species (containing 2 pro- 
tons or more) are present in acidic media and the 
less protonated (containing 2 protons or less) are 
in neutral or basic solutions. The predominance of 
quaternary species may be arranged according to 
the type of metal ions in their systems as Zn > 
Co(I1) > Ni(I1) > Cu(I1). In other words, the dis- 
tribution of Cu(I1) among different complexes in 
Cu(II)-system is more or less identical and there is 
no preference to quaternary species opposite to 
what is in Zn system. This may be explained as due 
to the fact that Zn with a filled d-shell and no 
ligand field stabilization energy may accommodate 
the distorted geometry (which may also be ac- 
quired by Co, Ni and Cu) without destabilization. 

If we assume that chemical and electrical attrac- 
tion between the metal ion and the ligand are 
independent of ligands already attached, then the 
magnitude of the stepwise formation constants are 
determined by statistical considerations. The ratio 
of the three constants for a bidentate ligand in an 
octahedral complex is K,:K,:K,= 12/l: 
512 : 4/W’ 

It is worth mentioning that most of the qua- 
ternary complexes are positively charged which 
make them susceptible for easier transportation in 
biological fluids. 

Acknowledgement-The authors thank Kuwait Univer- 
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Abstract-Magnetic multiple resonance experiments of the types 13C-{31P, ‘H}, “C-{‘H} and 
3’P- I ’ ls3W ‘H} have been used to determine the magnitudes and signs of P-C and P-P coupling constants 
in the symmetrical complexes LM(CO), (L = Ph,P(CH3,PPh,, Ph,PN(H)PPh,, (Ph,P),C=CH,, cis- 
Ph,PCH=CHPPh,; M = Cr, MO, W, n = l-4). A knowledge of the signs of the couplings shows that they 
display a systematic pattern of behaviour according to metal atom and ring size and this may have 
diagnostic value. , “C 3’P and ‘*,W chemical shifts are also reported. 

INTRODUCTION 
Proton and more recently 13C and “P NMR spec- 
troscopy has played an important part in the devel- 
opment of the chemistry of phosphine complexes of 
metal carbonyls. Not only can the technique be used 
to establish molecular structure and stereochemistry, 
it can also in principle be used to probe intimate 
details of electronic distribution and the factors which 
determine this. For this latter purpose 13C and “P are 
probably more valuable than proton NMR, since the 
shieldings and coupling constants for these two nuclei 
are more directly affected by the metal atom and are 
also less subject to external influences such as changes 
of solvent. However, ordinary proton-decoupled 
spectra seldom yield all the information necessary for 
a proper assessment of the relationship between the 
NMR parameters and electronic structure, and in this 
paper we describe the results of multiple resonance 
experiments upon a series of chelating tertiary bi- 
phosphine complexes of group VI metal carbonyls 
which resolve this difficulty. In particular, the mag- 
nitudes of the two-bond coupling constants between 
“P and the “C nuclei of the carbonyl groups show a 
complex pattern of variationI whose dependence 
upon the metal and upon the stereochemical re- 
lationships can be understood only if the signs of the 
couplings are also known. Additionally, the im- 
portant homonuclear phosphorus-phosphorus cou- 
plings are not normally available directly from simple 
“P spectra when the ligands are chemically sym- 
metrical. In order to get the signs of the 3’P-‘3C COU- 
pling constants it is necessary to perform “P-(“C} or 
13C- 3’P selective multiple resonance experiments,5 { > 
the latter being generally the more convenient,6 but 
neither type of experiment has been usual in previous 
work. For the “P-“P couplings considerable effort’.’ 
in the past has gone into making complexes with 
unsymmetrical ligands such as R,P(CH,),PR; where 

TFor Part II see Ref. 6. 
*Author to whom correspondence should be addressed. 

R and R’ are sufficiently different (e.g. Et and Ph) for 
there to be a substantial chemical shift difference 
between the two kinds of phosphorus so as to allow 
‘J(PP) to be read off directly from the essentially 
first-order spectra. This method is synthetically de- 
manding and does not give the sign of J(PP). The 
multiple resonance approach used here is easier syn- 
thetically and gives the sign of J(PP) in complexes of 
symmetrical ligands of possibly greater fundamental 
importance; it is based upon using spin-tickling 
experiments9 for the indirect detection of weak transi- 
tions in the spectra from species which are chemically 
but not magnetically symmetric.5*6 All of the com- 
plexes studied are of the type c~-LM(CO)~ with 
M = Cr, MO, or W, and L = (Ph,P),CH, (dppm), 
(PhrP)K=CH, (gem-pp ), (Ph,P),NH (&v), 
Ph,P(CH,),PPh, (dppe), cb-Ph,PCH=CHPPh, (cis- 
VP), WWM3PPh~ (dppp), or WWW’Ph~ 
(dppb). They have octahedral co-ordination at the 
metal and thus contain two types of CO group-axial 
and equatorial as in (I). With the exception of [4] and 
the three dpnp derivatives all have been previously 
reported.‘&13 

0 

P &CO, 

P /r\co, 
0) 

EXPERIMENTAL 
AI1 solutions of Iigands and their complexes were pre- 

pared and manipulated under an atomsphere of gaseous dry 
dinitrogen. The ligands were made as described elsewhere6 
and were purified by recrystallixation; the complexesrtr3 
were made by refluxing together stoichiometric amounts of 
ligand and the appropriate metal hexacarbonyl in diglyme 
for 12 hr, followed by removal of the diglyme in wcuo and 
recrystallization from CHCI,/MeOH (1: 1). New complexes 
were: gem-ppCr(CO), [4]: Found: C 64.1; H 3.9; 
Cx,H,,CrO,P, requires: C 64.3; H 3.9%. m.p. 197-198”. dpnp 
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Cr(CO), [7]: Found: C 61.1; H 3.8; C,,H,,CrO,P, requires: 
C 61.2; H 3.8%. m.p. 194”. dgnpM~(CO)~ [8]: Found: C 
56.5; H 3.6; C,,H,,MoO,P, requires: C 56.7; H 3.5%. m.p. 
216”. dpnpW(CO), (91: Found: C 49.1; H 3.1; Cz8HZ,W04PZ 
requires: C 49.4; H 3.1%. m.p. 205”. The others had 
properties identical to those previously reported. 

The NMR measurements were performed at 22°C upon 
concentrated solutions in dichloromethane containing ca. 
10% C,D, to provide a locking signal for the spectrometer. 
This was a JEOL FX-60 Fourier transform instrument 
operating at measuring frequencies of 59.8, 15.0 and 
24.2 MHz for ‘H, “C and 31P respectively. The probes of the 
spectrometer were modified5 to permit ‘H-{“P}, 
‘3C-{3’P, ‘H} and 3’P-{‘s3W, ‘H} multiple resonance experi- 
ments, the additional radio frequency being provided by a 
GenRad model 1061 frequency synthesizer which was 
locked to the master oscillator of the spectrometer. 
Cr(acac), was added to the solutions to facilitate obser- 
vations of the “CO signals. Samples were examined in 
10 mm o.d. tubes, and prior to Fourier transformation the 
f.i.d. was weighted so as to maximise the signal-to-noise 
ratio while retaining sufficient resolution for the purpose in 
hand. 

METHODS AND RESULTS 

The proton-decoupled “P NMR spectra of the 
complexes (I) consist of a single line due to an A2 spin 
system from which it is not possible to derive a value 
of J(PP) when the two phosphorus atoms are chem- 
ically equivalent, as is the case with all the molecules 
studied here. However, the presence of 13C (I = 4, 
natural abundance 1 .l%) at a particular site can 
lower the magnetic symmetry so that the relevant spin 
system becomes AA’X (A, A’ = “P, X = 13C) and 
more information is available.14 It is convenient to 
distinguish three general cases. 

(i) J(PP) is zero or very smnN. The main “P peak 
(from molecules containing “C) is flanked by 13C 
satellites whose positions give the magnitudes of the 
two 3’P-‘3C coupling constants, and the 13C spectrum 
is a doublet of doublets. Neither spectrum gives the 
relative signs of the two “P-“C coupling constants. 

(ii) J(PP) is of moderate size. The magnitude of 
J(PP) can be obtained from the positions of the “C 
satellites in the “P spectrum, and their intensity 
pattern normally makes it possible to get the relative 
signs of the two 3’P-‘3C coupling constants. The “C 
spectrum is a symmetrical five-line pattern having 
half its intensity in two lines separated by N, the 
algebraic sum of the two “P-‘)C coupling constants, 
and the remainder in a central ine and two weaker 
outer lines whose positions depend upon J(PP) and 
the 3’P-‘3C couplings. Analysis of this pattern can 
also give a good indication of the magnitude of 
J(PP). 

(iii) J(PP) is large. The 13C satellites in the “P 
spectrum are again in positions which give the values 
of the various coupling constants, but four of them 
are too weak to be detected and the other four are 
close to the central main peak and may be obscured 
by its wings. The 13C spectrum is a triplet with almost 
a 1: 2: 1 intensity distribution, the small amount of 
intensity missing from the central line being in two 
outer lines at approx. f J(PP), but which are too 
weak to be detected by normal observation. 

The transition between cases (ii) and (iii) depends 
upon the relative values of the three coupling con- 
stants involved, and also upon the capabilities of the 

spectrometer, but as a very rough guide 
IJ(PP)( = 50 Hz usually represents the maximum 
value that can be measured from a normal spectrum. 

For case (ii) it is possible to use straightforward 
selective heteronuclear double resonance 
experimentsI (under conditions of complete proton 
decoupling) to compare the sign of J(PP) with that 
of either of the two 3’P-‘3C couplings. Either 
3’P-{‘3C, ‘H,,i,} or 13C- 3’P, Hnoi,) experiments can ( 
be used, but the latter are generally more convenient 
since they avoid the severe dynamic range problems 
associated with detecting the weak 13C satellites in the 
presence of a strong 3’P signal from molecules con- 
taining no 13C. An important feature of this approach 
is that it can also be applied to case (iii) and used to 
determine the positions of all of the lines including 
the very weak ones even though only the strong ones 
are detected directly. This is because no matter how 
weak a particular line is, it is possible to increase the 
amplitude of the heteronuclear irradiating field to 
such a level that tickling effects will be transferred to 
a strong observed line, and a systematic search over 
a suitable range of trial frequencies will than give the 
position of the normally unobservable weak line.’ 

In the complexes studied in the present work the 
sites where the presence of ‘)C can lead to the above 
kind of magnetic inequivalence are the equatorial CO 
groups, any of the positions in the phenyl groups, and 
certain of the backbone carbons of the bidentate 
phosphine ligands. However, a 13C in an axial CO 
group or a symmetric central position in the back- 
bone (i.e. in dppm, gem-pp, or dppp) leads to an A,X 
spin system from which it is not possible to determine 
either J(AA)[ = J(PP)] or the sign of 
J(AX)[ = J(PC)]. However, this latter parameter can 
often be inferred by comparison with another similar 
coupling. 

The experiments involving the aromatic carbons 
are particularly valuable because they permit almost 
all of the signs of the coupling constants to be put 
onto an absolute basis. In practice, the signals from 
the non-protonated carbons bound to phosphorus 
were too weak (owing to the long relaxation times 
and absence of any n.0.e.) to be used conveniently in 
this way, whilst the couplings to the puru-carbons 
were too sniall. However, in the case of the ortho- 
carbons the determination of J(PP) also gave its sign 
relative to N(PC)[ = 2J(PC) + 4J(PC)]. Since 
4J(PC) @ 2J(PC) the sign of N(PC) is also that of 
*J(PC) which was found to be positive by comparison 
with ‘J(PH) [itself knownI to be positive] in a 
selective ‘3C-{‘H) d ecoupling experiment. Similar 
considerations apply to the metu-carbons with the 
added security that 5J(PC) is even smaller. The signs 
of the various other 3’P-‘3C couplings were then 
related to that of J(PP) in each complex. At high 
power levels the “P irradiation gives complete decou- 
pling in the 13C spectra, and the simplification 
achieved in this way can be a valuable aid to assign- 
ment in certain cases, although this was not really 
necessary in the present work. 

The peaks of the 3’P spectra of the tungsten 
complexes are flanked by satellites arising from cou- 
pling to Is3W (I = f, natural abundance = 14%); 
“P- I ls3W, ‘H,,,,} experiments gave the tungsten res- 
onance frequency and hence 6(‘*‘W). The sign of 
‘J(PW) can be reliably taken as positive in this type 
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Table 2. “C chemical shifts’” in phosphine ligands of group VI metal carbonyl complexes 

N 

1 

1 

1 

1 

1 

1 

1’ 

1 

1’ 

1 

2 

2 

0, 

- 

1 

2 

3 

- 

4 

5 

6 

3 

4 

5 

- 

6 

7 

8 

- 

9 

0 

1 

Complex~ 

dwm wca4 

II wm4 

0 W(COj4 

gem-pp Cr(C0) 
4 

II MOB 

II W(CO14 

&w 

II 

II 

dwe 

II 

I, wmo4 

cis-vpp Cr(C0)4 - 

II MoKo)4 

II W(CO) 4 

dprw c=m4 

II M&N4 

w WiCO), 

dwb Cr(C0)4 

II WO)[, 

11 WCCO), 

Phen 1 ( 
C 
1 c2 

Y 136.9 131.5 

137.0 131.5 

135.9 131.9 

133.7 132.8 

133.5 133.2 

132.9 133.0 

138.7 129.9 

138.8 130.5 

137.8 130.3 

138.2 132.1 

137.8 132.5 

135.6 131.8 

136.9 131.6 

137.1 132.1 

136.4 132.0 

138.1 132.1 

138.2 132.2 

137.6 132.3 

139.0 131.8 

138.5 131.9 

138.3 132.0 

:-fOUpS 

c3 
c 

4 

129.1 130.6 

129.1 130.6 

128.9 130.6 

129.0 130.7 152.1,117.5 

129.0 130.8 154.1,130.3 

128.9 130.8 156.3,132.4 

128.4 130.2 

128.6 130.4 

128.5 130.5 

129.5 

129.5 

128.9 

129.0 

129.1 

129.0 

129.4 129.7 30.9,zo.o 

128.7 129.9 31.6.20.1 

130.1 130.2 31.2,ZO.S 

128.3 129.4 32.1,23.6 

128.4 129.4 30.3.23.6 

128.4 129.6 31.1,23.5 

130.4 

130.7 

130.2 

130.3 

130.4 

130.5 

-I- 
C 
b-bone(c) 

47.3 

48.7 

51.4 

20.4 

27.9 

29.7 

148.9 

148.0 

149.4 

Notes : 

In ppm (50.1 ppm) to high frequency of Me4Si. 

See text for meanings of abbreviations. 

When two figures we given the first refers to carbon bound to 
phosphorus. 

of compound. I7 Tables 14 list the NMR parameters 
of these complexes. 

DISCUSSION 
(a) Coupling constants 

The maih factors which are known to affect nuclear 
spin-coupling constants involving phosphorus are the 
effective nuclear charge and hybridization of phos- 
phorus and of the other nucleus, and the geometry of 
the coupling path.‘* With the possible exception of 
the three derivatives [7-91 of dpnp all of the complexes 
examined here must have very comparable effective 
nuclear charges at phosphorus since in each case the 
phosphorus is bound to the metal atom, to two 

phenyl groups, and to a carbon atom which may be 
either sp’ or sp* hybridized. The phosphorus hybrid- 
ization will be between p’ and sp3 in all of the 
compounds, and although it will be affected by 
changes in the interbond angles at phosphorus 
brought about by different ring sizes, this effect is 
likely to be relatively unimportant. Support for this 
contention is provided by the narrow range of vari- 
ation for any particular metal atom of the coupling 
*J(P-CO,,) for which the relevant PMC interbond 
angle is 90” and should be little affected by alterations 
in the size of the chelate ring. It thus seems reasonable 
to attribute the major trends in the phosphorus- 
phosphorus and phosphorus-carbonyl couplings to 
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Table 3. Carbonyl “C, “P and la3W chemical shifts in group VI metal complexes 

1 dppm Crw04 222.6 229.7 

2 (1 Mo(CO) 4 211.0 219.5 

3 ” NCO) 4 203.6 211.0 

4 genrPP CrKw4 222.9 229.7 

5 11 Mow4 211.4 219.1 

6 ” NCO) 4 203.9 210.4 

7 dpnp Crw04 220.7 228.2 

8 II Mo(C0)4 209.6 218.2 

9 II NCO) 4 201.9 209.6 

10 dppe Cr(C0)4 221.5 230.4 

11 ” Ho(CO) 4 209.9 218.0 

12 ” NCO), 201.9 208.8 

13 cis-vpp 219.3 229.0 - Cr(C0)4 

14 ” Mowa 208.4 217.2 

15 ” w(co)4 200.4 208.1 

16 dppp Cr(CO)4 222.0 226.9 

17 ” MowJ), 208.6 213.2 

18 ” W(CO)4 203.2 206.0 

19 dppb Cr(CU4 221.9 225.9r 

20 ” MoKo)4 210.4 214.9 

21 ” w(a) 4 203.0 205.6 

26.0 49.6 

1.5 25.1 

-23.5 0.1 

50.1 54.0 

26.4 30.3 

7.8 11.7 

96.2 53.6 

69.6 27.0 

45.7 3.1 

79.4 91.9 

54.7 67.2 

40.1 52.6 

88.0 111.1 

63.9 87.0 

49.8 72.9 

41.0 58.3 

20.4 37.3 

-0.1 17.2 

48.0 63.0 

29.2 44.2 

11.3 26.3 

527 

477 

482 

192 

150 

326 

367 

787 

Notes: 

(a) See text for meaning of abbreviations. 
6) In ppm (fO.l ppm) to high frequency of Me4Si. 
6) Carbonyl trans to carbonyl. 
Q) Carbonyl trans to phosphorus. 
b) In ppm (to.1 ppm) to bigb frequency of external 85% H3P04. 
(2) Coordination chemical shift (see ref.10) in ppm. 
(g) In ppm (_+2 ppm) to high frequency of \J(LZO)~. for which I (183W) = 4.151878 NXZ. 

geometrical and electronic changes in the through- 
bond coupling path(s). 

(i) 2J(PP). This coupling can be regarded as being 
the sum . of through-metal and “backbone” con- 
tributions as suggested by Grim et al.’ For the 
complexes of dppb the backbone contribution will be 
over five sigma bonds and can probably be ignored, 
so that the observed coupling is a good measure of 
the through-metal component. Furthermore, for 
these complexes and those of dppp there is likely to 
be little or no distortion of the interbond angle at the 
metal atom due to the constraints of the chelate ring. 
The uniform difference in ‘J(PP) between the three 
complexes of dppb and the corresponding ones of 

dppp, which is essentially independent of the metal 
atom, may thus be ascribed to a backbone con- 
tribution of - 6.8 + 0.3 Hz in the latter complexes. 
This may be compared with a value of & 1.0 Hz in 
the free ligand dppp itself6 where there is no special 
rigid stereochemical relationship between the two 
phosphorus atoms. In cb-(Me,P),M(CO), where the 
PMP interbond angles are likely to be close to 90” 
and there can be no backbone contribution J(PP) has 
values of - 36, - 29.7 and - 25.0 Hz for M = Cr, 
MO and W respectively.‘9 

By contrast, a comparison of the complexes having 
a five-membered chelate ring with those of dppb does 
show a significant dependence upon the metal atom, 
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Table 4. Coupling constants between “P and 13C in phenyl groups of group VI metal carbonyl 
complexes’” 

- 

NO. 
- 

1 

2 

3 

4 

5 

6 

7 

8 

9 

LO 

11 

12 

13 

14 

15 

16 

17 

.8 

19 

10 

!l 

- 

(b) 
Complex - 

dppm Cr(CO) I, 

dppm MoKO)r 

dppm W(CO) II 

gem-pp Cr Omll - 

gem-w Mo(CO) 4 

genrpp w(m) 4 - 

dpnp Cr(CO) 4 

dpnp Mo(CO)l+ 

dpnp W(CO)l, 

dppe Cr(CO), 

dppe ?ro(CO), 

dppe W(CO) 4 

ci s-vpp Cr(COj 4 - 

cis-vpp Mo(C014 

fis;vpp W(CO) 4 

dTipp Cr (CO) 4 

dppp Mo(CO)4 

dppp cr(CO) 4 

dppb Cr(co) 4 

dppb Mo(C0) 4 

dppb W(CO) 4 

Notes: (a) 

(b) 

(4 

W 

(9 
1J(PC), 3J(Pc) 
-- 

36.7 

37.0 

42.3 

39.0 

37.8 

44.0 

43.1,-3.4 

32.4,(~)6.8 

38.5,-6.9 

36.6 

35.0 

39.0 

37.4,2.9 

35.5,2.6 

41.5,2.5 

37.3 

34.8 

38.5,2.5 

32.8,3.3 

31.3,2.4 

37.9.1.9 

kl cc 
*J(Pc) ,4J(PC 

+12.7,-0.6 9.8 

+14.9,-0.9 10.0 

13.4 10.2 

11.7 9.8 

14.0 11.0 

13.2 10.3 

13.4 10.4 

15.3,o 10.4,o 

15.3,-0.7- 10.7,o 

+9.7,-0.1 8.8 

+12.5,-0.3 9.2 

+9.7,-0.1 12.2 

11.2,cO.S 9.5,<0.5 

12.2,O.S 9.3,O.j 

11.2,O.S 10.3,<0.5 

8.8 10.6 

12.0 9.1 

+11.9,-0.5 9.2 

9.3,o.s 8.8,O 

11.2,0.2 8.8,O 

11.2,o 9.0,o 

(J!l 
4J(Pc! 

c2.0 

c2.0 

q2.0 

Cl .5 

Cl.5 

x1.5 

2 

1.8 

2.2 

1.8 

1.7 

1.8 

1.9 

Cl.5 

Cl.5 

c3.5 

c2.0 

c3.0 

cl.5 

cl.5 

Cl.5 

In Hz, f G.2 hz. Signs are given only when definitely knom. 

For meanings of abbrevintions see text. 

When there is only one entry it refers to tj(PC), the algebraic 

sum of the two couplingsconstants. 

Strictly N(K), but it is masonable to assume G_l(PC) = 0. - 

the changes of dppbddppe being + 16.2, + 17.5 and 
+ 20.5 Hz for Cr, MO, and W respectively, while for 
dppb +cis-vpp the corresponding changes are + 27.0, 
+ 30.2 and + 34.8 Hz. This is certainly consistent 
with there being significant (different) backbone con- 
tributions in the complexes of dppe and cis-vpp, but 
it should also be noted that the presence of two sp2 
hybridized carbon atoms in the chelate ring formed 
by cis-vpp will seriously affect the conformational 
mobility of its complexes and hence will produce 
greater constraints upon the PMP interbond angle 
than in the case of dppe. For the complexes with a 
four-membered ring the differences are even greater, 
the chromium complex being the most discrepant, as 
is to be expected if through-metal interactions are 
beginning to play a major role. 

Although it can hardly be doubted that there are 
two separate paths available for the coupling mech- 
anism, a problem with this type of analysis is that 

changes in the geometry of the ring are likely to affect 
both paths. Thus the smaller size of chromium com- 
pared with molybdenum and tungsten will affect the 
conformation of the chelate ring and hence of the 
ligand backbone--values of J(PP) are known to be 
very sensitive to such conformational effects. None- 
theless, it does emerge clearly from this study that in 
the sequence chromium, molybdenum, tungsteli there 
is a progressive positive increment in *J(PP) for all 
types of complex studied. In view of the diversity of 
types of backbone involved it seems reasonable to 
attribute the major part of this change to the 
through-metal contribution. For the four-membered 
chelate rings the difference between *J(PP) for the 
chromium and molybdenum complexes is much 
greater than for the molybdenum and tungsten: this 
is reasonable since in these complexes the PMP 
interbond angle is constrained to be substantially less 
(typically it is 70”) than its “normal” value of 90” and 
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is very sensitive to the PM bond lengths which are 
quite similar for molybdenum and tungsten.” It is of 
course well-known that 2J(pP) is strongly dependent 
upon the hybridization of an intermediate carbon 
atom, and on theoretical grounds it is believed that 
differences in the energies of the various metal elec- 
tronic excitations will affect this coupling and may 
cause it to change sign. It is also clear from our results 
that it is essential to determine the sign of 2J(PP) 
experimentally. Previously, it has been usual’ simply 
to rely upon the expected algebraic increase in the 
sequence Cr, MO, W, to estimate the signs, but 
evidently this would not necessarily have predicted 
the negative sign in compound [l]. 

(ii) 2J(3’P-‘3CO). The symmetry of the complexes is 
such that it was possible to obtain only the magnitude 
of ‘J(P-CO,,) and not its sign. However, comparison 
with the other similar cis couplings ‘J(P-CO,) of 
known sign in these complexes makes it obvious that 
in all cases the sign is actually negative. Indeed, the 
magnitudes of the two kinds of cis P-CO coupling 
run so closely parallel that it is feasible to use the 
value of 2J(P-C0,) to estimate 2J(P-C0,) in those 
complexes where it was possible to measure only the 
sum of the cis and trans P-CO, couplings and hence 
to obtain a good estimate of the tram 2J(P-C0,,). For 
the six complexes to which this applies the calculated 
values are: [4], - 4.9; [Sj, + 24.9; [q, + 23.4; [I, 
- 5.2; [19], - 4.4; [20], + 24.9 Hz; all probably cor- 
rect to within 1 Hz. 

Our results demonstrate that for all the chromium 
complexes the cis- and trans PC0 couplings are 
negative, while for the molybdenum and tungsten 
complexes the cis-couplings are still negative but the 
trans are positive. This could constitute a useful 
assignment aid. It had been previously observed that 
in cis-(PH,),Cr(CO), the cis and trans P-CO cou- 
plings are of opposite sign although their absolute 
signs were unknown.2 It is perhaps worth noting that 
for the complexes with a four-membered chelate ring 
two paths are in principle available for the P-CO 
coupling: the two-bond P-M-C one, and the four- 
bond P-C-P-M-C route which is not necessarily 
negligible, especially when there is a fixed geometry. 
However, the relative insensitivity of the P-CO cou- 
pling to chelate ring size suggests that in fact the 
four-bond route is unimportant. The most striking 
feature of the behaviour of J(P-CO) is that in the 
sequence Cr, MO, W there are algebraic increases of 
ca. 4 and 2 Hz respectively for the cis relationship, 
whereas the changes are ca. + 30 and - 2 Hz for the 
trans. These changes are much more consistent 
throughout the series of complexes than the changes 
in J(PP), suggesting that the previously observed 
correlation between the two types of coupling may 
not be of very great generality.’ It has been proposed 
elsewhere2’ that geminal coupling constants can be 
represented by an expression which for our com- 
plexes will take the form 

2J(P-M-C) = S’J(PM).‘J(MC) (1) 

where S depends upon the hybridization and elec- 
tronic excitations of the intermediary atom M. In the 
tungsten complexes there is a rough correlation be- 
tween the trans ‘J(P-CO,,) coupling and ‘J(PW) 
which is in agreement with eqn (l), but not for the cis 

Poly Vol. 2, No. a-n 

2J(P-CO) couplings. Thus it is probably reasonable 
to apply the mean electronic excitation energy ap- 
proximation to the trans couplings, which are rela- 
tively large and positive, but not to the cis, which are 
smaller and negative. In this context it would be very 
interesting to know the signs and magntidues of the 
geminal “C-“C couplings between the carbonyl 
groups. 

(iii) ‘J(‘*‘W-“P). This coupling increases with in- 
creasing size of the chelate ring, i.e. with increasing 
PWP interbond angle, and as pointed out above is 
broadly paralleled by trans 2J(3’P-CO). 

(iv) J(3’P-‘3C)bacLbonc. The most striking feature of 
the one-bond couplings is that the differences be- 
tween the tungsten and molybdenum complexes are 
greater than those between the molybdenum and 
chronium ones. For sp3 hybridized phosphorus one- 
bond P-C couplings are normally positive and fairly 
large, while for p’ they are negative and fairly small. 
Thus ‘J(PC) can be regarded as indicative of phos- 
phorus hydribization, and shows it to be intermediate 
between p3 and sp’ in these complexes as expected. 
However, it is surprising that the phosphorus hy- 
bridizations in the molybdenum and tungsten com- 
plexes differ sufficiently to produce the observed 
differences in ‘J(PC). In this connection it must be 
realized that particularly for the complexes with 
smaller rings the nominally one-bond P-C couplings 
will in fact be made up of contributions from the true 
one-bond pathway and also from a route via the 
metal atom. This latter contribution will depend 
upon the electronic excitations involving the metal 
atom which may well differ significantly for molyb- 
denum and tungsten. 

The longer-range P-Cbackbone couplings will depend 
upon the above factors and also upon the stereo- 
chemical constraints of the ring; further discussion is 
not warranted at present. In principle the P-C cou- 
plings of the phenyl groups can also provide a guide 
to phosphorus hybridization and again provide evi- 
dence for significant differences between the phos- 
phorus hybridizations in the molybdenum and tung- 
sten (and also the chromium complexes). 

(b) Chemical shifts 
As has been discussed elsewhere” the tungsten 

chemical shifts in these complexes are sensitive to the 
size of the chelate ring, but the precise nature of the 
relationship is complex. Thus a four-membered ring 
experiences a large shift to high frequency, and a 
five-membered ring a large shift to low frequency, 
compared with an unstrained ring or no ring at all. 
This feature may be of diagnostic value, since it 
should be possible to use 8(““W) to distinguish 
between small-ring monomers and large-ring dimers 
which might otherwise have very similar NMR pa- 
rameters. The newly reported phosphorus co- 
ordination shifts, Aa( also show the same marked 
dependence upon ring size and metal atom that was 
previously noted by Grim for dppm, dppe and dppp 
complexes.‘0 

For any particular metal atom the “C chemical 
shifts of the axial cat-bony1 groups are quite insen- 
sitive to the size of the chelate ring, whilst those of the 
equatorial carbonyls do show some effect. This is 
reasonable, since for an axial CO group the P-M-C 
interbond angle will always be very close to 90” and 
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hence any through-space shielding effect will be es- 
sentially constant, whilst for an equatorial CO group 
this interbond angle and the concomitant shielding 
effect will be much more variable, according to the 
size of the chelate ring. 
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Abstract-The self-reduction of chlorohemin in pure pyridine has been investigated by 
voltammetric techniques. The results obtained indicate that the self-reduction follows a 
first-order kinetic rate law. The reduction is strongly inhibited by the presence of chloride 
ions suggesting that the monopyridine protoporphyrin iron(II1) [Fe(III)(PP)@y)] + axial 
complex is the species undergoing self-reduction. In oxygenated solution the process is 
strongly retarded since the oxidation of the Fe(II)PP intermediate strongly competes with 
the formation of a stable Fe(II)(PP)(py), complex. The results are discussed in the light 
of those obtained in a previous investigation on the photochemistry of chlorohemin under 
similar conditions. 

It is well known that, in a number of biological 
systems, cytochromes, heme-containing iron- 
proteins, play a fundamental role in electron trans- 
fer processes. However, the means by which these 
proteins carry out their redox catalyst function is 
not clear and to date has been the subject of many 
investigations.lA 

complexes in pyridine solution. However, different 
explanations have been given and the possibility 
that impurities were responsible for this reduction 
were not ruled out. 

In order to contribute to clarifying this un- 
explained self-reduction process, a re-investigation 
of this phenomenon was carried out. 

The study of the iron porphyrin complex redox 
behaviour appears to be very useful in view of the 
construction of model systems capable of mim- 
icking the features of biological redox processes. In 
a recent paper Bartocci et ~1.~ have reported on 
the photoreduction process of chloro- 
hemin [Fe(III)Protoporphyrin(IX) chloride, Fe(II1) 
solvent, the authors attempted to simulate the 
solvent, the authors attempted, to simulate the 
aprotic environment of the heme-containing pro- 
tein socket. In that paper it was observed that 
Fe(III)(PP)Cl underwent photoreduction yielding 
a dipyridine Fe(II)protoporphyrin(IX) complex as 
the final product. A slow thermal reduction, giving 
rise to the same final product obtained in the 
photochemical process, occurred when chloro- 
hemin was dissolved in pyridine. This process has 
previously been observed by several authors,- 
during their investigations on Fe(III)porphyrin 

Materials 

EXPERIMENTAL 

The supporting tetraethylammonium per- 
chlorate? and tetraethylammonium chloride 
(Carlo Erba) electrolytes were dried in a vacuum 
oven and used without further purification. Chlo- 
rohemin, iron(II1) protoporphyrin(IX) chloride 
[Fe(III)(PP)Cl] was recrystallized following the 
reported9 glacial acid method. Imidazole (BDH) 
and phenyl-tert-butyl nitrone (PBN)(Aldrich) were 
used without further purification. Spectroscopic 
grade pyridine (Merck) was dried with calcium 
hydride, twice distilled and used within 24 hr after 
purification. Nitrogen (99.99%) was employed to 
remove oxygen from the tested solutions. When 
necessary, ultrapure oxygen was bubbled through 
the solutions. 

Apparatus 
*Author to whom correspondence should be ad- In all the voltammetric experiments, a P.A.R. 

dressed. Model 170 Electrochemistry System was used as a 
TCaution. polarizing unit. A water-jacketed cell maintained 
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at a selected temperature ( f O.lC) by a Haake FE 
water thermostat was employed. Cyclic voltam- 
metric tests were performed with a platinum micro- 
electrode surrounded by a platinum spiral counter 
electrode. The potential of the working micro- 
electrode was probed by a Luggin capillary refer- 
ence electrode compartment. An electrode with 
periodical renewal of the diffusion layer was ob- 
tained by moving the solid electrode with a time- 
controlled knocker. All potential values refer to a 
saturated aqueous calomel electrode. 

Electron spin resonance measurements were per- 
formed using a Bruker 220 SE spectrometer, 
equipped with accessory for variable temperatures. 

Irradiation equipment and procedures were as 
previously reported.s 

RESULTS AND DISCUSSION 

In the potential range of the iron(III)-iron(I1) 
couple, the cyclic voltammetric response of a de- 
aerated pyridine solution just after the addition of 
chlorohemin shows a cathodic peak to which an 
anodic peak is directly associated. As previously 
pointed out,6 the charge-transfer involves a sim- 
ple one-electron quasi-reversible step (E1,2 = 
+ 0.06 V, AE, = 110 mV at 0.2 V/set, &/i, = 1 .O). 

The occurrence of a de-aerated hemin solution 
self-reduction reaction in time has been in- 
vestigated by d.c. voltammetry using a platinum 
electrode with periodical renewal of the diffusion 

layer. As an example, the voltammetric responses 
obtained at 25°C at two different times are re- 

ported in Fig. 1. (Timing starts after the addition 
of hemin to pre-deaerated pyridine solutions.) 
Plots of the Fe(II)/Fe(III) ratio as a function of 
time at different temperatures are represented in 
Fig. 2. These ratios were calculated using cathodic 
and anodic limiting currents. Thus one can see that 
the self-reduction of chlorohemin in de-aerated 
pyridine is highly dependent on temperature. 

In the concentration range of chlorohemin from 
1.10 x 10m4 to 2.0 x 10-3mol dmp3 the same 
trends hold. This datum, together with those re- 
ported in previous investigations? indicates that 
a first-order reaction is involved in the self- 
reduction. A rate constant of 1.3 x 10v5 set-’ was 
computed at 25”C, a value which is very close to 
that previously obtained (1.1 x IO-‘set-‘) by 
spectrophotometric techniques.8 

The influence of di-oxygen on the reduction rate 
of chlorohemin has been tested by bubbling ultra- 
pure oxygen (PO, = 1 atm) in the voltammetric cell. 
The results can be seen in Fig. 3. When the 
oxygenated solution was successively de-aerated, 
the self-reduction occurred again at the same rate 
as in the case of chlorohemin added to de-aerated 
pyridine. 

Since the addition of chloride ions noticeably 
prevents the self-reduction of chlorohemin, the 
process was carried out in the presence of tet- 

(a) (b) 

Fig. 1. D.c. voltammetric curves recorded for a pyridine solution containing chlorohemin 
(1.20 x 10m3 mol dmp3) and [NEt,][ClO,] (0.1 mol dm-‘). (a) After 1 hr. (b) After 23 hr. Platinum 

working microelectrode, t = 25°C. 
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1.6 
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2 4 6 8 ,o hours 

Fig. 2. Rate of reduction of chlorohemin in de-aerated 
pyridine solution at different temperatures. Chloro- 
hemin concentrations are: curve a, 1.35 x 10m3 
mol dm -‘; curve b, 1.20 x 10m3 mol dme3; curve c, 
1.29 x 1O-3 mol dme3. Supporting electrolyte, 

[NEt],[ClO,] (0.1 mol dm 3). 

raethylammonium chloride (0.1 mol dm -‘) as sup- 
porting electrolyte. The data at 25°C indicate that 
under these experimental conditions the reduction 
of chlorohemin occurs to a degree quite similar to 
that reported in Fig. 3 for the influence of di- 
oxygen. It must be noted that in the presence of an 
excess of chloride the reduction wave of chloro- 
hemin shifts to more negative potentials 
(El,* = - 0.07 V), indicating that chloride ions sta- 
bilize chlorohemin with respect to the reduction. 
An explanation for this result can be given by 
taking into consideration the fact that chloride 
influences the equilibria when chlorohemin is dis- 
solved in pyridine, as reported by Bartocci et ~1.~ 
(Scheme 1). It is evident from this scheme that an 
excess of chloride ions shifts the equilibria towards 
chloride complexes 2 and 3. The drastic lowering 
of the reduction rate observed under these condi- 
tions is clear evidence that the pyridine complex (1) 
undergo self-reduction more easily than the chlo- 

b 

0 

2 4 6 8 

hours 

Fig. 3. Comparison between the rate of reduction of 
chlorohemin in de-aerated pyridine solution (curve a) 
and in pyridine saturated with dioxygen (Ps = 1 atm). 
Chlorohemin concentrations are: curva a, 

1.00 x 10-3moldm-3; curve 6, 9.7 x 10-4moldm-3, 
t = 25°C. 

Fe (III) (PP) (py) 

1 

-PY 

+a- 
* 

Fe (III)(PP)Cl 

+ PY 
-Cl_ 

2 

Fe (III)(PP)Ct(py) 

3 

Scheme 1. 

ride complexes (2 and 3). The low self-reducibility 
of these species is an indication that Fe(III)- 
porphyrin chloride complexes are more stable than 
the corresponding Fe(I1) complexes. Accordingly, 
by assuming the concentration of chloro- 
complexes to be negligible in the absence of free 
chloride ions, the shift of E,,* observed in the 
presence of excess [Cl-] suggests that the stability 
constant of iron(II1) chloride complexes is roughly 
lo2 greater than that of the corresponding iron(I1) 
complexes. 

It is well known”,’ that the reduction of 
chlorohemin in pyridine is strongly inhibited by the 
presence of an excess of imidazole, due to the 
formation of a his-imidazole Fe(III)porphyrin 
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complex. D.c. voltammetric experiments carried 
out using pyridine chlorohemin solutions contain- 
ing 0.1 mol dm -3 imidazole indicated that no 
iron(I1) was formed within 7 hr. The shift of half- 
wave potential (E,,Z = - 0.56 V), indicating that 
the stability constant of the imidazole iron(II1) 
complex is IO’O greater than that of the correspond- 
ing imidazole iron(I1) complex, accounts for the 
great stability of chlorohemin solutions in the 
presence of imidazole. 

In order to detect the formation of radical 
intermediates during the self-reduction process, 
freshly prepared pyridine solutions of chlorohemin 
containing 5 x IO-* M phenyl-tert-butyl nitrone 
(PBN) as a spin trap, lo have been kept in an ESR 
cavity. No ESR signals indicating the formation 
of PBN radical adducts were observed at room 
temperature even after eight hours. This behaviour 
appears to be quite different from that observed by 
Bartocci et al. in the photoreduction investigation’ 
where clear evidence of formation of pyridyl 
radicals was obtained by ESR trapping experi- 
ments. Identical results were obtained at 40°C 
under conditions where the self-reduction rate was 
observed to be about three times faster than at 
room temperature (Fig. 2). In order to verify that 
the lack of detection of radical species is due to the 
PBN adduct instability, solutions of Fe(III)(PP)CI 
in pyridine were irradiated both at room tem- 
perature (25°C) and at 40°C. In both cases ESR 
signals characteristic of pyridyl radical adducts 
with PBN appeared after a few minutes. No appre- 
ciable decrease in the signal intensity, which would 
indicate the decomposition of the adduct, was 
observed within 3 hr. The above results suggest 
that no appreciable amount of radical species are 
trapped by PBN during self-reduction. The ob- 
served discrepancy between photochemical and 
thermal reduction could simply be accounted for 
by assuming that an impurity reduces Fe(II1) to 
Fe(H). However, this hypothesis may be ruled out 
since the reaction can go to completion, and in the 
wide range tested, it is not dependent on the 
chlorohemin concentration. Another, more plau- 

sible, explanation should be that, although the 
final reduction products are identical, the photo- 
chemical and thermal systems do not follow ex- 
actly the same reaction coordinate. In a previous 
paper,’ the primary photochemical process was 
identified as an intramolecular electron transfer 
from the axial pyridine to iron. Since the two 
electrons of the nitrogen of the coordinated pyri- 
dine are held in a strong cr bond, it is very likely 
that a n electron of the aromatic ring is involved 
in the electron transfer to central iron, As a 
consequence, the radical species formed in the 
primary photochemical act should be a n-type 
radical cation, which, by reacting with pyridine 
solvent, gives rise to the formation of a pyridyl 
radical, which is intercepted by the powerful radi- 
cal scavenger, PBN. Unlike the photochemical 
reduction, the primary process in the self-reduction 
of chlorohemin should be an intermolecular elec- 
tron transfer from pyridine solvent to iron. In this 
case the transfer of an electron of the lone pair of 
the pyridine nitrogen to metal appears to be the 
most probable event, and a pyridine N-radical 
cation should be the species formed in the primary 
act. The lack of formation of PBN paramagnetic 
adducts observed in the self-reduction process can 
then be explained in terms of a different fate of the 
N-radical cation in comparison with the rz radical 
cation, i.e. the first could give rise to a different, 
very fast process, before giving radical species 
capable of being trapped by PBN. As a matter of 
fact, it is reported” that a pyridine N-radical 
cation can react very rapidly with pyridine to give 
bipyridine species rather than pyridyl radicals. 

The pronounced effect of oxygen in slowing the 
reduction reaction (see results) can be explained in 
terms of an oxidation of the Fe(II)(PP)py complex, 
which is formed in the primary event (Scheme 2) 
in competition with pyridine axial coordination. 
This conclusion is substantiated by the finding that 
the final product Fe(II)(PP)(py), oxidation cannot 
be responsible for the observed lowering of the 
reduction reaction because oxygen very slowly 
oxidizes this complex.‘2 

Fe UIIJ(PP)(pyJ+ + py * Fe (IIJCPPJ (pyJ + py+ 

PY+ + PY 
very fast 

) products 

Fe (II) CPP) (py) + PY - Fe (11) (PPJ(pyJ, 

Fe (II) + 02 - Fe (IW(PPJ(pyJ+ + 0; 

Scheme 2. 
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Abstract-Direct reduction of WCl, with PMe, in toluene at 120°C in a sealed tube affords 
the complexes [WC&(PMe,),] (x = 2, 3). wCl,(PMe,),] abstracts oxygen from equimolar 
amounts of water in wet acetone or tetrahydrofuran to give [WOCl,(PMe,),] in very high 
yields. This procedure has been successfully applied to the high yield synthesis of other 
known oxotungsten(IV) complexes, [WOCl,(PR,),] (PR, = PMe,Ph and PMePh,). Metath- 
esis reactions of [WOCl,(PMe,),] with NaX give [WOX,(PMe,),] (X = NCO, NCS) and 
[WOX,(PMe,)] (X = Me,NCS,). The synthesis of the trimethylphosphite analogue, 
[WOCl,(P(OMe),),], is also described and the structures of the new complexes assigned on 
the basis of IR and ‘H and 31P NMR spectroscopy. 

In recent years we have been interested in the 
preparation and properties of trimethylphosphine 
complexes of Group VI metals, particularly molyb- 
denum. This work has resulted in the synthesis of 
dinitrogen, ethylene, acyl and related complexes,‘*2 
with the metal in oxidation states 0 or +2. 
Adequate starting reagents for these prepar- 
ations are the chlorophosphine complexes 
[MoCl,(PMe,),] and [MoC12(PMe3)d]. A natural 
extension of this work was the preparation of the 
tungsten analogues. However, at the time our work 
started little was known on the chemistry of tri- 
methylphosphine derivatives of tungsten chlorides. 
In our search for a suitable starting material we 
have found that the tungsten(IV) complexes 
[WCl,(PMe3)x] (x = 2, 3) can be prepared in high 
yields by the PMe, reduction of WCl, in toluene, 
at 120°C in a sealed Carius tube. While our work 
was in progress Sharp and Schrock3” reported the 
preparation of these and other related complexes, 
including the metal-metal bonded dimer 
[W,Cl,(PMe,).,]. In this paper we wish to report our 
synthesis for the W(IV) complexes, [WCl,(PMe,),] 
(x = 2, 3), and their facile conversion into the 0x0 
species [WOCl,(PMe,),] by oxygen abstraction 
from water in wet acetone or tetrahydro- 
furan (THF). The preparations and properties 

oxo-trimethylphosphite 
$OC?&QMe) ) ] 

analogue, 
3 3 , and other related complexes 

are also reported. We finally show the generality of 
the oxygen abstraction process for the conversion 
of [wCl,(PR,),] complexes into the corresponding 
oxo-derivatives [WOCl,(PR,),], by applying it to the 
synthesis of the known compounds [WOCl,(PR&] 
(PR, = PMe,Ph, PMePh,), previously prepared in 
rather low yields.4 The reactions leading to these 
complexes are summarized in the Scheme. 

RESULTS AND DISCUSSION 

(1) Tetrachlorobis- and tris-(trimethylphosphine) 
tungsten (IV) 

797 

Although previous attempts to prepare 
[WCl,(PR,),] complexes, directly from WCl, with- 
out reducing agents other than the phosphine in 
either cold or boiling THF yielded only oily mate- 
rials,4 it was later shown5 that these complexes 
can be obtained in good yields by carrying out the 
reaction in boiling benzene (eqn 1) 

*Authors to whom correspondence may he addressed. 

WCL, + 3PR, 2 WCWR3M + R3PC12 (1) 

(PR, = PMe,Ph, PMePh,). 

We have successfully applied this procedure to 
the synthesis of the trimethylphosphine analogue, 
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Scheme. (i) PMe, (less than 3 equiv), toluene, 12o”C, 12-18 hr; (ii) as in (i), excess PMe,; (iii) PM%, 
THF or toluene; (iv) reflux in toluene; (v) H,O, PMe,, THF or acetone, 4&50°C, 3 hr; (vi) KNCO 

or KNCS, THF, 3-4 hr; (vii) anhydrous NaS,CNMe,, THF, 3 hr. 

[WCl,(PMe,)J. The reaction is best carried out in 
a sealed tube to avoid loss of volatile PMe,. Thus, 
when WC16 and PMe, (cu. 1:2.5 molar ratio) are 
reacted in toluene at 120°C in a Carius tube, 
[WCl,(PMe,)J is formed in high yields. Using more 
than 3 equiv of PMe, a mixture of red 
[WCl,(PMe,)J and red-purple [WCl,(PMe,),] is 
obtained. These complexes can be easily converted 
into one another, addition of PMe, to solutions of 
the former causing precipitation of the latter, while 
moderate heating of solutions of lWQ(PMe,),] 
produces loss of PMe, and formation of 
[WCl,(PMe,)J. Both complexes are moderately sta- 
ble to air in the solid state but decompose quickly 
in solution. lWCl.,(PMe,),] is monomeric in solu- 
tion (cryoscopically in benzene) and paramagnetic 
with h = 1.87 M.B. (Evans’s method6), in the 
range expected for this type of complex [7]. Despite 
its paramagnetism it shows a relatively sharp 
NMR signal at 6 - 25.2 ppm. lWCl,(PMe,),] gives 
also a sharp NMR signal (6 - 8.2 ppm) but its low 
solubility has precluded solution molecular weight 
and magnetic moment determinations. As men- 
tioned above these two complexes have been inde- 
pendently prepared3” from WC& and PMe,. The 
crystal structure of [WCh(PMe,),] has been deter- 
mined.3b 

(2) Oxotungsten(ZV) complexes 
Complexes of composition lWOCI,(PR,),] are 

known4 for several monotertiary phosphines 
(PRs = PMe,Ph, PMePh,, PEt,Ph) and were pre- 
pared in rather poor yields (ca. 30%) by reaction 
of WC16 with the phosphine in ethanol for 
PR3 = PMe,Ph, and in the presence of zinc in the 
case of the less reducing phosphines PMePh, and 
PEt,Ph. We have now prepared the tri- 
methylphosphine analogue [WOCl,(PMe,),] in 
80% yield by an oxygen-atom abstraction reaction 
between [WC14(PMe,)J (x = 2, 3) and sto- 
icheiometric amounts of water, in the presence of 
an excess of PMe, to accept the generated hydro- 
gen chloride, (eqn 2) 

[WCl,(PMe,)J + H,O + 3PMe, 

-+WOCl,(PMe,),] + 2HCl*PMe,. (2) 

Stirring a solution of [WCl,(PMe,),], or a sus- 
pension of [WC14(PMe,),], in wet acetone or THF, 
at 40-50°C in the presence of PMe,, produces a 
change in colour to dark-blue and precipitation of 
a white microcrystalline solid, identified as 
[HPMe,]+Cl- by comparison of its IR and NMR 
spectra with those of an authentic sample. When 
the reaction is complete and after work up, mod- 
erately air-stable dark blue crystals of 
[WOCl,(PMe,),] can be collected. This compound 
has been prepared independently by Wilkinson et 
aI.* The IR spectrum of the complex shows 
absorptions characteristic of the PMe, ligands but 
no band due to v (W = 0) can be observed. This is 
very likely due to overlapping with the strong, 
broad absorption centred at 940 cm-‘, character- 
istic of coordinated trimethylphosphine.9 As 
in other related complexes4 [WOCl,(PMe,),] is 
monomeric in benzene solution and diamagnetic. 
The ‘H NMR spectrum in CH&l, shows a triplet 
at 6 1.57 and a doublet at 1.60 ppm (intensity ratio 
2: 1). This spectrum may be interpreted in terms of 
a meridional arrangement of the phosphine ligands 
and this along with the fact that the IR spectra of 
the complexes [WOX,(PMe,),] X = NCO, NCS) 
show two bands due to v(C-N) of the X ligands 
(see later) suggest stereochemistry as in I. 

Mq’ .., ii ,.. PMe3 

Me3P(W%I 

CL 

(I) 

The procedure described above for the prepara- 
tion of [WOCl,(PMe,),] is of general use and can 
be applied to the high yield synthesis of other 
known oxotungsten(IV) complexes. Thus, 
[WOCl,(PMe,Ph),], initially prepared in 25% yield 
by reaction of WC& with PMe,Ph in ethanol,4 is 
obtained in ca. 75% yield by interaction of 
lWCl,(PMe,Ph),] with equimolecular amounts of 
water, in the presence of PMe,Ph (see Experi- 
mental Section). Similarly, [WOCl,(PMePh,),] can 
be prepared by this same procedure in cu. 70% 
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yield, (eqn 3) 

[wCl,(PR,),] + H,O + 3PRs 

-+VOCl,(PR,),] + 2HCI+PR, (3) 

(PR, = PMe,Ph, 75%; PR, = PMePh,, 70%). 
The trimethylphosphite derivative, 

IWOC@YOW&~ can be isolated in cu. 80% 
yield, as purple crystals, by the sodium amalgam 
reduction of WOCl, in the presence of P(OMe),. 
The IR spectrum has v(W= 0) at 955 cm-‘, and 
the ‘H NMR shows a multiplet at 6 3.82, that 
provides no information with regard to the stereo- 
chemistry of the complex. The 3’P(‘H} NMR 
spectrum consists of a triplet at 6 134.88 
[2J(P-P) = 23.5 Hz; ‘J(W-P) = 316.9 Hz) and a 
doublet at 128.08 (‘J(W-P) = 257.0 Hz]. This is 
consistent with either a facial or a meridional 
distribution of the phosphite ligands. 

Metathesis reactions of the chloro- 
trimethylphosphine complex [WOCl,(PMe,)J with 
the appropriate potassium pseudohalide, yield 

lYO(NW2(PMe3)31 and WOWCSMPMe3)31 as 
dark blue crystalline materials. The Nujol-mull IR 
spectra show two strong bands at 2230 and 
2190 cm- ’ (cyanate complex) and 2060 and 
2040 cn- ’ (thyocyanate complex) attributed to 
v(C-N) of the NC0 and NCS ligands respectively. 
This and the appearance of the ‘H methyl reso- 
nances for these complexes as a triplet and a 
doublet (intensity ratio 2: 1) strongly support 
structure of the type I. 

anhydrous NaS,CNMq, in THF, at room tem- 
perature to afford dark red crystals of 

lYWJ2CNMeJ2(PMe311 in cu. 70% yield. In addi- 
tion to absorptions due to the PMe, ligand, the IR 
spectrum of this moderately air-stable solid is 
characterized by a strong band at 930 cm - ’ due to 
the W = 0 stretch and two absorptions at 1540 and 
15 15 cm - ’ which are assigned to the C = N stretch 
of the coordinated dithiocarbamate ligands. While 
the 31P{‘H) NMR spectrum is a singlet at tem- 
peratures between 25” and -80°C (S - 19.8 ppm, 
‘J(W-P) = 210.9 Hz) the ‘H NMR spectrum shows 
temperature dependence. At 35°C (CD,Cl,) the 
spectrum consist of three methyl signals at 6 3.81, 
3.66 and 3.34 ppm (intensity ratio 1: 1: 2) for the 
dithiocarbamate groups and a doublet at 1.44 ppm 
eJ(p-H) = 9.2 Hz) for the PMe, protons. Upon 
lowering the temperature, the singlet at 3.34 broad- 
ens, and at 20°C gives rise to an unresolved 
doublet. On further cooling this signal becomes a 
sharp doublet of resonances, no additional changes 
being observed down to -80°C. At this tem- 
perature four distinct ‘H methyl resonances at 
3.81, 3.66, 3.37 and 3.30 ppm are observed for the 
Me,NCS,- ligands. This spectrum is consistent 
with structure type II. 

The ease of the metathetical replacement of 
the chlorine atoms in [WOCl,(PMe,),], provided 
an opportunity to synthesize the related 
oxodithiocarbamatetungsten(IV) complexes PO- 
(S,CNR,),(PMe,)] by similar procedures. 
Compounds of this type are to our know- 
ledge unknown, although for both MO and 
W a series of complexes of composition 
[MO(S2CNR&R’C2R2)] has been reported.‘“” 
While for M = MO these complexes are usually 
prepared by reaction of the known 
[MoO(S,CNR,)J with the appropriate ligands,” 
for tungsten the corresponding [WO(S,CNR,)J are 
still unknown, and the acetylene complexes 
[WO(S,CNR2)2(R’C2R2)] have been obtained by 
the intermetal oxygen-atom transfer reaction” 
depicted in eqn (4), 

[W(S,CNR,),(CO)(R’C = CR’)] 

+ [Mo,03{S2P(OEt),},l~[WO(S2CNR2)2(R1C 

= CR2)] + 2[MoO(S,P(OEt),),] + CO. (4) 

The complex oxodichlorotris(trimethylphos- 
phine)tungsten(IV), [WOCl,(PMe,)J, reacts with 

Me . .._ s... ii ..-PM+ 

WN--C;;;EjjlS 

Although a more detailed NMR study is re- 
quired before any definite conclusion can be 
reached, it is tempting to assume that the averaging 
of the two low temperature methyl signals at 3.37 
and 3.30 ppm, to give a singlet at 3.34 ppm in the 
35°C spectrum, is due to fast exchange of the two 
methyl groups of the monodentate dith- 
iocarbamate ligand in the short-lived 5-coordin- 
ate intermediate, [wO(S,CNMe,)(SC( = S)NMe,) 
(PMe,)], formed by rupture of the W-S bond trans 
to oxygen. This assumption is supported by the 
high trans-influence of the 0x0 ligand which is well 
documented in this type of complex.‘1*‘2 

EXPERIMENTAL 

Microanalyses were by Pascher Microanalytical 
Laboratory, Bonn. Molecular weights were mea- 
sured cryoscopically, in benzene, under nitrogen. 
The spectroscopic instruments used were a 
Perkin-Elmer model 577 for IR spectra, and a 
Perkin-Elmer R-12A (‘H), a Varian EM 390 (‘H) 
and Varian FT-80 (‘H, 31P{‘H)) for NMR mea- 
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surements. Magnetic susceptibilities were obtained 
in solution by the Evans method. 

All preparations and other operations were car- 
ried out under oxygen-free nitrogen following con- 
ventional Schlenk techniques. Solvents were dried 
and degassed before use. 

The light petroleum used had b.p. 40-60°C. 
PMe, was prepared according to the litera- 
ture method.13 The complexes wCl,(PR3)J 
(PR, = PMe,Ph, PMePh,) were prepared by a 
slight modification of the method of Galyer and 
Wilkinson.5 Details of the preparations are given 
below. NaS,CNMe, was dried by heating at 90°C 
under vacuum for 6-7 days. 

Tetrachlorobis(trimethylphosphine)tungsten(IV) 
A thick-walled 250 cm3 Carius tube, provided 

with a stirring-bar, was charged with WCl, (19.8 g, 
cu. 50 mmol). Toluene (100 cm3) and PMe, 
(14.0 cm3, cu. 140 mmol) were successively added 
via syringe, the resulting mixture frozen at liquid 
nitrogen temperature and the tube sealed under 
oacuo. The mixture was allowed to reach room 
temperature and then heated at 120°C for 12-18 hr, 
with occasional shaking to facilitate the reaction. 
The resulting dark red solution was transferred 
while hot (boiling water external bath) and the 
remaining solid extracted with several portions of 
hot toluene until no more [WCl,(PMe,)J was left 
(cu. 4 x 75 cm3). The solution was reduced in vol- 
ume (to cu. 100 cm3) and cooled at -30°C over- 
night. 14 g of well formed red crystals impurified 
by relatively small amounts of a yellow powder 
(Cl,PMe3)14 were obtained. Another crop (4 g) 
of less pure product was recovered from the 
mother liquor. The total yield of crude, but pure 
enough for most synthetic purposes, 
[WCl,(PMe,),] was cu. 75%. The compound can be 
purified by recrystallisation from hot toluene. 
[Found C, 15.4 (15.1); H, 3.9 (3.8); Cl, 29.4 (29.7)x 
M, 462 (444).] 

IR (KBr) bands at: 2980,2940,1410,1290,1275, 
1250, 1095, 1010, 935, 835, 785, 720, 65Ocm-‘. 
NMR data ‘H(C,H,): -25.2 bs. ,ueca = 1.86 pB. 

Tetrachlorotris(trimethylphosphine)tungsten(ZV) 
To a magnetically stirred solution of [WCC- 

(PMe,),] (0.95 g, cu. 2 mmol) in THF an excess of 
PMe, (0.3 cm3, cu. 3 mmol) was slowly added. Dark 
red-purple microcrystals of the title compound 
immediately formed. The mixture was kept over- 
night at -30°C to complete crystallisation, the 
resulting solid filtered off, washed with petroleum 
or Et,0 and vacuum dried. The yield was cu. 90%. 
Recrystallisation can be achieved from hot toluene 
in a closed flask to avoid loss of PMe,. [Found C, 
19.5 (19.5); H, 5.0 (4.9); Cl, 25.6 (25.6)%.] 

IR (KBr) bands at: 2980,2950, 1420,1295,1230, 
1100, 950, 850, 800, 780, 730, 665cm-‘. NMR 
data ‘H(C,H,): - 8.2 bs. 

Oxodichlorotris(trimethylphosphine)tungsten(ZV) 

To a stirred solution of [WCl,(PMe,),] (0.95 g, 
cu. 2mmol) in THF or acetone (40cm3), PMe, 
(0.7 cm3, cu. 7 mmol) was added. Immediate for- 
mation of red purple microcrystals of 
[WCl,(PMe,),] was observed. To the resulting sus- 
pension were added a few drops of deoxygenated 
water and the mixture stirred at 45°C. the reaction 
was followed by the disappearance of insoluble 

WC14PMe3)31 d an more water added if required. 
A large excess of water should be avoided since 
considerable decomposition takes place. The stir- 
ring was continued at this temperature until all the 
initial ~Cl,(PMe,),] had been taken into solution 
(cu. 2 hr) and then for another hour. The mixture 
was evaporated to dryness and the residue extrac- 
ted with Et,0 (40cm3). Filtration and cooling at 
-30°C afforded the title compound as dark-blue 
crystals in cu. 80% yield. [Found C, 2 1.5 (2 1.5); H, 
5.5 (5.4)%. M, 490 (499).] 

IR (Nujol mull) bands at: 1375, 1300, 1280, 1260, 
950, 850, 800, 720, 660cm-‘. 

NMR. ‘H (C,H,): 1.57t (18) J(P-H),, = 4 Hz; 
1.60d (9) J(P-H) = 10 Hz. 

Oxodichlorotris(dimethyIphenylphosphine)tungsten 

(ZV) 
The complex mOCl,(PMe,Ph)3] was prepared in 

cu. 75% yield as dark blue crystals (from hot 
ethanol) following a procedure identical to that 
described above for [WOCl,(PMe,),]. The parent 
complex, [WCl,(PMe,Ph)J was prepared as fol- 
lows: 

To a suspension of WCl, (4.8 g, cu. 12 mmol) in 
benzene (100 cm3) were added 4 cm3 of PMe,Ph 
(cu. 30 mmol). A grey oil formed in the bottom of 
the flask making stirring difficult. The mixture was 
refluxed for 12-18 hr when a red solution and a 
brown solid were obtained. The solid was de- 
canted, the solution filtered while still hot and then 
evaporated until precipitation took place. Com- 
plete precipitation was achieved by addition of 
Et,0 (cu. 20 cm3) and cooling at - 30°C overnight. 
Yield 60%. 

The complex wCl,(PMePh,),] was similarly pre- 
pared and reacted with water under the conditions 
mentioned above, to give mauve crystals (from 
Et@-THF) of [WOCl,(PMePh,),] in 80% yield. 
Both oxocomplexes were identified by comparison 
of their IR and ‘H NMR spectra with those of 
authentic samples.4 

Oxochlorotris(trimethylphosphite)tungsten(ZV) 
Freshly prepared WOCl, (3.62 g, cu. 5.63 mmol) 
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Abstract-The reduction of WCl,(PMe,), by sodium amalgam in presence of phenyl- 
acetylene gives W(PMe,)(PhC=CH), (A). Reduction in presence of methylisocyanide gives 
W(PMe3)2(MeNC)., (E), while in presence of excess PMe, in tetrahydrofuran under 
hydrogen, WH,Cl,(PMe,), (C) is formed. The reaction of WCl,(PMe3)4 with methanol in 
tetrahydrofuran gives mixtures of WH,C12(PMe3), and WOCl,(PMe,), (D). 

The structures of A, B, and D have been determined by X-ray diffraction. 

RESULTS AND DISCUSSION 

1. Reductions of tris(trimethylphosphine)tetra- 
chlorotungsten 

(a) Phenylacetylene. The interaction of WCl, 

(PMe3X ’ and excess phenyl acetylene with 
sodium amalgam in tetrahydrofuran gives a pale 
yellow complex, W(PMe3)(PhGH)3 (A). Other 
compounds of the type WX(RC=CR’), X = CO, 
MeCN or PMe,Ph have been obtained from 
W(CO)3(MeCN),.2*3 The new complex is slightly 
soluble in petroleum but very soluble in benzene 
and toluene. The solid is moderately stable in air 
but solutions are sensitive. No C=C stretching 
frequency could be identified in the IR spectrum 
although for similar W or MO compounds bands 
are reported around 1750 cm - 1.2*4 The ‘H, 31P 
and 13C NMR spectra are in agreement with those 
expected for the structure (Fig. 1) as determined by 
X-ray diffraction. The 13C{‘H} spectrum shows a 
doublet at 6 201.4 ppm (‘Jcmp = 5 Hz; ’ JCmw = 
41 Hz) assigned to PhC-CH; a doublet at 

*Authors to whom correspondence should be 
addressed. 

6 164.2 ppm (2JC_p = 16 Hz; ‘Jc_w = 32.8 Hz) as- 
signed to PhCzCH; singlets at 6 142, 130.2, 127.8 
and 127.5 ppm corresponding to the 1, 2, 3 and 4 
carbons of the phenyl ring; a doublet at 6 17.5 ppm 
(‘Jc_,, = 14.7 Hz) due to PMe,. These assignments 
are confirmed by the off-resonance “C spectrum 
where the peaks at 6 201.4 and 142 ppm remain as 
singlets while the peak at 6 164.2 ppm is a doublet 
of doublets and can be assigned to PhC&H. 

A diagram of the molecular structure of A is 
given in Fig. 1, whilst selected geometry parame- 
ters are given in Table 1. The complex has an 
approximate three-fold axis of symmetry coin- 
cident with the W-P axis, and the acetylenic groups 
are aligned in such a way that the three WC, planes 
are approximately parallel to this axis (making 
angles of 2,0 and 2”). The acetylenic carbon atoms 
are bonded almost symmetrically to the tungsten 
atom with all six W-C bonds equal within the 
limits of experimental error. The geometry of the 
phenylacetylenes are modified in the expected man- 
ner, with the formal CZC bonds lengthened to 
N 1.30 A and the Ph groups bent away to give a 
C&-C angle of w 138”. The structure and molec- 

803 
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Fig. 1. Single molecule of (Me,P)W(PhC = CH),. 

Table 1. Selected molecular geometry parameters for (Me,P)W(PhC = CH)3 

(a) Bond Lengths. 

W-P(l) 2.455(4) 

w-C(11) 2.076(13) 

w-C(21) 2.093(25) 

w-C(31) 2.070(23) 

C(ll)-C(12) 1.299(22) 

C(21)-C(22) 1.336(24) 

C(31)-C(32) 1.292(19) 

(b) Bond An&%. 

P(l)-W-C(U) 84.9(4) 

P(l)-w-C(21) 85.5(4) 

P(l)-w-C(31) 82.9(5) 

C(ll)-C(12)-C(13) 138(l) 

C(21)-C(22)-C(23) 138(2) 

C(31)-C(32)-C(33) 137(2) 

w-C(12) 

w-C(22) 

W-C(32) 

C(12)-C(13) 

C(22)-C(23) 

C(32)-C(33) 

P(l)-w-C(12) 

P(l)-w-C(22) 

P(l)-W-C(32) 

2.078(13) 

2.035(19) 

2.072(23) 

1.448(17) 

1.457(16) 

1.447(22) 

121.3(S) 

123.3(6) 

119.3(5) 
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ular geometry parameters are closely analogous to 
those of the complex (OC)W(HGCPh),.3b The 
electronic structure of complexes of this type has 
been discussed previously by Tate et aI.% who 
suggested that the complex could be regarded as an 
eighteen electron system if two of the acetylenes 
were acting as 4-electron donors (i.e. donating 
both pairs of rr electrons). The structural, and 
presumably electronic equivalence of all three acet- 
ylenes suggests that the unused pair is delocalised 
into a non-bonding MO (actually of a; sym- 
metry.3” 

(b) Methylisocyanide. Reduction of WCl, 
(PMe& in presence of MeNC gives an orange, air 
sensitive complex trans-W(PMe,),(MeNC), (B), 
which is very soluble in hydrocarbons. 

This complex was shown by X-ray structure 
analysis to have an octahedral trans-phosphine 
structure. The crystal structure contains two inde- 
pendent centrosymmetric molecules which differ 
only in the crystallographic orientation of the 
equatorial W(CNMe), groups. A diagram of the 
unit cell contents are given in Fig. 2, whilst selected 
molecular geometry parameters are given in Table 
2. In view of the low precision of this structure 

determination (see Experimental) it is not possible 
to discuss these parameters in any detail. 

In solution both ‘H and “P(‘H} NMR spectra 
indicate that there is a mixture of cis and trans 
isomers in a ratio 1: 3 at 25°C; the ‘H spectrum is 
essentially unchanged from - 80 to + 75°C. The 
‘H NMR assigned to the trans isomer has a triplet 
at 6 1.8 (‘&, + 4JP_H = 5.2 Hz) for the PMe, 
groups and a multiplet at 6 2.84 for MeNC. The 
cis isomer has a doublet at 6 1.54 
(zJP_” + 4JP_H = 5.2 Hz) for PMe, and two multi- 
plets at 6 2.85 and 2.83 for MeNC. 

The “P{‘H} spectrum has two singlets at 
6 - 25.5 ppm (‘JPmw = 286 Hz) for the trans and 
6 - 34.0 ppm (‘JP_w = 220 Hz) for the cis isomer. 

Orange red products are also obtained using 
Bu’NC but we have been unable to isolate pure 
compounds. No other phosphine isocyanides ap- 
pear to exist but a variety of carbonyl compounds 
W(CO)JPR,),,,, n + m = 6 are known.’ 

(c) Trimethylphosphine under hydrogen. The re- 
duction of WCL(PMe,), under hydrogen in pres- 
ence of excess PMe, produces the air sensitive pale 
yellow WH2C12(PMe3), (C), whose analogue, 
WH,Cl,(PMe,Ph),, has recently been reported.6 

C(211) :C(221) 

W(2) 

* 

P(2) 

Fig. 2. Unit cell diagram of tranr-W(PMe,),(MeNC),. 

Poly Vol. 2. No. &I 
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Table 2. Selected molecular geometry parameters for truns-W(PMe,),(MeNC), 

(a) Bond Lengths 

W-P 

w-C(X11) 

w-C(XZ1) 

C(Xll)-N(X11) 

C(XZl)-N(X21) 

N(Xll)-C(X12) 

N(X21)-C(X22) 

(b) Bond An&s 

P-w-C(X11)' 

P-w-C(X21) 

c(x11)-w-c(x21) 

W-C(Xll)-N(X11) 

W-C(X21)-N(X21) 

C(Xll)-N(Xll)-C(X12) 

C(X21)-N(X21)-C(X22) 

Molecule 1 

2.38(l) 

2.23(4) 

2.03(3) 

1.14(4) 

1.21(3) 

1.29(4) 

1.41(3) 

91(l) 

87(l) 

89(l) 

176(3) 

179(3) 

172(4) 

164(4) 

Molecule 2 

2.43(l) 

2.07(3) 

2.05(4) 

1.21(3) 

1.25(3) 

1.35(3) 

1.41(4) 

91(l) 

93(l) 

91(l) 

177(3) 

177(3) 

166(4) 

147(4) 

*For the numbering of atoms in the isocysnides, X - 1, 2 for molecules 

1, 2 respectively. 

The compound is also obtained by the reaction of 
WCl,(PMe,), with methanol (see below). The com- 
pound is very soluble in aromatic hydrocarbons 
and crystallises well from diethylether. The spec- 
troscopic data is consistent with the structure (1) 
which is confirmed by preliminary X-ray crys- 
tallographic data. Thus, the IR has peaks at 1985 
and 1936 cm - ’ for W-H while the ‘H NMR spec- 
trum shows a multiplet at 6 1.44 for PMe, groups 
and a triplet of doublets of doublets at 6 - 3.44 
(2Jp_H = 37.7 Hz, 42.1 Hz and 60.6 Hz) with an 
AA’B,X, spin system for W-H. The “P{‘H} spec- 
trum shows two triplets with an A,B, spin system 
at 6 - 17.06 ppm (2Jp_p = 16 Hz, ‘.& = 174.4 Hz) 
and 6 - 23.65 (2Jp_p = 16 Hz, ‘.& = 194 Hz). 

2. Oxodichlorotris(trimethylphosphine)tungsten(ZV) 
The complex truns-WCl,(PMe,), l is quite un- 

reactive and can be recovered unchanged after 
treatment with methyllithium or Grignard reagents 
in ether although it does react with tri- 

methylaluminium to give an alkylidyne.’ How- 
ever, it reacts readily with methanol alone or in 
tetrahydrofuran on refluxing to give mixtures of 
WH,Cl,(PMe,), and the purple air-stable 
WOC12(PMeJ3 (D).’ Similar complexes, MOC12 
(PR,),, M = MO, W, have long been known for 
different phosphines.‘*” 

This 0x0 complex is found to have a meridional 
arrangement of the three phosphines with one of 
the two chlorines truns to the oxo-function. The 
unit cell contains two independent molecules (a 
diagram of one of which is given in Fig. 3) whose 
geometries (Table 3) are essentially equal, within 
the limits of experimental error. All geometry 
parameters are close to expected values. The truns- 
influence of the oxo-function on the opposing 
W-Cl bond and the other chlorine on the opposing 
W-P bond are noticeable but are not very large. 
The spectroscopic data for the 0x0 complex is 
consistent with the structure determined by X-ray 
diffraction. The reaction presumably involves an 
initial oxidative addition of methanol followed by 
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Mr_P_--_--__---__“. 

further reactions of the intermediate methoxide 
which we have been able to detect spec- 

(I) 

troscopically but have been unable to isolate. The 
oxidative addition of methanol to the tungsten(I1) 
species WH,(PMe& leading to WH,(OMe)(PMe,), 
has previously been established.” 

EXPERIMENTAL 
Microanalysis were by Pascher (Bonn). 
Spectrometers. NMR. Perkin-Elmer R32 (‘H), 

Bruker WM 250 (‘H 250 MHz, 3’P 101.2 MHz, i3C 
62.9 MHz, 28°C). ‘H data referenced to Me,Si, 
3’P{‘H} to external 85% H,PO, in ppm. 

Perkin-Elmer 627; data in cm-‘. IR. 
All operations were performed under oxygen- 

free nitrogen or argon or in wcuo, and all solvents 
except methanol were dried over sodium and dis- 
tilled from sodium benzophenone under nitrogen 
immediately before use. Methanol was dried over 
magnesium methoxide and distilled under nitro- 
gen. Petroleum had b.p. 4060°C. Melting points 
were determined in sealed tubes under nitrogen 
(uncorrected). 

WCl,(PMe,), and WCl,(PMe,), were prepared 
according to the literature [ 11. 

Trimethylphosphine tris(phenylacetylene) tung- 
sten(0) (A) 

To WCl,(PMe,), (1.31 g, 2.36 mmol) suspended 
in thf (100 cm3) was added excess phenylacetylene 
(1.2 cm3, 10.9 mmol), and the mixture was added 
to thf (50 cm9 containing sodium amalgam (1.0 g, 
10 cm’ Hg). The mixture was stirred overnight at 
room temperature, when the solution was filtered, 
and evaporated under vacuum. The residue was 
extracted into petroleum (2 x 40 cm)9, the solu- 
tion filtered, concentrated to cu. 60 cm3 and cooled 
to - 10°C to give pale yellow crystals. Yield: 0.6 g, 
50%; m.p., 148-9°C. [Found: C 57.4 (57.2), H4.8 
(4.8) Cl<O.2 (0) P 5.9 (5.5)%. M 550 (566)]. 

IR: 3078w, 306Ow, 3007w, 197Ow, 19OOw, 
182Ow, 1635m, 1625m, 1620m, 1610m, 1591w, 
157Ow, 148Os, 1442s, 1418m, 1303m, 1282m, 
1191w, 117Ow, 1156w, 1070m, 1027m, 1005m, 

Fig. 3. Structure of the molecule of WOCl,(PMe,),. 
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Table 3. Selected molecular geometry parameters for WOCI,(PMe,), 

(a) Bond Lengths (3 

w-o 

w-cx(Xl) 

w-c.c(XZ) 

w-P(Xl) 

w-P(XZ) 

w-P(X3) 

(b) Bond An&s (den) 

o-w-cuXl) 

o-w-c.uxa 

0-W-Pal) 

o-w-P(XZ) 

o-w-P(X3) 

P(Xl)-w-P(X3) 

P(XZ)-w-CUXZ) 

(%X2)-W-P(X3) 

CL(X2)-w-P(X1) 

P(X2)-w-P(X1) 

P(X2)-w-P(X3) 

wxl)-w-ce(x2) 

P(Xl)-w-CuXl) 

P(XZ)-w-CL(Xl) 

Pea-w-CuXl) 

998m, 987m, 95Os, 935s, 918m, 850m, 842m, 825m, 
815m, 796w, 75Os, 735m, 69Os, 678w, 64Ow, 62Ow, 
575m, 55Ow, 5OOw, 482~. 

NMR. ‘H (C,D&: 9.43 d, 8.27 d, 7.89 d, 7.25 m, 
7.13m, (15) PhCkCH; 1.57s (3), PhC&H; 1.54s 

(9) P&. 
‘lP ‘H (C,H, + 10% C6D6): 0.62 s (‘Jw_p = 140 

Hz)PiMej. 
13C: see text. 

Tetrakis(methylisocyanide) trans bis(trimethyl- 
phosphine) tungsten (0) (B) 

To WCl,(PMe,), (0.5 g, 0.9 mmol) suspended in 
thf (50cm3) was added excess MeNC (0.5 cm3, 
5.0 mmol), and sodium amalgam (0.5 g Na, 6 cm3 
Hg) in thf (50 cm’). The mixture was stirred over- 
night at room temperature. After filtration the 
solution was evaporated under vacuum, the resi- 
due extracted into petroleum (40 cm3), and the 
solution filtered, concentrated to ca. 10cm3 and 
cooled to - 20°C to give orange crystals. Yield, 
0.36g, 80%; m.p., 110°C. [Found: C33.2 (33.6) N 

Molecule 1 

2.492(3) 

2.413(4) 

2.504(4) 

2.468(3) 

2.510(S) 

171.6(3) 

98.0(3) 

97.1(4) 

85.7(3) 

96.7(4) 

164.4(l) 

176.3(l) 

84.4(2) 

86.5(2) 

93.2(2) 

95.1(2) 

90.3(2) 

84.4(l) 

86.0(l) 

82.90) 

I4olecule 2 

1.670) 

2.483(6) 

2.475(3) 

2.499(4) 

2.473(3) 

2.517(4) 

170.7(3) 

98.6(3) 

94.9(3) 

97.2(3) 

96.1(3) 

161.2(l) 

174.2(2) 

81.1(l) 

82.2(l) 

96.8(l) 

98.9(l) 

90.7(2) 

86.6(2) 

83.5(2) 

85.0(2) 

10.7 (11.4) H 6.0 (6.0) P 11.6 (12.4)%. M 480 

(5Wl. 
IR. 2118w, 1970sbr, 1830vsbr, 1406w, 1390m, 

1380m, 1290m, 1270m, 955s 938s, 75Ow, 662m. 
NMR. See text. 

Tetrakis(trimethylphosphine) dichlorodihydrido - 
tungsten(ZV) (C) 

To a suspension of WCl,(PMe3), (0.8 g, 1.44 
mmol) in thf (20 cm3) was added excess tri- 
methylphosphine (0.5 cm3, 5 mmol) and the slurry 
transferred to a pressure bottle containing sodium 
amalgam (0.5 g in 2cm3 Hg) at - 78°C. After 
pressurisation with hydrogen (9 atm) the sus- 
pension was allowed to warm slowly, and then 
stirred for 2 hr at room temperature. The resulting 
green solution was filtered, evaporated under re- 
duced pressure and the residue extracted with 
diethyl ether (50 cm3), the solution filtered, concen- 
trated and cooled slowly to - 20°C to give yellow 
crystals. Yield: 0.36 g (ca. 51%); m.p. (decomp.) ca. 
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180°C. [Found: C 25.7 (25.7), H 6.77 (6.77), Cl 12.7 
(12.6), P 21.8 (22.1)%. M 550 (561)]. 

IR. 1985w, 1936s, 1475m, 1432s, 142Os, 14OOm, 
13OOm, 1280m, 1270m, llOOm, 103Ow, 94Ovsbr, 
860m, 850m, 82Ow, 8OOw, 72Os, 665m. 

NMR. See text. 

4, 5, 6-Tris(trimethylphosphine)-2, 3-cis-dichloro-1 
-0x0 tungsten (IV) (D) 

Dried methanol (20cm3) was added to truns- 
WCl,(PMe,), (1.5 g, 2.68 mmol) in thf (50 cm3) at 
room temperature. The solution was stirred cu. 
16 hr when the solvent was removed and the 
residue extracted into toluene (2 x 30 cm3). The 
orange red extract was filtered, evaporated and the 
residue extracted into diethylether (2 x 40 cm3). 
This ether solution was filtered, concentrated to cu. 
30 cm3 and cooled to - 10°C to give purple crys- 
tals of WOCl,(PMe,),, which were collected. The 

filtrate was further concentrated and cooled to 
- 20°C to give pale yellow crystals, WH,Cl, 
(PMe,),, identical to that prepared as above. 
(Yield: 0.5 g, 35%). 

For WOCl,(Me,),, Yield: 0.4g, 30x, m.p., 
134-5°C. [Found: C 21.6 (21.7), H 5.5 (5.4), Cl 13.7 
(14.2), P. 19.1 (18.6), 0 3.0 (3.2)%. M 470 (49911. 

IR. 1475w, 142Om, 13OOm, 1285m, 121Ow, 
950vsbr (W = 0), 855m, 73Os, 715msh, 667m. 

NMR. ‘H (C,D,): 6 1.44 m. 

/;!;!?;6 +-;““= C6;:; da -2;; 1 :’ 

1.&l-p = 446 Hz; ‘Jp_;: 4.2 Hz. ’ 

Crystallographic studies 
Crystals of all three compounds were sealed 

under argon in Lindemann capillaries. All crys- 
tallographic measurements were made using a 
CAD4 diffractometer, operating in the o/28 scan 

Table 4. Crystal data and details of refinement 

(1) Crystal Data 

Fonnuls 

Formula weight 

Crystal System 

all 

b/;t 

clli 

Bldeg 

vd' 

Sspce group 

z 

Dz/g cm-' 

Linear Abs. Coeff/cm-' 

Crystal sizelmS 

(2) Dsts Collection 

w scsn widthfdeg 

0 
min' 8msx ldeg 

Total data 

Total unique 

Total observed [F. > 3o(F.)] 

(3) Refinement 

Kmber of parameters 

Weighting scheme coeff g In 

w = l/ta*(Fo) + glFbl'1 

Final R = 2~AF~/~~F,,~ 

Final R'= ZwlAFj'/EolF.]' 

C.,HS,PW 

566.36 

Tetrsgonsl 

22.140(4) 

22.140(4) 

10.141(7) 

4970 

I4 

8 

1.51 

45.09 

CzsH.eN~PaW C&.cLIOP.W 

500.26 499.02 

IbIlOCliTtiC MlXlOCll~lC 

12.484(4) 17.222(3) 

10.408(l) 12.824(4) 

10.989(S) 19.279(3) 

97.46(3) 115.84(l) 

2189 3832 

P21/c P21lC 

4 0 

1.52 1.73 

51.85 62.5 

0.8 + 0.35 tan e 0.8 + 0.35 tan 0 0.8 + 0.35 tan e 

2.0. 25 1.5, 27.0 1.5. 25.0 

4740 (+ h,k.L) 5249 7286 

2463 4767 6746 

2269 1877 4611 

227 163 200 

0.0005 

0.039 

0.042 

* 

0.061 

0.0007 

0.057 

0.056 

*Unit weights used 
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mode, with monochromated Mo-Kcl radiation 
(A = 0.71069 A) in a manner previously described 
in detail.‘* All data were corrected for absorp- 
tion empirically. I3 The structures were deter- 
mined using standard heavy atom procedures and 
refined by full matrix least-squares methods. Com- 
puters, programs and sources of scattering factor 
data were also as given in Ref. 12. 

For compound A all non-hydrogen atoms were 
refined with anisotropic thermal parameters but 
the phenyl rings were refined as rigid bodies with 
hexagonal geometry, and the hydrogen atoms in- 
cluded in idealised positions (C-H = l.OSA) and 
assigned a common, overall Ui, parameter 
( = 0.15A2). Unfortunately the acetylenic protons 
could not be located and were not included. For 
compound B, the refinement was difficult due to 
excessive pseudo-symmetry and some disorder in 
the orientation of the PMe, groups. The unit cell 
contains two independent, centrosymmetric mole- 
cules, centred at 0, 0, 0 and i, i, 0, and in addition 
to the heavy atom pseudo-centring, the linear 
P-W-P units are also approximately parallel. 
However, the set of equatorial CNMe groups have 
diffefent orientations in the two molecules and this 
allowed the pseudo symmetry to be broken, albeit 
weakly. Stable refinement could only be achieved 
by retaining isotropic thermal parameters for all 
but the metal atoms, and by constraining the P-C 
bonds to standard values (1.84 + 0.02A). As a 
result the structure has not been determined with 
high precision. 

For compound D, high thermal motion and/or 
disorder in the PMe, groups also caused some 
problems in refinement and for this structure the 
P-C distances were also constrained during 
refinement, for which two blocks were used (one 
molecule per block). 

Details of the crystal data, intensity mea- 
surement and refinement procedures are given in 
Table 4. Computer programs and sources of scat- 
tering factor data are as given previously.” 

Tables of atomic coordinates, thermal parame- 
ters, bond lengths and angles and lists of F,/F, 

values have been deposited as supplementary data 
with the Editor, from whom copies are available on 
request. Atomic coordinates have also been depos- 
ited with the Cambridge Crystallographic Data 
Base. 
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Abstract - The formation heats AHTPhIC12(c) 

= 21.7 kJ mol 
-1 

and A$pFC6H41C12(c) = -173.0 kJ mol 
-1 

were determined by reaction of iodides with excess 

chlorine in methyl cyanide. These heats are used to 

show: 

(iI that thermal or photo-decompositions of aryl 

iodine dichlorides are kinetically controlled, 

(ii) the greater halogenating ability of aryl 

iodine dichlorides than Ph3AC12 (A - P, As, 

Sb) compounds, and 

(iii) the weakening of halogenating ability with 

phenylation. 

INTRODUCTION 

In Part I1.previously unrelated fluorinating reagents 

such as PhIF2, Ph3PF2 and XeF2 were shown to be period- 

ically related as isoelectronic molecules E3AF2, where 

E represents a bonded or non-bonded electron pair and A 

a main group element. They were arranged in order of 

fluorinating ability by estimating the magnitude of 

reduction couples as approximated by enthalpy 

differences AHT(E3AF2) - AH:(E3A). 

In this paper we start a quantitative study on the 

halogenating ability of the corresponding series of di- 

chlorides by measuring heats of formation of the well 

known aryl iodine dichlorides.2 This will enable 

kinetic effects to be distinguished from equilibrium 

control when these reagents are used. 

Materials 

EXPERIMENTAL 

Phenyl and p-fluorophenyl iodine dichlorides were 

made in high yields (>95%) by passing dichlorine into 

ice-cold solutions of iodides in methylene chloride. 

The precipitates were vacuum dried (l-2 hrs at 

1.33 Nmm2> and analysed iodometrically after adding 

811 
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aqueous KI to solutions of the dichloride in CC14. At 

room temperatures the loss of oxidising power per day 

was 0.5% for PhICl 
2 
over a week, and 0.04% for 

pFC6H41C12 over a 40 day period. Hence samples were 

used soon after preparation or were stored at -1O'C 

before use. 

Calorimetry 

A glass isoperibol calorimeter was used at 25'C with 

solids or liquids held in PTFII screw-capped glass 

cylinders closed with polythene foils. For heats of 

gas absorption a 'bell' fitment, described previously, 

held the gas prior to solution. 
3 

Two strategies were adopted for determining heats of 

formation of the iodine dichlorides; direct formation 

from iodide and chlorine, and interaction of the 

iodine dichloride with reductants. In the direct 

formation the heats of chlorine dissolution in con- 

ventionally purified methyl cyanide were inconsistent. 

The presence of chlorine-consuming impurities left 

after distillation had also been noted when MeNO 
4 

2 
was 

used as solvent. Consistent heats of solution, 

approaching values expected from Raoult's Law, were 

only obtained after prechlorination, which consisted of 

saturating the conventionally purified MeCN with 

chlorine and leaving for 2 days before refractionating. 

Approximately one fifth of the mid-fraction was again 

saturated with chlorine and then added to the remainder 

of this fraction. The heat of solution of chlorine in 

an ideal solvent should approach the latent heat of 

evaporation of chlorine (20.4 k.7 mol-') or the heat 

derived from the Clapeyron-Clausius equation over the 

range 5-30°C (20.0 kJ mol-'1. The value obtained in 

MeCN of 23.1 kJ mol 
-1 

compares with 17.8 k.J wl 
-1 

in 

CC14,5 which is regarded as an 'ideal' solvent. 

Even when solvent chlorination effects had been 

eliminated, the heats of addition of chlorine to excess 

of Phi were inconsistent. The heats of successive 

additions decreased from values greater than, to values 

less than, the heat of the inverse reaction in MeCN 

(i.e. Phi into excess of C12). This effect was caused 

by slow chlorination of excess Phi with the generated 

PhIC12 as demonstrated by the gradual loss in the 

ability of mixed PhIC12-Phi solutions in MeCN to 

liberate I2 from KI. 

Addition of aliquots of Phi to 20% saturated solutions 

of Cl2 in MeCN gave consistent heats, but at higher 

concentrations values were unreliable because of 

appreciable degassing of solutions. 
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The alternative technique, in which the redox couple 

ArIC12/ArI is combined with another couple, requires 

rapid quantitative reactions at 25'C and well defined 

accessible starting materials and products. The SnC12/ 

SnC14 and I-/I2 or 12/1+ couples would normally meet 

the requirements, and indeed both SnCl 
2 
and KI are 

readily oxidised by ArIC12. The data collected in 

Table 2 leads to heats inconsistent with those derived 

by direct chlorination. 

Another reductant tried was sodium sulphite. This 

reaction, carried out in a mixed solvent (MeCN-H20) to 

maintain solution homogeneity, proceeded smoothly and 

reproducibly. Direct measurement of the heat of 

solution of Na SO in the mixed solvent, which is 
2 3 

liable to errors because of oxidation by dissolved 

oxygen, was avoided by using iodine as oxidant. The 

equation (3), used to calculate the heat of formation 

of the aryl iodine dichloride, was the difference 

between the redox reactions (1) and (21, with all 

components in solution apart from the added solid 

phases indicated (c). 

pFC6H41C12(c) + Na2S03 + H20 -c pFC6H41 + Na2S04 

+ 2HCl (1) 

Na2S03 + 12(c) + II20 + Na2S04 + 2HI (2) 

pFC6H41C12(c) + 2HI + pFC6H41 + 2HCl + 12(c) (3) 

The enthalpies obtained differed considerably from 

those determined by direct chlorination, and this was 

finally traced to the participation of the iodosulphite 

ion S021- in reaction (2). These results and the 

occurrence of iodosulphites in other reactions will be 

discussed in detail elsewhere. 

Decomposition of phenyl iodine dichlorides 

Compacted samples sealed in tubes appended to evacu- 

ated boro-silicate bulbs were decomposed in the dark at 

constant temperature (+-lo) in a stirred-air oven of 

large thermal capacity. The size of bulb was chosen to 

keep the final pressure below 2 atmos., assuming 1 mole 

of HCl was formed per mole of polyhalide. Other 

specimens were irradiated under a mercury U.V. lamp in 

sealed silica tubes at 20°C until the sample had com- 

pletely liquefied. Hydrogen chloride was removed in 

vacua at -3O'C,and the residual liquids were weighed by 

difference after washing out the removed tube-appendix 

with petroleun ether (60~SO'C range). Free iodine was 

extracted and estimated with excess aqueous thio- 

sulphate or sulphurous acid solutions. The organic 

phase was separated through phase separating paper, 

dried with molecular seive (Linde 3A) and the 
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components separated on a Carbowax (15% chromosorb 

W-AU-DCMS) Colman at 125'. Products were identified by 

peak enhancement, retention times and i.r. spectra 

where appropriate. The concentrations of the com- 

ponents relative to iodobenzene were assessed by 

comparison with synthetic mixtures. Results are 

suarnarized in Table 3. At the higher temperatures 

some solid product had sublimed onto the upper part of 

the bulbs. It was not identified but probably 

consisted of chlorinated di- and poly-phenyls. This 

was supported by the iodine balance obtained at the 

highest temperature. The iodine displaced as a 91 of 

that originally present in the polyhalide was greater 

than the measured X of non-iodinated products. 

Analogous products were isolated from the p-FC6H41C12 

thermal and catalysed (SnCl4) decompositions and were 

identified by mass spectrometry. 

RRSllLTS AND DISCUSSION 

The standard heats of formation were calculated as 

Al$PhIC12(c) = 21.7 kJ mol -1 
-1 

and AHOfpFC6H41C12(c) 

- -173.0 kJ mol using the data from oxidative 

addition of dichlorine in Table 1 and the auxiliary 

heats A$PhI(l) = 114.5 kJ mol-' and AHOfpFC6H41(1) 

= 81.7 kJ mol 
-1 6 . The latter has not been reported but 

can be estimated by group-additivity methods, or more 

simply by averaging the values for AHipFC6H4F(1) and 

AH;pIC6H41(1). Some estimates of heats of melting and 

vapourization are required also. Thus the heat of 

fusion of pIC6H41 was taken as 1.17 times that of 

the ortho-compound7fran which AHypIC6H41(1) was 

estimated as 177.3 kJ mol 
-1 . The heat of vapouriz- 

ation of pFC6H41 was estimated as 45.6 kJ mol 
-1 

using a 

Trouton constant of 100 kJ mol 
-1 

K-l. For the group 

additivity method we accept Benson's CR-H additivity 

increment of 13.8 kJ,8 but use CB-F, CB-I and CB-Cl 

values of -183 t 2, 92.5 f 0.6, -17.1 + 0.6 kJ, about 

4 kJ less than Benson's value since they are derived 

from the mono- and di-halobenzenes heats rather than 

from a more extended range of compounds. This leads to 

AHipFC6H41(1) = -80.9 kJ mol 
-1 

, compared to a value of 

-82.4 kJ mol-' by averaging dihalide values. Hence a 

mean value of -81.7 kJ mol-1 is probably correct to 

?rl kJ. [These estimates can be cross-checked using the 

iso-electronic heat method' in which heats of OH and F 

compounds are equated, i.e. 

AH;pIC6H40H(c) = -95.4 kJ mo1-l + 5.4 = AH;pIC6H4F(c) 

and a heat of fusion estimate of 17 kJ mol-'.I 
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In reductions with stannous chloride or iodine, 

reactions additional to the expected simple reactions 

must occur (see Table 2). 

ArIC12 + SnC12 + ArI + SnCl4; 

ArIC12 + I2 + ArI + 2ICl; or 

3ArIC12 + I2 + 3ArI + 21C13. 

It is probable that the stannic chloride formed 

reacts with ArIC12 to produce a reactive salt such as 

ArICl+SnCl3MeCN-, which can ring chlorinate the former 

to some extent as well as the aryl iodide. It is sig- 

nificant that in experiments with Ar = pFC6H4 the 

results neatly divide into groups above and below the 

ratio ArIC12/SnC12 = 2, the limiting ratio required to 

completely form the salt. The reality of substitution 

reactions in this system was confirmed by gas chroma- 

tographic examination of products which were the same 

as those formed by thermal or photo-decomposition of 

ArIC12. Salt formation was indicated by the large 

heat of mixing and increase in electrical conductivity 

when solutions of pFC H 
64 

IC12 and SnC14 in HeCN were 

mixed. Even more complications could arise with the 

iodine oxidation, since as well as salt formation and 

substitution reactions, equilibration of I2 with ICl 

and Cl- could produce mixtures of ions such as - I 
3' 

12C1- and IC12-, dependent on the iodine and chloride 

ion concentrations. 

The decomposition of phenyl iodine dichloride can now 

be considered from a thermodynamic viewpoint. The 

decomposition products of thermal and photochemical 

decompositions can result from simple dissociation, A, 

the reverse of the formation reaction, from aromatic 

substitution, B, and from halogen displacement, C. The 

product distribution classified as A, B or C products 

is shown in Table 4. The enthalpies of these reaction 

types have been evaluated in Table 5. 

The free energies for A and B can be approximated by 

adding a TAS' term of about 66 kJ mol 
-1 

to the enthalpy 

values due to the release of a mole of gas. The large 

endo-ergic value for A means that the Phi content in 

the decomposition reactions is far from equilibrium. 

Higher temperatures and longer periods of heating move 

the reactions closer to equilibrium with increasing 

participation of the most exo-ergic displacements, C, as 

shown in the last column of Table 5. Substitution 

reactions predominate under mild irradiation conditions 

and would be expected to be susceptible to catalysis as 

was illustrated in the thermochemical measurements with 

stannic chloride formed in situ. 
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Keefer and Andrews4 claimed to have measured dissoci- 

ation constants for reaction A in various solvents. 

They obtained a K value of 4.2 x 10 
-4 

at 298 K for 

PhIC12 in MeN02. The equivalent AGo value of 

19.3 k.J mol-l is quite incompatible with our thermo- 

chemical measurements for reaction A. However, it is 

very much closer to the AGO value for reaction B and we 

suggest that they were actually observing the substi- 

tution reaction rather than the dissociation. The 

experimental technique they used does not preclude 

this possibility. They measured the original 

oxidising power of the solution iodometrically to 

obtain iodobenzene dichloride concentrations and then 

observed the disappearance of the PhIC12 absorption at 

380 nm (E = 105) at which wavelength Phi has an E value 

of only 0.05. They did not consider any substitution 

products. These would also be unobserved, since the 

E values for the C1C6H41 isomers are only 0.01 - 0.03. 

Perhaps the most revealing indication of substitution 

is the slight increase in the rate of equilibration by 

HCl and the tremendous effect of ICl. The last 

observation ties in with the inconsistencies we 

encountered in measuring heats of reaction of PhIC12 

with I2 where the ICl formed caused substitution. 

Indeed, the interpretation of results in this and 

their subsequent series of papers can be questioned, if 

substitution reactions are involved to any appreciable 

extent. 

The halogenating ability of E3AX2 compounds 

(X = halogen) has been placed in a sequence according 

to the central atom A: 

P < Sb Q As % Te < Se < S < I < Br < Cl 2, Xe < Kr, 

mainly from qualitative observations. 
1 

It is therefore 

of interest to check part of this sequence with the new 

data. Chlorinating couples expressed in enthalpy 

values are collected in Table 6. (In making compar- 

isons between isoelectronic reagents it is reasonable 

to ass-e that entropy changeswill cancel approximately 

and that 'enthalpy couples’ can be employed.) 

The aryl iodine dichlorides are almost identical in 

reduction potentials and this was confirmed by showing 

that the equilibrium 

C6H51C12 + FC8H41 + C6H51 + FC6H41C12 

could be approached from either side, as shown byin situ 

proton and fluorine magnetic resonance measurements. 

Phenyl iodine dichloride in methyl cyanide solutions is 

almost as powerful an oxidant as solid iodine 

trichloride. 
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The relative values of the other couples are also 

compatible with the known chemistry. Thus the weakest 

oxidant, Ph3PC12, is unable to oxidise tetrachloro- 

ethene. Indeed, Ph3PC12 is prepared quantitatively 
10 

by the reverse reaction: Ph3P + C2C16 + Ph3PC12 + C2Cl4 

or by using the more powerful oxidant PhIC12 in MeCN. 

Similarly, it is reported that Ph3Sb is chlorinated 

with ferric chloride and Ph3P by cupric chloride. 

This contrasts with the ability of PhIC12 to dissolve 

iron or ferrous chloride, and copper or cuprous 

chloride. Sulphuryl chloride has been used in the 

preparation of Ph AC1 (A = As, Sb) 
11 

3 2 
and we have shown 

that it can also chlorinate Ph2S. (The S02C12/S02 

couple will be less negative than shown in Table 6 

when in solutions such as methyl cyanide.) Heats of 

formation of E3AC12 compounds in earlier groups can be 

determined using the greater chlorinating ability of 

the PhIC12/PhI couple. 

Phenyl iodine dichloride is often referred to as an 

I(II1) compound in the literature. This description 

violates the usual assignment rules for oxidation 

stated because it implies that the phenyl group is 

negatively charged with respect to iodine. Sanderson, 

using his electronegativity equalization method, has 

assigned charges to phenyl compounds of different 

elements and shown that phenyls are positive with 

respect to less electronegative elements. 
12 

Hence the 

oxidation state of iodine in PhICl should be less than 
2 

in ICl 3 
and this is confirmed by the reduction 

potentials shown in Table 6. In general, phenylation 

of interhalogens and other E AK 
3 2 

compounds would be 

expected to moderate their reactivity, as the 

oxidation state on the central atom is lowered. 
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Table 1. Heats of reaction of ArI with excess Clp in 
XeCN 

Reaction 

Phi into MeCN/CL2* 

Weight/g Heat/J 

0.9457 224.4(O) 
0.7408 166.2(l) 
0.6997 165.5(4) 
0.9046 217.7(S) 
0.8640 198.1(4) 

Mean: 

pFC6H41 into MeCN/C12 1.5082 
2.3068 
1.8322 
0.7894 
1.0599 
0.8249 

296.7(O) 
474.7(2) 
304.9(7) 
152.6(4) 
198.8(7) 
168.6(2) 
Mean: 

Cl2 into MeCN/C12** 0.1338 42.86 
0.1118 37.54 

~%884 . 43.64 19.15 
Mean: 

PhICl2 into MeCN/C12 Xean heat of solution 

pFC6H41C12 into MeCN/C12 Mean heat of solution 

Reaction heat/kJ mol-L 

48.4(L) 
45.7(7) 
48.2(7) 
49.1(O) 
46.7(8) 
47.6(7) u 1.36 

43.7(O) 
45.6(g) 
41.8(7) 
42.9(3) 
41.6(7) 
45.3(8) 
43.5(4) u 1.71 

22.7(l) 
23.8i2j 

if’: ! u 
23:0(7) CJ 0.65 

-22.1(5) u 1.68 

-24.7(O) o 0.80 

* The calorimetric fluid was 250 ml of CH3CN 20X saturated with CL2. 

** The weights were determined iodometrically. 
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Table 2. Unsuccessful methods for determining 
AH;(PhIC12)c 

Reaction 
Weight Reaction heat 

lg /kJ mol'l 

Successive additions 
of Cl2 into 
0.098M Phi in Cl&$12 

PhIC12 into CH2C12 

Phi into CBgC12 

Successive additions 
of Cl2 into MeCN 
purified by 
distillation 

0.5701” 72.0 
0.8159 68.3 
0.6387 51.0 

Mean heat of soln 
-23.9 a 2.5 

Mean heat of soln 
-1.25 a 0.2 

0.4423 91.8 
0.4690 84.3 
0.4775 68.0 

Ip into excess PhIC12 
i 

0.2364 91.7 
in MeCN (250 ml) 0.2791 41.1 

i 1.757 PhIC12 g 0.2317 54.1 
ii 1.608 PhIC12 g . . 0.2813 10.8 

'i 0.1825 6.3 
0.2588 -8.6 

SnC12 into excess 0.3968 227.5 
pPC&,ICl2 in MeCN i 0.2906 224.6 
(220 ml) 0.2830 242.8 

i 2.079 pPC,j?b,ICl2 g 0.1848 224.1 
ii 1.970 pPC&ICl2 g ii 0.3101 224.7 

0.2138 257.8 
0.1537 256.3 

SnC14 into MeCN 

Phi into MeCN 

Mean heat of soln 
157.5 a 2.0 

Xean heat of soln 
-3.1 a 0.4 

SnC14 solution in MeCR 
(0.6654 molal) 0.1186 139.5 
into PhIC12 in MeCN 0.1159 138.3 

* Weights determined iodometrically. 
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Table 4. Decomposition of CgHRIdlR classified into 
dissociation (A), substitution (B) and 

displacement (C) reactions* 

821 

Product 
distribution Reaction ratios 

/mole X 

Conditions A B c R/A C/A C/(A+B) 

hv, 31 hr at 20°C 13.0 81.8 5.2 6.29 0.40 0.055 

Dark, 4 hr at 100°C 20.3 70.1 9.6 3.45 0.47 0.106 

Dark, 1 hr at 124'C 35.3 55.8 8.9 1.58 0.25 0.098 

Dark, 0.25 hr at 157'C 38.1 49.3 12.6 1.29 0.33 0.144 

Dark, 74 hr at 157OC 18.4 37.3 44.3 2.03 2.41 0.795 

* 
Recognised by products, i.e. for A, Phi; for B, chloro-iodo 
compounds; for C, chloro-compounds. 

Table 5. Enthalpies of decomposition reactions of 
phenyl iodine dichloride 

Reaction AH'&.7 mol-' 

A) PhIClp(c) + Phi(1) + cln(g) 92.8 

B) PhICln(c) + I 
-0 

-Cl(c) + El(g) -54.9 

$1 
+ II (1) I’ -34.5 

C) I- 
0 

-Cl(c) + 1Clg(g) + Cl 
0 

-Cl(c) + IIz(c) -101.4 

li I, -c 7, (1) ” -83.0 

Poly Vol. 2, No. I&J 
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Table 6. Enthalpy difference for chlorinating 
CouDles 

Couple AH"(XC12 - X)/kJ mol-' 

pFC6H41C12(c) - pFC,$LJ(l) -91.3 

PhIC12(c) - Phi(1) -92.8 

IQ(c) - ICl(1) -65.6 

(PhIC12 + Phi + Clz) in 
MeCN solution -67.6 

SO$12(1) - SOz(g) -97.3 

2 x [FeClg(c) - FeCln(c)l -114.6 

c2c16tC) - C2C140) -153.2 

2 x CCuC12(c) - CuCl(c)l -160.6 
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ABSTRACT - A bis(succinamato)copper(II) complex ha8 been synthetized a8 well a8 

several cyclic acid-amide ligand complexes. These compounds were characterized by 

elemental and thermogravimetric analyses, infrared and EPR spectroscopies. Analog- 

ous dicarboxylic acids give complexes of l/l stoichiometry which are thermally more 

stable than the acid-amide complexes. All the reported compounds show triplet state 

EPR spectra similar to cupric acetate. There is no evidence for a participation of 

the amide functions In cupric ion complexation. 

INTRODUCTION 

Metal salts of carboxylic acids are well known and several review8 have appeared on 

copper carboxylates, 
1-3 

magnetic and spectroscopic studies on copper dicarboxylates have also 

been reported.4 We have been interested in carboxyllc acid-amide8 difunctional ligands a8 

source8 of new metal complexes. Even though copper-biuret compounds have been known for a 

long time 
5-7 

and copper binding to deprotonated peptide-amide group8 is well documented, 7 

very few cupric salts of amides have been synthesized. 9,lO 

We wish to report the first Synthesis of a metal salt of succinamic acid and of several 

analogous cyclic dicarboxylic acid and carboxylic acid-amide salt8 of copper(I1). 

The dicarboxylic acid8 here examined and their abbreviation8 are respectively; cyclo- 

hexane 1,2 dicarboxylic acid (cyclohexane diA.); 4-cyclohexene 1,2 dicarboxylic acid (cyclo- 

hexene diA.); cyclopentane 1,l diacetic acid (cyclopentane diA.). The carboxylic acid-amide 

are; succinamic acid (sue); cyclohexane 1-carboxylic acid L-carboxamide (cyclohexane A.A.); 

and cyclopentane l-acetic acid 1-acetamide (cyclopentane A.A.). 

EXPERIMENTAL SECTION 

Infrared spectra were recorded using a Perkin Elmer Model 577 spectrometer calibrated 

vlith a polystyrene film in the 4000-200 cm -1 range using KBr disks. The ESR spectra were 

obtained with a conventional X-band Bruker ER-2OOD spectrometer. Thermogravimetric analyses 

were carried out under nitrogen atmospheres with a Setaram electrobalance and a programmable 

furnace set at 3OC lncreaae per minute. 

(a) Present address : Laboratoire de Chimie Physique, Universitd de Geneve, 30 quai Ernest- 

Ansermet, 1211 GenPve 4, Sulsse. 

823 
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SYNTHESIS 

1. Carboxylic acid-amide ligands 

Dry ammonia is bubbled into a saturated 100 ml dimethoxypropane solution of the 

dicarboxylic anhydride (obtained commercially from Aldrich). A precipitate forms which is 

collected, washed with water and leached with boiling acetone to remove any dicarboxylic acid 

formed. Elemental analyses are in good agreement with the proposed formula for the resulting 

compounds. 

2. Dicarboxylic acid complexes 

The dicarboxylates were synthesized by adding aqueous cupric sulphate to potassium hydr- 

oxide neutralized solutions of the dicarboxylic acids. The resulting blue-green precipitates 

were filtered off and leached with boiling acetone to remove excess ligand. 

3. Carboxylic acid-amide complexes 

The carboxylic acid-amide complexes were obtained by reacting stoichiometric quantities 

of the ligand adjusted to pH 7 and cupric chloride. The desired precipitates were washed with 

water and then with acetone. All elemental analysis are in good agreement with the proposed 

formula listed in Table 1. 

Table 1. Thermogravimetric results 

Compound a Decomposition range ("C) T max ("C) b Weight left (x1) ' 

cu(suc)2 220-380 240,260,350 33.7 

Cu(cyclohexane A.A.)2 240-310 240,310 20.0 

Cu(cyclohexene A.A.)2 220-280 240,310 23.5 

Cu(cyclohexanediA).H20 280-350 320 28.7 

Cu(cyclohexenediA).H20 210-330 300 28.3 

Cu(cyclopentanediA).H20 270-400 280,380 34.6 

a 
abbreviations defined in text 

b 
temperatures of maxima observed in the derivative of the thermogravimetric curve 

' percentage calculated as weight remaining at 500"C/weight of starting hydrated complex 

RESULTS AND DISCUSSION 

The first result obtained from analytical data is that succinamic acid, like the other 

studied cyclic carboxylic acid-amide ligands. forms anhydrous bis-complexes with copper in 

analogy with acetic acid itself. This suggests that the amide functions are not implied in 

curpic salt formation. Indeed, acetamide is only known to form adducts with copper. Valer- 

amide represents one example where it is claimed the deprotonated amide function forms a 
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copper acetate-like dimeric salt at basic pR. 1' It may be emphasized that biuret itself which 

is known to form the well-known violet complex with copper which is the prototype for the 

complexation of four deprotonated amide nitrogens (from two bluret ligands) only gives this 

type of reaction in strongly alkaline solutions. 
5-7 

In fact, biuret does not deprotonate at 

plK11.5. 

The infrared spectra are expected to give some more informatlons on the nature of the 

sites actually involved in bonding in the carboxylic acid-amide complexes. The strong band at 
-1 

1660-1680 cm has been interpreted as the amide I band and due to the C=O (amide) stretching 

modes. This band remains unaltereB in position and intensity in the complexes excluding a 

coordination by the amidic carbonyl. This fact is supported by the presence in the spectra of 
-1 

the complexes as well as of the ligands of the two strong absorption bands at 3410-3200 cm 

which are due to the asymmetric and symmetric N-H stretching vibrations of the amide groups, 

unaffected upon complexation. The assignments of the symmetric and asymmetric carboxylate 

stretching frequencies are at wave numbers very similar to those reported for dimeric Cu(II) 

carboxylates 
12 -1 

i.e. at ca. 1600 and 1410 cm , respectively. Rowever, it has been difficult 

to ascertain the positioning of the ga vibration due to its overlapping with the amide II 

band of the amide group. 

The cyclic dicarboxylates form hydrated monoligand complexes , where the water molecules 

appear to be coordinated to the cupric ions because they are lost in the temperature range 

llO-12OY. These complexes are insoluble In common solvents which suggest they are polymeric 

like the other known analogues.4 

The thermogravlmetric results show that the acid-amide complexes are less thermally- 

stable than the corresponding diacid complexes. This can be attributed in part to the lower 

decomposition temperature of the non-coordinated amide groups and also to the higher stabil- 

ity of the polymeric network in the dicarboxylate salts. The temperatures of maximum de- 

composition (see Table 1) reveal that the introduction of one double-bond in the cyclohexane 

ring for the dicarboxylate complexes lowers the thermal stability some 2O'C. The cyclopentane 

dicarboxylate is partially degraded at even lower temperatures showing that stress in the 

ligand is responsible for the lower decomposition temperatures. The same observation is 

obtained by comparing cyclohexane and cyclopentane acid-amide complexes. The acid-amide 

complexes decompose in a multistep process, pointing to the alteration of the ligands follow- 

ed by decomposition of the complexes formed with the intermediate carboxylic acid function. 

The final weight corresponds to the presence of a mixture of copper, copper oxide and traces 

of graphite. 

The EPR results can be interpreted in a straightforward manner by attributing a dimeric 

copper-acetate like structure for the compounds. Thus, the main features of the EPR spectra 

yield the parameters of the paramagnetic triplet states obtained by coupling two doublet 

state cupric ions. Monomeric impurities are present in varying amounts, with the correspond- 

ing absorption8 near 3000 gauss. The decrease in intensity and improved resolution at low 

temperature is compatible with a thermally accessible triplet state above the ground singlet 

state. 

The EPR parameters are similar to those usually obtained for dlmeric carboxylatee and 
-1 the results are presented in Table 2. The D values vary between .336 cm -1 

and ,357 cm , with 
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E values quite small, the largest one, 77 gauss t.0072 cm-‘) being observed for the 

succinamate complex. This shows the copper ions are essentially in a square planar 

environment with little rhombic distortion. The observed hyperfine values are less than 70 

gauss, which corresponds, as expected , to half the normal value, as obtained for the monomer 

impurity signals for example. There is a good agreement between the g values observed for the 

monomer impurities (Table 3) and the g values calculated from the spectra for the triplet 

state dimers (Table 2). Further data would be needed (structural information, magnetic 

susceptibilities), in order to find 

resolution in some cases. 

any trends in g or D values or to explain the lack of 

Table 2. Electron paramagnetic resonance parameters derived from triplet spectra 

of dimer copper compounds 

Compound g// D, cm 
-1 

E’, G A/. G 

cu(suc)2 2.348 2.062 2.157 .336 77 68.5 

Cu(cyclohexane A.A.j2 2.436 2.162 2.253 .357 

Cu(cyclopentane A.A.J2 2.362 2.068 2.166 .340 28 66.2 

Cu (cyc1ohexanedi.A) . H20 2.385 2.088 2.187 .339 52 - 

Cu(cyclohexenediA).H20 2.381 2.076 2.177 .345 53 - 

Cu(cyclopentanediA).H20 2.392 2.096 2.195 .346 67 

Table 3. Electron paramagnetic resonance parameters derived from monomer impurity signals 

Compound 
gY 81 g AQ: G 

cu(Sud2 2.334 2.077 2.164 140 

Cu (cyclohexane A. A. ) 2 2.358 2.077 2.171 150 

Cu(cyclopentane A.A.)2 2.352 2.076 2.168 130 

Cu(cyclohexanediA).H20 2.388 2.081 2.183 

Cu (CyclohexenediA) . H20 2.357 2.066 2.163 145 

Cu(cyclopentanediA).H20 - 2.166 

In general, however, it may be stated the EPR spectra are characteristic of carboxylate 

salts of copper, with no direct influence of the amide functions. Perhaps, the amide groups 

occupy the axial coordination positions on copper, accounting for the minimal interdimer 

exchange resulting in well resolved dicopper hyperfine structure, as illustrated in the 

spectrum of the copper succlnamic acid complex (Fig. 1) compared to the copper(I1) cyclo- 

hexene dicarboxylic complex (Fig. 2). 
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Fig. 1. RPR spectrum of the succinamic acid copper(X) complex recorded at 85 K. 

i i i 

Fig. 2. EPR spectrum of copper(X) cyclohexene dicarboxylate. recorded at 123 K. 
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CONCLUSION 

The difunctional ligands used show no evidence for participation of the carboxamide 

group in complex or chelate formation. The formulae, infrared spectra as well as EPR spectra 

all point to a typically carboxylate-like behaviour far the ligands. The carboxylic acid- 

amide complexes are less thermally stable than the corresponding dicarboxylates. Further work 

is planned with metal ions with higher affinities for the carboxamide functions. 
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Abstract 

2,5-(Dibenzothiazolin-2-yl)thiophene has been synthesized by the 

reaction of 2,5-thiophenedicarboxaldehyde and g-aminobentenethiol. 

It reacts as a neutral ligand with Pd(I1). However, it reacts as 

a dianion with Cu(II), Ag(I), Cd(II), Pb(I1) and Zn(II), suggest- 

ing that the ligand is bonded as the conjugate base of the Schiff 

base 2,5-thiophenediylbis{N-(pheylen-2-thiol)aldimine). Its behavior 

With Hg(II), Ru(III), Pt(II), Rh(II1) and Ni(II) involves the 

opening of one of the thiazoline rings of the ligand. 

Introduction 

We have been investigating the coordination compounds of Schiff bases 

derived from the condensation of heterocyclic mono- and dialdehydes with c-amino- 

bentenethiol and o-aminophenol. The reaction of 2,5-thiophenedicarboxaldehyde 

with o-aminobenzenethiol did not afford the expected Schiff base (A)(SBH2), but 

rather the poly-heterocyclic compound 2,5-(dibenzothiazolin-2-yl)-thiophene(9 

(LH2). The synthesis of this ligand and the results of its reactions with several 

metal salts are reported hereby. 

Experimental 

Preparation of 2,5-(dibenzothiazolin-2_yl)thiophene(E). A solution of thiophene- 

2,5-dicarboxaldehydel (1.4 g. 0.01 mole) in ethanol (7 ml) was treated with a 

solution of g-aminobenzenethiol (3.13 g. 0.025 mole) in ethanol (6 ml). The 

mixture was refluxed with stirring for 30 min, then cooled. The pale yellow 

product obtained was filtered, washed with cold ethanol and dried. It melted at 

115' forming a solid on the sides of the capillary tube, which melted at 200-250'. 

Yield: 3.2 g, 90%. The compound is insoluble in water, but soluble in ether, 

chloroform, hot methanol, hot ethanol and acetone. Found: C, 60.83; H, 3.90; 

N, 7.88; S, 26.97. Calcd. for C1BH14N2S3: C, 60.98; H. 3.98; N, 7.90; S, 27.14%. 

vNH at 3350 cm -1 . 

* Author to whom correspondence should be addressed; present address: 
Department of Chemistry, University of Petroleum & Minerals, Dhahran, Saudi Arabia. 
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Reactions of the ligand with metal ions. The reactions of the ligand (II) with 

several metal ions were attempted. Metal ions that afforded isolable crmlexes 

are classified into three categories according to the method of synthesis of 

their corresponding complexes. 

(i) Metal ions whosecompounds react with the ligand upon mixing: These 

include CuC12.2H20, HgC12, AgClO4, RuC13.3H20, Pb(CH3C00)2, RhC13.3H20 and 

Pd(CSH5CN)2C12. In a typical reaction of these salts with the ligand. a hot 

(almost boiling) solution of the ligand in ethanol was added to a hot solution 

of the metal salt in ethanol. The ligand-to-metal molar ratio was 2:l. Iaznediate 

precipitation of the complex took place. The product was filtered, washed with 

hot ethanol and dried in vacua. 

(ii) Metal ions which required refluxing: The reactions of CU(CH~COO)~.H~O 

and Ni(acetylacetonate)2.H20 with the ligand were carried out by refluxing the 

solution of the ligand and the metal salt in ethanol for one hour. The precipi- 

tates that formed were filtered off, washed with ethanol, then ether and dried 

in vacua over P205. 

When the complex of Ag(I), obtained by the reaction of AgC104 with the 

ligand itmnediately upon mixing of hot ethanolic solutions of the reactants, was 

further refluxed for one hour, a different complex was obtained. 

(iii) Metal ions which afforded complexes upon mixing hot ethanolic solutions 

of the reactants, then cooling the reaction mixture. These include Cd(CH3000)2. 

2H20, FeC13.6H20 and Zn(CH3C00)2.2H20. The reaction of aqueous K2PtC14 with the 

ethenolic solution of the ligand required stirring overnight at room temperature. 

The complexes thus synthesized are listed in Table 1 along with their colors 

and melting points. Table II lists the elemental analyses of these complexes. 

Oxidation of 2,5-(dibenzothiazolin-2-yl)thiophene: Air was passed through a hot 

ethanolic solution of 2,5-(dibenzothiazolin-2-yl)thiophene (1.00 g in 80 ml) with 

stirring for 10 hours. In another procedure oxygen gas was passed through an 

identical solution with stirring for 3 l/2 hours. The yellow solid formed was 

filtered off and recrystallized from benzene to yeild 0.63 g (64%) of a compound 

melting at 235-237' with decomposition. The IR spectrum did not show a $_H at 

3350 cm-l. Found: C, 61.90; H, 3.01; N, 7.86; S, 26.93. Calcd. for C18H12N2S3: 

C, 61.68; H, 2.88; N, 7.99; S, 27.45%. The product was identified as 2,5-(di- 

benzothiazol-2-yl)thiophene(z) (L). 

Reaction of 2,5-(dibenzothiazol-2-yl)thiophene(III) with Pd(I1): The oxidation 

product of 2,5-(dibenzothiazolin-2-yl)thiophene(g) in hot benzene (0.140 g. 

0.4 mole in 18 ml) was treated with a hotfilteredsolution of dichlorobis(ben- 

zonitrile)palladium(II) (0.077 g. 0.2 mnole in 4 ml benzene). The precipitate 

which formed immediately was filtered off, washed with hot benzene and ether 

respectively; and dried in vacua over P205. It melted with decomposition at 
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TABLE I -- 

Reaction of some Metal Ions With 2,5-(Dibenzothiazolin-2-yl)thiophene(.~(LH2) 

Metal Salt 

CuC12.2H20 

CU(CH~OOO)~.H~O 

HgC12 

AgClO4(Reflux) 

FeC13.6H20 

RuC13.3H20 

Cd(CH3C00)2.2H20 

Pb(CH3C00)2 

Pd(C6H5CN),C12 

Zn(CH3COO)2.2H20 

K2PtC14 

RhC13.3H20 
*** 

Ni(acac)2.H20 

AgC104 

Product 

Cu(SB)*1/2H20 

Cu(SB) 

Hg(SBH)**C1.2H20 

Ag3(SB)(SBH) 

Lfl/2 H20 

Ru(SBH)C12.2H20 

Cd(SB) 

Pb(SB).l/Z C2H50H 

Pd(LH2)C12.2H20 

Zn(SB).2H20 

Pt(SBH)(LH2)C1.2H20 

Rh(SBH)C12.1/2 H20 

Ni(SBH)2 

Ag3(SBH)2C104.4H20 

Color 

Brown 

Black 

Dark-Red 

Reddish-Brown 

Yellow 

Dark Brown 

Orange 

Reddish-Brown 

Light Brown 

Reddish-Black 

Olive Green 

Brown 

Brownish Black 

Wine-Red 

Decomposition 
Point(OC) 

147-149 

195-198 

128-133 

235-236 

233-236 

~360 

311-314 

190-194 

175-178 

178-180 

230-240 

>360 

185-192 

245-246 

*SB is the dianion of SBH2(&); (**) SBH is anion (IJ) 

(***) acac = acetylacetonate ; t L is the oxidition product g of LH2 

340-343O. Found: C, 40.95; H, 2.27; N. 5.56; S, 18.03; Cl, 12.40. Calcd. for 

Pd(L)C12.1/2 H20: C, 40.27; H, 2.06; N, 5.22; S. 17.92; Cl, 13.21. 

Elemental analyses were carried out by Pascher, Mikroanalytisches Laboratorium, 

Bonn, Germany; the IR spectra were run using a Perkin-Elmer 621 Grating Spectrophoto- 

meter. Potassium bromide pellets were used. Melting and decomposition points (un- 
corrected) were taken using a Mel-Temp apparatus. 
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TABLE II 

Elemental Analyses of the Complexes of 2,5-(Dibenzothiazolin-2-yl)thiopene 

Compound 

Cu(SB)*.1/2 H20 

Cu(SB)** 

Hg(SBH)C1.2H20 

Ag3(SBH)2C104.4H20 

Ag3(SB)(SBH) 

L.1/2 H20 

Ru(SBH)C12.2H20 

Pd(LH2)C12.2H20 

Ru(SBH)C12.1/2 H20 

Pt(SBH)(LH2)C1.2H20 

Pb(SB).1/2 C2H50H 

Cd(SB) 

Zn(SB).2H20 

Ni (SBH)2 

%C - 

50.93(50.86) 

51.47(51.96) 

34.48(34.55) 

34.90( 35.97) 

43.32(42.00) 

60.40(60.13) 

38.52(38.50) 

38.25(38.07) 

40.91(40.31) 

43.82(44.36) 

40.67( 39.16) 

45.91(46.50) 

53.69(53.59) 

56.28( 56.48) 

Analyses t 
%H %N - - 

2.95(3.08) 6.74(6.59) 

2.99(2.91) 6.89(6.73) 

2.37(2.74) 4.77(4.48) 

2.20(2.85) 4.60(4.66) 

2.45(2.45) 5.75(5.44) 

3.14(3.08) 7.82(7.79) 

2.88(2.05) 5.31(4.99) 

2.76(3.19) 5.37(4.93) 

2.81(2.63) 4.97(5.23) 

2.62(3.20) 6.17(5.75) 

2.54(2.59) 5.26(4.81) 

2.71(2.60) 6.08(6.03) 

3.27(3.72) 6.98(6.95) 

3.27(3.42) 7.45(7.32) 

%S %Cl - - 

22.70(22.63) 

22.54(22.54) 

14.01(15.37) 6.66(5.69) 

15.80(16.00) 2.17(2.95) 

18.32( 18.69) 

25.80(26.76) 

16.69(17.13) 13.57(12.63) 

16.73( 16.94) 10.60( 12.49) 

17.88( 17.94) 13.55( 13.22) 

19.15(19.74) 3.26(3.64) 

17.20(16.51) 

19.97(20.69) 

23.19( 23.82) 

24.69(25.13) 

* From CuC12.2H20 ** From CU(CH~COO)~.H~O t (Calc. values) 

Results and Discussion 

The condensation of 2,5-thiophenedicarboxaldehyde with c-aminobenzenethiol was 

attempted with the intention of preparing the corresponding Schiff base, 

2,5-thiophenediylbis-(N-(pheylen-2-thiol)aldimine)(~(SBH2). 

HS 

1 (S8H2) 



Reaction of 2,5-(dibcnzotbiazolin-2-yl)thiopcne with some metal ions 

However, the dithiazoline compound 2,5-(dibenzothiazolin-2-yl)thiophene($ 

obtained instead. 

II NH21 

The identity of the dithiazoline(9, which has not hitherto been reported, is 

833 

was 

confirmed by its elemental analysis and by its IR spectrum. The spectrum contains 

a band at 3350 cm -1 characteristic of vNH, and does not have a band at 2600 cm 
-1 

suggesting the absence of SH bond and thus ruling out structureA A similar be- 

havior has been reported' for the condensation of 2,6_pyridinedicarboxaldehyde 

with g-aminobenzenethiol, except that the product isolated was the oxidized form, 

dithiazole. The formation of the dithiazoline was proposed as an intermediate. 

In the case of 2,5-thiophenedicaroxaldehyde, 2,5-(dibenzothiazol-2-yl)thiophene(s) 

could only be formed by the oxidation ofthe dithiazoline with air, oxygen or an 

oxidizing agent such as Fe+++. 

III (L) 

The identity of the dithiazole is confirmed by its elemental analysis 

and its IR spectrum. 

3350 cm-l 

The v,,,_~ present in the spectrum of the dithiazoline at 

disappeared upon oxidation, and instead, a band at 1590 cm" appeared, 

indicating the presence of a C--N bond. 

The formation of the dithiazoline is most likely preceded by the formation 

of the Schiff base&) which then rearranges to the dithiazoline. The rearrange- 

ment and interconversion of dithiazoline to dithiazole are influenced by the 

metal ions. The behavior of dithiazoline in its reactions with the metal ions 

investigated thus varied with the nature of the metal. Copper( Zinc(II), 

cadmium(I1) and lead(I1) afforded complexes of the form M(SB) where the ligand 

behaved as a tetradentate dithiolate Schiff base having structure(I) with the 

loss of the two acidic protons. This is suggested by the stoichic&ry of the 
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complexes (ruling out structure(3 and the absence of vNH in the IR spectra 

of the complexes (thus ruling out structure(&)). 

Ring-opening in the dithiazoline(a was encountered with Hg( II),‘Ag(I), 

Ru(III), Rh(II1) and Ni(I1) where the ligand adopted the anionic form($)(SBH). 

The IR spectra of the complexes showed bands around 3350 cm" (uNH) and 1590 cm" 

(vCcN). Structure 2 for the ligand in these complexes is substantiated by the 

X-ray structure determination3 of a Zn(I1) complex with the 2,6-pyridine analogue 

of our ligand. 

a 
S ‘i 
b 

N 

0 

/“/” 
C 

I /H 
N 

S lo 
IV (SBH) 

The reaction of the dithiazoline(2) with Pd(I1) afforded Pd(LH2)C12.2H20 

in which the ligand has not rearranged. The IR spectrum of the complex showed 

a band at 3350 (vNH), and no bands due to vsH or vCcN. Decomposition of the 

complex with aqueous KCN followed by extraction with CHC13 afforded the di- 

thiazoline(II_). The oxidized form, the dithiazole(z) reacted with Pd(I1) to 

yield Pd(L)C12.1/2 H20. The decomposition of the complex with aqueous potassium 

cyanide produced the dithiazoleu). The reaction of Pt(I1) with the dithia- 

zoline($ afforded the complex Pt(SBH)(LH2)C1.2H20 in which one of the thiazoline 

rings in one of the ligands must have opened to account for the divalence of 

platinum. 

The reaction of the dithiazoline with Fe(II1) did not result in the forma- 

tion of a complex, but the ligand was oxidized to the dithiazole(I&) which was 

isolated and identified by comparison with the authentic compound obtained from 

the air-oxidation of the dithiazoline. 
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NOTES 

REHARK ON PLUTONIl DISPROPORTIONATION REACTIONS 
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Abstract - The course of a plutonium disproportionation reaction can be 

approximated by a succession of equilibrium valence state arrangements 

whose acidities are intermediate between the final solution acidity and 

the acidity for which the initial oxidation state configuration would 

have represented equilibrium. 

In his interesting review of the kinetics of the lighter actinides, Newton' observes that 

the rate of a reaction such as 

2pu4+ + 2H20 = Pu 3+ + PuO2 + + 4H+ (K = K,) (1) 

is slow, whereas the rate of the reaction 

pu4+ + puo2+ = pu3+ + puo22+ (K = $1 (2) 

is relatively rapid, and under most circumstances a plutonium system will be near equilibrium 

with respect to it at all times. If this hypothesis is true, the expression 

[Pu3+][Puo 2+] 
Q, = 

2 

[Pu4+][Puo2+1 = K2 

is a constraint upon the plutonium system whether or not the system is at equilibrium. 

Another constraint which always applies to plutonium systems is mass conservation 

[pu3+] t [pu4+] + [Pu02+l + CPUO~~+I = T 

(3) 

(4) 

where T is the total plutonium concentration, and may be taken as unity so that oxidation 

states in brackets may be conveniently interpreted as fractions of the total plutonium. Still 

another constraint which always applies to a plutonium system is charge conservation2 

(~-N)[PuO,~+] t (5-N)[Pu02+] + (4-N)[Pu4+1 + (3-N)CPu3+1 = 0 (5) 

in which N is the plutonium oxidation number. Equations (3). (4)., and (5) constitute a system 

of three equations in the four unknowns [Pu3+], [Pu4+], [Pu02+], and [PuO,~+]. If one further 

constraint upon the plutonium system were available, the system could be solved as a system of 

four equations in the four unknown fractions representing the various oxidation states. 

If the composition of a nonequilibrium plutonium system is known at a certain time, and if the 

final, equilibrium composition is also known, it is ordinarily true that every species passed 
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from its initial value to its final value in a smooth, continuous manner. If the fraction of 

a plutonium oxidation state likewise does not pass through a maximum or a minimum during 

transit to equilibrium, then every intermediate value assumed by it between the initial and 

final compositions corresponds to a unique arrangement of oxidation states. Since valence 

state rearrangement reactions do not produce extrema in the fractions of all of the oxidation 

states, it is possible to select arbitrary, unique, intermediate fractional values for at 

least one of these oxidation states. Thus the fourth constraint upon the plutonium system 

can be selected as 

[Pu4+] = a unique value allowed by continuity (6) 

The continuity constraint is given in terms of [Pu4+] as an example; another oxidation state 

could have been selected provided it passes from its initial to its final value in a contin- 

uous, single-valued manner. Equation (6) states that if the initial fraction of [Pu4+] were 

1.0 (pure tetravalent plutonium), and its final value 0.4 (after extensive disproportion- 

ation), then there must have been an instant when its fraction was any chosen intermediate 

value such as 0.65. Thus it is possible to approximate the courses of plutonium valence 

rearrangement reactions by solving Equations (3)-(6) as a set of four equations in four 

unknowns. (By."course" is meant the succession of oxidation state distributions correspond- 

ing to the passage from initial state to the equilibrium state.) This method is considerably 

easier than the conventional method of solving a pair of simultaneous differential equa- 

tions'. The accuracy of the method is limited only by the accuracy of the approximation 

Q, E K2, where K2 is the equilibrium constant for Equation (2), and Q, is the actual, non- 

equilibrium concentration quotient for this reaction. 

There is another, more interesting method of plotting the course of oxidation state rearrange- 

ment reactions. It is to be observed that the solution acidity does not enter Equations (3)- 

(6). The consequence of this is that the courses of rearrangement reactions are approximately 

independent of the acidity, and that the error in this consequence is no greater than the 

error in the hypothesis that Q, = K2. Nowhere in the literature of plutonium chemistry does 

this implication seem to have been noticed. 

When calculating equilibrium oxidation state distributions, it is customary to use the solu- 

tion acidity as one of the defining parameters3. Equations (3)-(5) are always satisfied in 

this computation, and values for the fractions of oxidation states are the results of such 

calculations. But the process may be turned around, so that Equations (3)-(5) are still 

satisfied, and the fraction of one oxidation state, say [Pu4+], is given some value which it 

must have momentarily assumed. The resulting nonequilibrium oxidation state distribution can 

be made to fit the equation 

K, = 
[Pu~+][PuO,+][H+]~ 

mJ4+12 
(7) 

so that a value of [H+] can be obtained. This value of [H+] (which is not the actual value 

of the solution acidity) and the given value of N are sufficient to define an equilibrium 

valence state distribution; this equilibrium distribution is identical to the distribution 

known to be nonequilibrium for the actual solution acidity. In other words, the course of a 
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rearrangelnent reaction can be plotted by calculating the succession of equilibrium oxidation 

state distributions for acidities intermediate between the actual solution acidity and the 

acidity for which the initial nonequilibrium oxidation state distribution would have repre- 

sented equilibrium. The observation that nonequilibrium distributions of plutonium valence 

states are a succession of equilibrium states for other (intenaediate) acidities also seems 

to have been overlooked, but its value as an approximation is ngt worse than the approxima- 

tion Q, = K2 on which Newton comments favorably. 

Many years ago, data were obtained on the passage to equilibrium of a solution initially 

containing about 50% each of pentavalent and hexavalent plutonium4. The oxidation number of 

this solution was therefore close to 5.5, and acidity is reported as 0.5! HCl. From the data 

in the reference containing this information, it is possible to approximate K, z(2.1)(10m4) 
and K2" 8.5 in this medium. The alpha coefficients5'6 for the plutonium oxidation states 

may all be taken as unity, because their actual values (which are greater than unitv) are 

reflected in the experimentally determinedvaluesof K, and K2 in 0.5! HCl. A solution which 

has the equilibrium composition of 50% each PuO2+ and PuO~~+ has a very low acidity: for this 

purpose [H+] = O.OlM is low enough to represent the initial acidity. Plotted in Figure 1 are 

equilibrium compositions for a succession of solutions whose equilibrium acidities are taken 

between O.OlM and the final, actual solution acidity of 0.5& The course predicted by this 

diagram my be compared to the experimentally determined course in 0.5! HCl; it wiil be found 

that the agreement is striking4. This bears out as reasonable the hypothesis that generally 

Q, a K2 and the consequence of this hypothesis that the course of a disproportionation 

reaction is well approximated by a succession of equilibrium states whose acidities are 

intermediate between the final, actual solution acidity, and the acidity for which the 

initial oxidation state distribution would have represented equilibrium. 
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Abstract: New mixed ligand complexes of copper(I1) dithiocarbsmates of 

the general formula, [CuCl(R2dtc)L] or [CuCl(R'dtc)L] (R=CH3 or C2H5, 

R' * W-95, dtc =-NCSS- and L = Pyridine, 3-picoline or &picoline), 

have been prepared by the reaction of bis(dithiocsrbamato)di-/A-chloro- 

dicopper(I1) complexes with pyridine or picolines. The complexes are 

found to be non-electrolytes in nitrobenzene. Magnetic susceptibilities, 

i.r. and electronic spectra of the complexes are reported. A psuedo- 

tetrahedral structure is suggested for these complexes. 

INTRODUCTION 

A series of bis(dithiocarbemato)di-p-chloro-dicopper(I1) (A) have 

been synthesized 192 . It was found that ligands like pyridine and picolines 

are able to break the chlorine bridges in these type of complexes to form 

some hitherto unknown mixed ligand complexes of copper(I1). The prepara- 

tion and some physico-chemical studies of the new complexes are presented 

here. 

R2N-C 

(A) 

EXPERIMENTAL 

Bis(dithiocarbsmato)di-/.L -chloro-dicopper(I1) complexes were synthe- 
sized as described in the literature'. 

Physico-chemical measurements: 

The molar conductances of the complexes (10W3M solution) in pure dry 

nitrobenzene was determined at 3O+2'C with a Toshniwal conductivity bridge 

using platinum electrodes. 

Magnetic susceptibilities were determined at room temperature (30+2'C) 

by the Gouy Method using Hg[Co(NCS)4] as calibrant3. 

Electronic spectra of the complexes were recorded in the solid state 

by a mull technique following a procedure recommended by Venanai' on a 
DMR-21 recording spectrophotometer. 

*Author to whom all correspondence should be directed. Present address: Department of Applied 
Chemistry, University of &chin, Co&in 682002, Kerala, India. 
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The i.r. spectra in the region 400-4000 cm" were recorded on a 
Perkin-Elmer 257 infrared spectrophotometer. The far i.r. spectra (Nujol 

mull) in the region 200-600 cm" were recorded on a Beckman IX-12 infrared 

spectrophotometer. 

Synthesis: 

All the complexes were prepared by same general method given below. 

About 2 gms. of bis(dithiocarbamato)di-/L-chloro-dicopper(I1) was dissolved 

in the minimum quantity of appropriate bases (pyridine, Fpicoline or 

4-picoline) with vigorous stirring. The solution was filtered and kept 

for one hour. Diethyl ether was then added to precipitate the complex. 

The crystalline complex seperated was filtered, washed with ether and dried 

over anhydrous calcium chloride. 

Analysis: 

Copper, Chlorine and Nitrogen in the complexes were estimated using 

standard procedures5. 

Table 1 

Analytical and Magnetic Susceptibility data of Complexes 

Compound 

weight percent found (calcd.) eff. at 

303+2'K 
cu Cl N 

21.41(21.30) 12.02(11.89) 

20.12(20.35) 11.01(11.35) 

19.93(20.35) 11.20(11.35) 

19.36(19.47) 10.72(10.86) 

18.52(18.66) 10.27(10.42) 

18.57(18.66) 10.32(10.42) 

18.62(18.78) 10.52(10.48) 

17.90(18.03) 9.92(10;06) 

18.20(18.03) g.cs(lO.06) 

9.34t9.391 1.96 

8.91(&W) 2.07 

8.88(8.97) 2.02 

8.52(8.59) 2.01 

8.18(8.23) 2.09 

8.14(8.23) 2.05 

8.25(8.28) 2.07 

7.85(7.95) 2.09 

7.92(7.95) 2.03 

Py = Pyridine; 3-Pit. = 3-Picoline; 4-Pie. I; 4-Picoline 

RESULTS AND DISCUSSION 

The analytical data of the complexes show that they have the general 

formula, [CuCl(R2dtc)L] or [CuCl(R'dtc)L], where R = CH3 or C2H5; R' = (CH2)j; 
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dtc = -NCSS- and L = Pyridine, 3-picoline or 4-picoline. Our attempts to 

prepare the mixed ligand complexes with 2-picoline met with failure. This 

may be due to the steric strain caused by the methyl group in the 2-position, 

which blocks the stable bond formation. 

The complexes are moderately soluble in benzene, nitrobenzene, chloro- 

form and carbon tetrachloride. They are almost insoluble in acetone, 

diethyl ether and alcohol. All of them decompose on keeping, as indicated 

by the tarnishing of colour and also by the poor analytical data given 

by the older samples. 

Conductance behaviour: 

The molar conductance values of the complexes are around 4.5 ohm"cm2 
-1 mole , which indicate that the complexes are non-electrolytes in nitrobenzene. 

Magnetic behaviour: 

The magnetic moment (peff.) values, tabulated in Table 1, indicate the 

presence of one unpaired electron and the absence of metal-metal interaction. 

The fairly high values suggest a psuedo-tetrahedral structure for these 

complexes. In a completely undistorted tetrahedron, copper(I1) should have 
6 a room temperature magnetic moment of about 2.2 B.M. . 

Electronic Spectra: 

-1 The electronic spectra of the complexes show bands around 23300 cm , 

15900 cm" and 8300 cm -1 . The band around 23300 cm" is intense and is, 

therefore, a charge transfer band. The small band around 8300 cm" may be 

due to the psuedo-tetrahedral nature of the complexes 7,8 . 

I.R. Spectra: 

Most of the bands in the spectrum of free pyridine or picolines are 

almost reproduced with only minor shifts orsplittings in the i.r. spectra 

of the complexes 9 . The same is the case with the bands of dithiocarbsmato 

ligand. However, there is considerable amount of overlapping between the 

bands of these two ligands. 

The C-N stretching frequency usually occurs around 1500 cm" in metal 

dithiocarbamato complexes 10 . In these mixed ligand complexes also, the 

C-N stretching frequency appears around 1500 cm". The region 950-1050 cm" 

is associated with the C-S stretching frequency. According to Ugo and 

Bonati", the presence of only one band in this region indicates a comple- 

tely symmetric bidentate bonding by the dithiocarbsmato ligand. In the 

case of the present mixed ligand complexes, this region also contains vibra- 

tions due to the bases. Therefore, more than one band in the 950-1050 cm -1 

region do not imply an unsymmetric bonding of the dithiocarbemato ligand in 

these complexes. Instead, it would be more realistic to assume a symmetric 

bidentate bonding in all these complexes. 

The i.r. spectra in the region 200-400 cm -1 provide information regarding 
Poly Vol. 2, No. 8-K 
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the nature of metal ligand vibrations. All the complexes show a medium band 

around 360 
-1 

cm -1 and a strong band around 300 cm which can be assigned to 

Cu-S and Cu-Cl stretching vibrations respectively'2*'3. The band eround 

280 cm" in the pyridine derivatives and 260 cm" in the picoline derivatives 

may be attributed to Cu-N stretching vibration. 
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Abstract. The reaction of tetrachloro-phenylimido-tungsten(V1) 

[W&lPh1Cl~] with tert.-butyltrimethylsilylamine [tert.Bu(MegSilNH] gave 

the dimeric complex [W(NBu-tert.1 (~g_NPh)Clp(tert.-BuNB2)]2 which was 

shown by X-ray crystallography to contain bridging phenylimido and non- 

bridging (nearly linear) tertiary butylimido groups together with tertiary 

butylamine ligandscoodinated to octahedral tungsten. The tert.-butylamine 

NH2 protons were non-equivalent due to N-H.... Cl bridging within the dimer. 

* 
Authors to whom correspondence may be addressed. 
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A number of interesting organoimido complexes of molybdenum and tungsten 

have been synthesized and characterized in recent years.' Among the do WtVI) 

species are the monomeric tetrahedrally coordinated W0UEt)*@IEt2)2 2 ma 

W (WBu-tert.)20iWBu-tert.)2 3, the aimeric 5-coordinated (TBP) [WNBu-tert.) 

(p2-WBu-tert.)Me2]2 4 and the trimeric octahedrally coordinated [W@lPh) 

(k+)Mep(pMe3)2]3 '. We have shown that W(WF'h)CL+ (3 is a useful starting 

for synthesizing a range of W(VI), w(v) and W(IV) phenylimido complexes5'6'7 and 

accordingly the ligand tert.Bu&e3Si)WH (2) was selected as a means of re- 

placing two chlorines by a tert.-butylimido group in a reaction with (& to 

produce a tungsten complex containing two different organoimido groups. 

From the reaction involving (2 and ($ in 1:2 mole ratio the orange 

aystalline product [W(WPh)(WSu-tert.)Clp(HpWBu-tert.)] w was isolated. The 

'ii nmr spectrum showed two distinguishable tert. -butyl groups as singlets (61.28 

ad 1.37) and two widely separated broad doublets (63.38 and 6.26; 2J, 12Hz) 

which were assigned to two non-equivalent protons of the WH2 groups. Moreover, 

the infrared spectrum showed two sharp bands in the qq~ stretching region (3243 

and 3142 cm-') confirming the non-equivalence of the WE protons. The structure 

of @& was determined by a single crystal X-ray study. 

Crystal Data: W2ClqW&2$i5,~, M = 980.26, monoclinic, space group PZ/l/c, 

cell dimensions a = 10.063(3), b = 14.189(4), c = 13.287(3)& B = 97.40(2), 

v = 18a1.4~3r 2=2, D = 1.730 g cd, A(I.lo-M) = 0.7107321, u(Mo-Xa) = 
C 

65.549 cm-', F@CJO) = 952. 

The structure was solved by the heavy atom method, and refined by least 

square with anisotropic thermal parameters for all non-hymen atoms and iso- 

tropic for phenyl and amine hydrogen. Other hydrogens haa fixed thermal para- 
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meters. The final R value is 0.031 (Unit weights). Tables of atomic positional 

and thermal parameters and Fo/Fc values have been deposited as supplementary 

data with the Editor, from whom copies are available on request.+ 

The structure (Figure) shows (3) to be dimeric with very unsymmetrical 

phenylimido bridges [W-N, 1.895(3) and 2.324(31x] and practically linear tert.- 

butylimido groups [W-N, 1.729(4); &W 168.3(3)']. Of particular interest in 

the structure is the present oc strong hydrogen bonding by one of the NR2 

protons to a chlorine on the neighbouring tungsten atom thus explaining the non- 

equivalence noted in the nmr and infrared spectra. Another feature of interest 

is the pronounced influence of the tert.-butylimido groups acting as a 

$-electron donor (N W) which allows the phenylimido nitrogen to v-donate only 

where it is cis to the tert.-butylimido nitrogen and thus produces the unsym- - 

metrical bridge. Interestingly a similar strong trans-influence was exerted 

by the non-bridging phenylimido-nitrogen in the trimer tWg(NPh)3(n2-0)3We6 

(PMeI)I] which led to very unsymmetrical Wow bridging.5 It is clearly signifi- 

cant that the unsynrmetrical imido bridge (W-N, 1.842, 2.288& in the dimer 

[W(NRu-tert.) (n2-NRu-tert.)We2]2 involving S-coordinated tungsten has the long 

bond trans to the linear non-bridging imido group (W-N, 1.73&14 whereas 

symnetrical imido bridges are found in tetrahedral complexes such as 

[Ti(nz-NBu-tert.) (NWe2)2]2 ' where there is no possibility of a trans-influence 

occurring. 

We thank the SRRC for supporting this research. 

t 
Footnote 

Atomic coordinates have also been deposited with the C&ridge Crystallo- 

graphic Data Centre. 
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Figure The Structure of W(NBut) hyNph)Clp(Bu h2) 

Important Bond Lengths & and Angles (deg) are:- 

W(l)-Cl(l) 2.398(l), w(1)-cl(2) 2.462(l), W(l)-N(1) 2.324(3) 

W(l)-N(l)* l.895(3), W(l)-N(2) 2.223(3), W(l)-N(3) 1.729(4) 

N(l)-W(l)-N(l)* 76.5(l), cl(l)-W(l)-N(1) 85.70) 

Cl(l)-W(l)-N(l)* 97.8(1), cl(l)-W(l)-N(2) 158.0(l) 

cl(l)-w(ll-Cl(2) 86.3(O), N(3)-W(l)-C1(1) 93.3(l) 

N(3)-W(l)-C1(2) 97.8(l), N(3)-W(l)-N(2) 104.0(l) 

N(3)-W(l)-N(l)* 99.3(l), N(3)-W(l)-N(l) 175.4(l) 
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ANOVBL TRINUCLEAR ORGANOIMIDO VANADIDI'l(V) COMPOUND. 

CRYSTAL AND HZECWAR STRUCTUREOF 

[v~c~~(NBw~~~~.)~(IJ+P~)~(IJ +hNmNRBu-tert .)I 

D.C. Bradley*, M.B. Eursthouse*, A.N. de M. Jelfs and R.L. Short 

Department of Chemistry, Queen Mary College, 

Mile End Road, London El 4NS 

(Received 28 April 1983; accepted 9 May 1983) 

Abstract. From the reaction involving VW'Ph)C13 and tert.Bu(MegSi)NH 

the trinuclear complex [V3Cl2(NBu-tert.)3(~2-NPh)3(1~3-PhNCONRBu-tert.) 

has been isolated and its structure determined by single-crystal X-ray 

1 

diffraction. The molecule contains non-bridging (nearly linear) tert.- 

butyl imido groups, bridging phenylimido groups and a novel triple- 

bridging (through oxygen) PhNCONBBu-tert. ligand. 

* Authors to whom correspondence may be addressed. 
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A recent review revealed that only a few authentic organoimido vanadium 

compounds have been characterixed.18213 Ne have found that trichloro-phenyl- 

imidovanadium(V) (1) is readily prepared by the reaction of WC13 with phenyl- 

isocyanate and that it is a useful starting material for synthesizing phenyl- 

imidovanadium compounds by replacement of the chlorine with other ligands. In 

attempting to prepare a vanadium complex containing two different organoimidc 

ligands we have investigated the reaction of (1) with the unsynsnetrical amine 

(tert.-Bu) (Me3Si)NH which may be deprotonated and/or de-trimethylsilylated in 

reacting with V-Cl bonds. A crystalline product [V$12(NHu-tert.)3(u2-NPh)3- 

(u+W?CONHHu-tert.)] was isolated and a single crystal X-ray structure deter- 

mination was carried out. 

Crystal Data: V3OC12N6CllH56, M = 901.69, triclinic, _a = 11.334(2), 

k = 11,420(2), 5 = 20.775(7)8, a = 100.20(21, Jj = 75.55(2), y = 111.21(1)", 

V = 2416.3g3, space group Pi, Z=2, D 
C 
= 1.24 g ~rn-~, )1 (MO-W = 7.38 Cm-‘, 

(&40-Ka = 0.71069&, F@DDl = 940. 

The structure was solved by direct methods and refined by least-squares, 

with anisotropic thermal parameters for all non-hydrogen atoms and hydrogen 

positions calculated in idealised positions and assigned an overall, refined, 

isotropic thermal parameter. The final R and R, values are 0.0495, 0.0475 

with w = l/[a* (F) + 0.00C5F2]. Tables of atomic positional and thermal para- 

meters and Fo/Fc values have been deposited as supplementary data with the 

Editor, from whom copies are available. 
t 

t 
Footnote 

Atomic coordinates have also been deposited with the Cambridge Crystallo- 

graphic Data Centre. 
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nucleus of the structure is 

Communications 

shows several interesting features. Thus the basic 

a (vN)~ ring in which the metal atoms are bridged 

851 

by phenylimido groups [V-N = 1.853(91 - 1.912(81A]. Each vanadium atoms is 

bonded to a nearly linear non-bridging tert.-butylimido group [V-N = 1.608(9), 

1.611(E), 1.648(8)~] and two of the vanadiums, which are chemically equivalent, 

are each bonded to a chlorine [V-Cl = 2.254(4), 2.254(4)x]. The third vanadium 

is bonded to the phenylamido nitrogen [V-N = 1.965(1)R] of the unexpected ligand 

(tert.-BuNBCONPh)-, whose oxygen is triply bridging all three metal atoms 

[V-O = 2.252(7), 2.263(7), 2.287(6)61]. The source of this ligand is a matter 

for conjecture but the structure suggests its formation via insertion of PhNCO - 

into a V-NBBu-tert. bond. The phenyl isocyanate may have been retained in the 

V(NPh)C13 from its preparation and this aspect is the subject of continuing 

research. 

Each vanadium is exhibiting a highly distorted trigonal bipyramidal con- 

figuration with the tert.-butylimido ligand and the oxygen of tert.-BuNBCONPh in 

the axial positions. The near-linear CNW groups show that the tert.-butylimido 

groups are acting as 4-electron donors with triple-bond character and bond lengths 

similar to that found in V(NR) (OSiWe3)A ( R = adamantyl, V-N = 1.61&j, in which 

the vanadium is 4-co-ordinated.' It is noteworthy that the bridging phenyl imido 

nitrogens are all cis to the tart.-butylimido nitrogen which clearly exerts a - 

powerful trans-influence on the triple-bridging 

We thank the SBRC for support of this research. 
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Figure The Molecular Structure of V3C12(NBUt)3(U2-NPh)3(~3-PhNCOWBBut) 

Selected Bond Lengths ere:- 

V(l)-N(1) 1.898(9), VW-N(Z) 1.912(E), VW-N(6) 1.611(E), 

V(2)-N(2) 1.853(91, V(2)-N(3) 1.870(9),. v(2)-N(3) 1.648(9), 

V(3)-N(3) 1.902(7), V(3)-N(l) 1.909(E), V(3)-N(3) 1.608(9), 

V(2)-N(4) 1.965(E), V(l)-O(l) 2.263(7), V(2)-O(l) 2.287(6), 

V(3)-0(1) 2.252(7), v(l)-Cl(ll 2.254(4), v(3)-cl(l) 2.254(5). 
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Direct ‘H NMR assignment of [Co(III)(edta)]- 

OLIVER W. HOWARTH 
Department of Chemistry & Molecular Sciences, University of Warwick, Coventry, 

CV4 7AL England 

(Received 12 November 1982; accepted 20 January 1983) 

Abstract-Direct assignment of the ‘H NMR spectrum of the ethylenedinitriloNNN’N’-tetra- 
acetate-cobalt(II1) anion [Co(III)(edta)]-, illustrates the value of n.0.e. difference and 2-D n.0.e. 
spectroscopy in coordination chemistry. 

In 1971, Sudmeier et al.’ assigned the ‘H NMR 
spectrum of aqueous [Co(III)(edta)]Cl on the basis of a 
theoretical argument concerning the relative rates of 
deuteriation of the glycinate protons. This assignment 
has been used as a starting point for many further papers 
on related compounds[2,3]. We now confirm it directly 
via the nuclear Overhauser enhancement (n.0.e.) 
difference spectra[4] shown in the figure. Irradiation of 
resonance b gives not only the expected enhancement at 
a but also one at c, and similarly irradiation at e not only 
affects f but also d. The minor disturbances at other 
positions arise from imperfect subtraction, and do not 
integrate significantly. Unfortunately, the selectivity of 
n.0.e. difference spectroscopy is insufficient to penetrate 
the crowded region around 6 3.8. However, a 2D-n.0.e. 
experiment[S] confirms the absence of unreasonable 
dipolar interactions (such as dfl as well as the presence 
of the above near-neighbour relationships. The two 

h 
f d a e b 

methods clearly have considerable value in non-labile 
coordination chemistry. 

Acknowledgement-We thank the SERC for access to 
the Bruker WH 400 Spectrometer. 
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Fig. 1. 400 MHz ‘H NMR spectrum of title compound, labelled according to the half-structure 
shown. Two ub quartets and one aa’ bb’ near-quartet are resolved. 2. Irradiation of backbone 
resonance b affects not only a but also c. 3. Irradiation of e affects d as well as f, thus confirming 

the assignment. 
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ERRATUM 

R. D. Gillard, M. F. Pilbrow, S. Leonard, M. C. Rendle, and C. F. H. Tipper: The 
reaction of carbon monoxide with platinum ylids. Polyhedron 1982, 1, 689. 

The reference numbers attached to types of compound in the Introduction (p. 689) are not 
all correct. 

(II) is missing, and (I) appears twice. 
To clarify this, the correct codes are: 

[X,mH,(pyridine)J 

W’t CHk’y)CH,CH, 
I 1 

(PY)~ 
IW’t CHOy)CH,CH, (PY)~ 
[ClPt(CH~y)CH,CH,}(CG)l 

The numbers appearing in Scheme 1 (p 

(I) platina(IV)cyclobutane 
(II) platinum(I1) ylid 
(III) platinum(IV) ylid 
(IV) platinum carbonyl ylid. 

690) are correct. 
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HISTORICAL SKETCHES 

NIKOLAi SEMENOVICH KURNAKOV, THE REACTION (1893) 
AND THE MAN (1860-1941) 

A NINETY-YEAR RETROSPECTIVE VIEW 

GEORGE B. KAUFFMAN 
Department of Chemistry, California State University, Fresno, CA 93740, U.S.A. 

Abstract-Kurnakov’s classic thiourea reaction, proposed ninety years ago and still used 
to differentiate cis from truns isomers of dipositive platinum and palladium, represents his 
best known contribution to coordination chemistry. The circumstances surrounding its 
discovery, its implications, and its relationship to Peyrone’s and Jarrgensen’s reactions and 
Chernyaev’s trans effect are discussed. A brief discussion of Kurnakov’s other studies of 
coordination compounds, and a short biography are also provided. 

[The] stability [of the platinum compounds of 
thiourea prepared by me] and their close 
relationships to other complex platinum salts 
permits a closer investigation into their na- 
ture and an important expansion of our 
conceptions of complex bases in gen- 
eral . . . in individual cases the ability to form 
salts of general formula PtX2.2U*2A (in 
which A = NH,) [and U = thiourea] serves as 
a characteristic indication for differentiating 
the isomeric salt[s] PtX,.2A.’ 
These words, written in 1893, the same year that 

Alfred Werner’s coordination theory2 was pub- 
lished, occur in one of the first major systematic 
studies of the coordination compounds of plat- 
inum undertaken in Russia. Entitled On Complex 
Metallic Bases3 and serving as his inaugural 
dissertation for the Professorship of Inorganic 
Chemistry at the St. Petersburg Mining Institute, 
this experimental and theoretical study by Nikolai 
Semenovich Kurnakov (1860-l 941) represents not 
only his first major work but also his most wideiy- 
known contribution to coordination chemistry. 
Published first in Russian and then in German 
translation,’ it provided the nineteenth-century 
coordination chemist with a simple diagnostic test 
for differentiating cis from truns isomers of di- 
positive platinum or palladium-a test still used 
today for this purpose.4 

THE REACTION 

The first decade following Kumakov’s gradu- 
ation as Mining Engineer from the Mining Insti- 
tute in 1882 was devoted largely to research in 
halurgy (salt manufacture), metallurgy, and as- 
saying, carried out both in the laboratory and in 

the plants and factories that he visited. His second 
research period (1891-1902), devoted to the struc- 
ture and properties of coordination compounds, 
began with the complexes (“double compounds”) 
of silver(I) nitrate and mercury(I) nitrate with 
thiourea, CS(NH2)2.S After a short study com- 
paring the solubilities of the chlorides of the lu- 
teocobaltic (CoCl,.6NH,; modern, [Co(NH,),]Cl,), 
purpureocobaltic (CoCl,*SNH,; modern, [Co- 
(NH,),CllCl,), and roseopentamminecobaltic 
(CoCl,~SNH,~H,O; modern, [Co(NH3),H20]C13) 
series (1892),(’ he returned in 1893 to the ligand 
thiourea for the subject of his dissertation. Since 
platinum had been and still continues to be one of 
the most valuable of Russia’s natural resources, it 
is not surprising that Kurnakov chose the com- 
plexes of platinum with thiourea for the main part 
of this experimental work. Throughout his long 
scientific career, he retained his interest in this 
noble metal; not only did he later become Director 
of the Institute for the Study of Platinum and 
Other Noble Metals following the death of its 
founder Lev Aleksandrovich Chugaev (1873- 
1922),’ but also, because of his development of 
coordination theory and application of complexes 
to the refining of the platinum metals, he is re- 
garded as one of the founders of the platinum 
industry of the U.S.S.R.8 

In his first part of On Complex Metallic Bases’ 
Kurnakov- found that addition of excess aqueous 
potassium tetrachloroplatinate(I1) (PtCl,*2KCl; 
modem, K,PtCl,) to aqueous thiourea (tu) caused 
precipitation of the compounds PtC1,*2tu (reddish- 
yellow trans-[Pt(tu),Cl,], which he correctly recog- 
nized as analogous to the chloride of Reiset’s 
second base, truns-[Pt(NH,),Cl&: 
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K* 

0 caoxub~xz ~eT88metx8xz ocnouuui~xz. 

H. EYPEAROEA. 

hea 1. Merannnrecniir CoeAntteHir lioHap6awAa. 

~~oco6~ocTb TioKKpdaMHAa UPn TiOMO¶eBEFtH K’b coqe~&m c’b 

wmimKqecKKbfK cOdKMB BBPB~TCJI BeCbPB BCHO BulUuBeEEOk. yT33 p& 
BOzBJFb ‘>, OTupbmUii! TiOuOseBEHy spa a3orepKor-b UpeBpamefiK po- 

WKKcTaro aMMOId, onacam xapaKTepanK coenKKeKiK: 

AuCL2CSN,H, 
PtCl,.HCI.BCSN,H,, 

obpa3yrorsiacrl npB &%ftc\niB TiovonesBBu Kit pacmopu xnopmx~ coneit 

3odOTB H IldKTKHU. BUOC&cTBia tiayc% ‘). Maw 3, IlpeTopiycGefts- 

3ep’b ‘), PaTKe “) E np. UO~y¶EJIE UOUyTEO UpH CBOEXI ti3CdAOBa- 

Bisxa BMs TioBonenBBoEo n es npo~3~omnruu morommmm cme- 

TaBin c’b CojBmB cBBB98, Bazidi8, PTYTE, oaona, BBCY~TB, cepe6pa, 

TadH B MkdS. Bc% 3Tu COe~EEeIiiK 3aKmcPaKwb TiOMOWBKUy B% BE& 

I&JY~SS qacTnu% U nr%mb cocTam, nnpmaera2t c&nyBoaet o6tqeR 

~OpryEoii: 

~lIX,.nCSN,H, ~I.IA MS,.nu, 

ec.qn o6osaannTb &WI B~~TBOCTH CSh’,H, = u. B!3 a3BicTBB1x~ do Ha- 
cToa4aro speveas coimx’b Ko3#jwiemb n aa&BBercB B+b npelrSl~% 
OTB 1 jqo 4 (sa o~mr5 aTom MeTuna). 

OCoBemo 3adqaTenbau k~twmr coemmedr, B3tiAoBaBBnrS PaTBe. 
&ii B3BBMOJ&&CTBiB CT. COBBME OBBCR ?d%AB TiOMO¶eBKKa PeaTwm 

cHaPma, KaK’b BO3CTaEOBHTedb, II0 ypamem: 

CS&H, + 2CnC1, = 2CnCl+ (CSN,HJ,C4 

06paap~am~1 CUCI mynaem 3aT$m 6-b Conmmie C% HOB~w% Ke- 

.lKPeCTBOY’b TioronesKEH B Aa8I-b GfOSnyx, Mlxb. T- 06~ys, 

cr%mKKarr Ka xoao~y ps3Be~eaabIe paCTBOpH TioMoqeBK~ H xJOPBO* 

1) L. E. firnddr, Ann. Chem. Psrm. 160, 23s @s@). 
*) claB#, ADD. Chem. Pharm. 179, 134 Bed. Be?. @t 23% 

3 tddy, EM. Ber. 9, 173. 
‘) Prae(oriurSeMer, fonrn. 1. pet. C~WII. (1) 31, 143. 

‘) R&b, Bed. Bar. 14, 1780, 17, 297. 
36 

X”“R9. OBnl 

Fig. 1. The first page of Kurnakov’s classic paper “0 Slozhnykh Metallicheskykh Osnovaniiakh” 
(On Complex Metallic Bases) J. Russ. Phys. Chem. Sot. 1893, 25, 565 (Ref. 1). 

+ 2KCl (modern formulation) (1) 

and PtCl,tu (an orange-yellow water-insoluble 
substance, which was not obtained in a pure state 
and was not further investigated). Warming either 
of these compounds with excess thiourea trans- 
formed them into the soluble white compound 
PtC1,*4tu([Pt(tu),]C&), which Kurnakov correctly 
recognized as related to the chloride of Reiset’s 
first base ([Pt(NH3).,]Cl,). Kurnakov also prepared 

the very stable PtC1,+4tu directly by adding a 
warm, concentrated solution of K,PtCI, to a warm, 
saturated solution of thiourea. He also prepared 
the bromide, sulphate, nitrate, hexachloroplat- 
inate( and tetrachloroplatinate(I1) of the 

Fw~W2 + ion as well as the palladium salt 
PdC1,*4tu ([Pd(tu),]Cl,). Substituted thioureas 
(methyl-, ethyl-, sym -diethyl- and triethyl- 
thiourea), thioacetamide (CH3CSNH,), and xan- 
thogenamide (NH,CSOC,H,) gave similar salts 
with 2 or 4 moles of base per mole of PtCl,. 
Kurnakov correctly recognized that the thiourea 
was monodentate and bonded to the metal atom 
through the sulphur atom rather than through one 
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of the nitrogen atoms, a conclusion that has since 
been confirmed by studies of IR spectra? 

But it was Kurnakov’s preparation of the PtCl, 
“salts of mixed bases” (those containing both 
thiourea and either ammonia or pyridine) that 
furnished the basis for what has since become 
known as Kurnakov’s reaction or Kurnakov’s test: 

The chloride salt of Reiset’s second base 
(platosammine chloride) is especially inter- 
esting. . . . In the presence of thiourea 
p-PtCl,*2NH, quickly dissolves on warming 
with formation of a colourless solution, from 
which snow-white needles of the mixed com- 
pound PtC12*2NH,.2CSN,H4 separates on 
evaporation or treatment with hydrochloric 
acid. This compound apparently has the 
composition of the type of salt of Reiset’s 
first base PtCl,*4NH,, in which 2 molecules of 
NH, are replaced by 2 molecules of CSN,H,. 
This formation is completely analogous to 
the formation of PtC12*4NH, from 
/I-PtCl,*2NH, and ammonia.’ 

In modern formulation, 

a 

Kurnakov’s Reaction (2) 

tram 
’ H3NLPtJNH31 + 2NH,-+ 

[ HN’ *\NH 3 3 

On the other hand, Kurnakov observed: 

1 Cl, 

(3) 

It is noteworthy that the isomeric 
cr-compounds, platosemidiammine chloride 
a-PtCl,.2NH, of Peyrone and plato- 
semidipyridine chloride c1 -PtCl,.2C,H,N, ap- 
parently do not form mixed salts as do the 
/I-compounds, at least not under the same 
conditions. 

Peyrone’s salt and platosemidipyridine 
chloride dissolve easily on warming with 
thiourea. Ammonia or pyridine are here split 
off, and yellow solutions are formed, from 
which, on addition of hydrochloric acid, the 
salt PtC1,.4U is precipitated in yellow needles 
(recognizable by its behaviour with H,SO, 
and Na,PtCl,). The same result is also ob- 
tained at room temperature.’ 

In modern formulation, 

><Cl]+4t$Pt<;]ClZ+2A 

cis 
Kurnakov’s Reaction (4) 

(A = NH3 or pyridine). 

Thus replacement by thiourea (or thioacetamide) 
occurs with all the ligands of the cis isomer but 
only with the acid radicals of the tram compound. 
Inasmuch as the isomers yield easily dis- 
tinguishable, characteristically different products 
and by-products (eqns 2 and 4), reaction with 
thiourea or thioacetamide (Kurnakov’s reaction) 
may be used to differentiate cis from trans isomers 
of Pt(I1) and Pd(I1). 

Kurnakov’s reaction, useful as it is, however, 
was not the first discovered example of directive 
influences in substitution reaction of coordination 
compounds. For example, the syntheses of two of 
the longest known platinum isomers, viz. plato- 
semidiammine chloride or Peyrone’s saltlo (a- or 
cis-[Pt(NH3),ClZ]) and platosammine chloride or 
Reiset’s second chloride” (/I- or trans- 
[Pt(NH,),Cl&, involve such influences. Their prep- 
arative reactionsn were known as Peyrone’s 
reaction” and Jorgensen’s reaction,13 respectively, 
and were said to exemplify Peyrone’s rule (cis 
orientation) and Jorgensen’s rule (tram orien- 
tation): 

K2 

Peyrone’s reaction 

C’\Pt/“’ 

,a’ ‘Cl 1 + 2NH,-t 

[ 1 H3NLPt’c1 + 2KCl 

HN’ ‘Cl 3 

cis 

Jorgensen’s reaction 

L H,N’ ‘NH31 

H3N\pt/c1 
Cl’ ‘NH 3 I 

+ 2NH,Cl (6) 

(5) 

H3Nfpt’NH3] \ Cl, + 2HCl+ 
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These reactions played crucial roles in Werner’s 
proof of the square planar configuration for plat- 
inum(H)’ and, along with Kurnakov’s reaction, 
were valuable weapons in the inorganic stereo- 
chemist’s arsenal. Kurnakov recognized that his 
synthesis of trans-[Pt(tu),Cl,] by the action of 
thiourea on potassium tetrachloroplatinate(I1) 
(eqn 1) constituted an exception to Peyrone’s rule 
(eqn 5), which predicted formation of the cis 
isomer. Actually, the conflict is apparent rather 
than real, for Peyrone’s reaction, Jorgensen’s reac- 
tion, and Kurnakov’s reaction are all specialized 
cases of a more general principle underlying the 
directive influence of coordinated ligands, which 
was not enunciated until well into the third decade 
of the twentieth century. 

Although Werne? recognized the principle of 
“tram elimination” as early as 1893, it was not 
until 1926 that Il’ya Il’ich Chernyaev (1893- 
1966)14 pointed out the general regularity of 
what he called the tram effect in order to describe 
the influence of a coordinated ligand on the prac- 
tical ease of preparing compounds in which the 
group tram to it had been replaced.15 Chernyaev 
theorized that a negative group coordinated to a 
metal atom labilizes the bond of any group trans 
to it, and thus he explained not only the empirically 
formulated Peyrone’s, Jorgensen’s, and Kur- 
nakov’s reactions but also many other features of 
the reactions of dipositive and tetrapositive plat- 
inum and palladium and of other metals as well. 
He postulated that electronegative ligands have a 
greater “trans influence” than neutral ligands, and 
his original trans-directing series has been ex- 
tended to include a variety of ligands: 

CN- NCONC~H~NNONH- >CH, 

N SC(NH,), N SR2 hl PR3 > S03H - 

>NO,--I--SCN->Br->Cl- 

> C,HSN > RNH2 N NH3 > OH - 

> H,0.16 

Thus the formation of cis-diammines by reac- 
tion of ammonia or amines with tetra- 
acidoplatinates(I1) (eqn 5) is essentially due to the 
fact that the trans influence of ammonia or amines 
is less than the tram influence of the anions. 
Similarly, the course of Kurnakov’s reaction is 
explained by the weak trans influence of ammonia 
and amines and the strong trans influence of 
thiourea, which, after displacement of the acid 
radicals in the cis-diammines (eqn 4) labilizes the 
ammonia or amine molecules so that they are also 
substituted by thiourea, while in trans-diammines 

(eqn 2) the two ammonia or amine molecules are 
not labilized by thiourea and cannot be displaced 
by it.” Chernyaev’s trans effect also explains not 
only the course of reaction (1) but also why 
Kurnakov’s test fails with complexes containing 
ligands of strong trans effect. For example, the 
tram effect of thiourea is balanced by the tram 
effect of phosphorus-containing ligands, and cis- 
[Pt{(C,H,),P),Br,] dissolves readily in cold aque- 
ous thiourea to yield cis-[Pt(tu),((C,H,),P)JBr, 
rather than [Pt(tu)4]Br2 as predicted by eqn (4).” 

At the time that Kurnakov was working on his 
dissertation, the Blomstrand-Jorgensen chain 
theory” was still the most widely accepted of the 
various theories of the structure of complexes,20 
and Werner’s coordination theory was just ‘being 
proposed. In his dissertation Kurnakov rejected 
KekulC’s outdated theory of molecular 
compounds*’ and critically reviewed the various 
theories that had been proposed to explain the 
structure of complexes. Like Werner, he noted the 
changes in chemical function of both metal and 
acid radicals in salts brought about by the combi- 
nation of such salts with ammonia, water, or other 
bases, and he likewise noted the similarities be- 
tween hydrated metal salts and metal-ammonia 
compounds. Nevertheless, in his opinion, none of 
the theories was completely satisfactory although 
each served to explain various facets of the prob- 
lem. 

Thus Kurnakov occupied an intermediate posi- 
tion between the old and new theories. While he 
did not find it possible to agree totally with the 
Blomstrand-Jorgensen chain theory, he likewise 
did not completely accept Werner’s views. In each 
theory he found a sound core of ideas, which, 
nevertheless, in his opinion, could not explain all 
the known facts. According to the chain theory, in 
complex compounds the acid radicals were bonded 
to the metal through one or more (a chain) of 
neutral ligands. For example, the chloride of Rei- 
set’s second base was written 

/NH,-Cl 
P< 

‘NH&l 

According to Werner’s coordination theory, the 
anions were directly bonded to only the metal, and 
the neutral ligands were similarly bonded: 

tram 
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Kumakov, however, thought that the anions were 
simultaneously bonded to both the metal atom and 
the neutral molecules: 

Cl \ ,sNH, 
) ,Pt’ 

\’ 
. 

H,N” Cl 

In support of this assumption he pointed to the 
fact that the chemical reactivities of halogens, 
hydroxide, and other acid substituents depend not 
only upon the metal to which they are bonded but 
upon the other groups to which the metal is 
bonded as well. He regarded complexes as inter- 
mediate between chemical compounds of fixed 
composition and phases of varying composition, a 
harbinger of his later “berthollide-daltonide” di- 
chotomy (1914).*’ 

Kumakov did not limit himself to studying the 
synthesis and properties of coordination com- 
pounds, but he investigated physical properties of 
important theoretical significance such as colour, 
index of refraction (later useful in studies of dipole 
moment), crystal form, solubility, and acidic and 
basic properties (later developed more fully by A. 
A. Grinberg). For example, in 1898 he published 
an article on “The Relation Between the Colour 
and the Constitution of Haloid Double Salts”, in 
which he investigated the change in colour caused 
by the introduction of water, ammonia, or other 
neutral ligands into inorganic salts.** In the follow- 
ing years he synthesized and studied hydrated 
lithium bromocuprite,23 and he prepared new com- 
plexes of palladium(I1) chloride” and nickel(I1) 
chloride25 with ethylenediamine. After a hiatus of 
three decades he returned to studies of coordi- 
nation compounds of platinum. He studied deriva- 
tives of tetraammineplatinum(I1) chloride,26 the 
so-called “ice isotherms”*’ and the equilibrium28 in 
the ternary system: NaCl-PtC14-H,O, the latter 
two studies being examples of his technique of 
physicochemical analysis. He also drew a number 
of important inferences concerning the similarity 
between complex ions and simple metal ions, 
which was later confirmed by Chugaev’s demon- 
stration of the analogy between the [Pt(NH,),Cl13 + 
ion and Ba* + and Pb*+ ions.29 

Nikolai Semenovich Kurnakov is regarded as 
the founder of a new chemical discipline- 
physicochemical analysis-and it is his later works 
in this field that are immediately thought of when 
his name is mentioned. Yet, as Il’ya Il’ich Cher- 
nyaev has observed, 

if Kumakov had produced nothing but his 
early work on complex compounds, his name 

would not be forgotten. . . . Kumakov’s work 
on complex compounds played an immense 
part in the development of the chemistry of 
complex compounds, both in its experimental 
and theoretical aspects.4 

THE MAN 

Nikolai Semenovich Kurnakov was born in No- 
linsk, Vyatka province, on 6 December (24 No- 
vember, O.S.), 1860, but spent his childhood in the 
village of Zhedrin, Nizhegorodskafa province.30 
His father, an army officer, died in 1868, leaving 
him with his mother (Varvara Alekseevna Kur- 
nakova, nCe Mezentseva) and brother. From 1871 
to 1877 he received a high school education at the 
military gymnasium at Nizhni Novgorod (now 
Gorkii). Distantly related to the great organic 
chemist Markovnikov, he made an early choice of 
a career, setting up a home laboratory at the age 
of fourteen. Immediately after graduation, he en- 
tered the St. Petersburg Mining Institute, where 
independent research under chemists Sushin and 
Lisenko and mineralogist Yeremyev resulted in his 
first publication, a crystallographic study of alum 
and Schlippe’s salt (Na3SbS4*9H20).3’ After 
graduation from the Factory Section in 1882 with 
the degree of Mining Engineer, he was retained by 
the chemical laboratory of the institute. 

Kurnakov’s interest in chemical industry would 
not permit him to remain exclusively a laboratory 
worker, and he now began the first of his many 
trips to plants and factories. In the summer of 
1882, together with Prof. N. A. Iossa, he in- 
vestigated the smelting operations at the Altai 
(Siberia) refineries. The following year, during a 
trip abroad, he toured the laboratories of the 
Freiburg Akademie where he attended the lectures 
of Winkler and Richter. A detailed study of salt 
manufacturing in Prussia, Lorraine, Wiirttemberg, 
Baden, Bavaria, and the Austrian Tyrol made 
during the summer of 1884 resulted the following 
year in his dissertation for the position of Adz&k? 
(Assistant) in metallurgy, halurgy, and assaying, a 
post which he held for eight years. This work, 
“Isparitel’nye Sistemy Sol&ykh Varnits” (Evapo- 
rative Systems of Salt Boilers), containing the 
germs of Kurnakov’s subsequent studies of salt 
equilibria, appeared long before van? Hoffs re- 
search on the Stassfurt salt beds. The eighties were 
years of great developments in physical chemistry; 
Kumakov’s work was in keeping with this trend. 

Further scientifically fruitful summer travels in- 
cluded: a chemical study of therapeutic mineral 
muds in the Crimean salt lakes (1894), which 
resulted in Kurnakov’s introduction of the 
coefficient of metamorphization, a new and im- 



portant unit for the characterization of natural salt 
solutions; a study of firedamp (methane) in the 
Donets Basin anthracite mines ( 1895);32 work as 
an expert at the All-Russian Industrial and Artistic 
Exhibition at Nizhni Novgorod (1896); a visit to 
Germany and France to study methods for the 
investigation of detonating (oxyhydrogen) gas 
(1898); a trip as a delegate to the International 
Congress of Chemical and Mining Industries and 
as a member of the Commission of Experts at the 
World’s Fair, both in Paris (1900). 

In 1893 Kurnakov was appointed Professor of 
Inorganic Chemistry following the successful de- 
fense of his dissertation “On Complex Metallic 
Bases”,3 discussed in detail above. In 1899 he was 
appointed a member of the Mining and Scientific 
Mining Institute, and he organized the teaching of 
physical chemistry at the Saint Petersburg Electro- 
technical Institute. In 1902 he was appointed Pro- 
fessor of General Chemistry at the St. Petersburg 
Polytechnic Institute, which he had organized to- 
gether with Mendeleev and Menschutkin; he held 
this post until 1930. 

During the first decade of the twentieth century, 
Kurnakov was concerned with the solution of 
industrial problems such as platinum refining, me- 
tallic alloys, metallography, and salt manu- 
facturing. In 1909 he was awarded the degree of 
Doctor of Chemical Sciences honoris caz.m by 
Moscow University, became a contributing editor 
of the Zeitschrift fiir anorganische Chemie, and was 
appointed a member of the Mining and Scientific 
Committee. In 1910 he directed studies of the 
Russian Council on Platinum Refining, and the 
following year he went abroad to study methods of 
transporting warm sulphur waters. In connection 
with his work on the Russian Commission for the 
Study of Toxic Properties of Commercial Ferro- 
silicon, he carried out chemical-metallographic 
studies of alloys of iron with aluminum, phos- 
phorus and silicon.33 

Official recognition abroad followed recognition 
at home. In 1912 Kurnakov was elected a council 
member of the SociCt6 chimique and became a 
member of the Russian Department of the Inter- 

national Commission on the Nomenclature of 
Inorganic Compounds. As a delegate of the Rus- 
sian Physical-Chemical Society, he participated in 
the meetings of the International Association of 
Chemical Societies held at Berlin (1912) and Brus- 
sels (1913). In 1913 he was elected vice-president of 
the Russian Metallurgical Society and became 
Ordinary Academician in chemistry at the Russian 
Academy of Sciences. The laboratory of the acad- 
emy had been inactive for a number of years, but 
it experienced a rebirth as a result of Kumakov’s 
extraordinary organizational talent. 

World War I brought new tasks for Kurnakov. 
He was instrumental in the creation of a number 
of new institutes and commissions. In 1915, to- 
gether with fellow academicians V. I. Vernadskii 
and A. E. Fersman, he organized and became 
assistant chairman of Komissi$ po Izuchenii? 
Estestvenno Proizvodstvennykh Sil Rossii, KEPS 
(Commission for the Study of Russian Natural 
Productive Sources), at the Academy. At KEPS, he 
established a Salt Commission, and the study of 
salt solutions and related problems occupied much 
of his time for the next few years. 

Upon mobilization, Kurnakov became chair- 
man of the newly-created Artillery Commission for 
the Study of Asphyxiating Gases where he conduc- 
ted research both in the field and laboratory on the 
physiological action of war gases. From 1916 to 
1918 he participated in the work of the chemical 
plant of the Military Industrial Committee in 
Petrograd. During the Civil War following the 
October (1917) Revolution, a trying period of 
frost, famine, and other disasters, when all or- 
ganized life was completely disrupted, research 
continued in Kurnakov’s laboratories. He even 
organized an expedition to investigate the for- 
mation of Glauber’s salt (Na,SO,*lOH,O) at 
Kara-Bogaz-Go1 Bay.34 

In 19 19 he organized and became director (a 
position held until 1927) of the Gosudarstvennyi 
Institut Prikladnoi Khimii, GIPKh (State Institute 
of Applied Chemistry) with facilities located at 
Vasil’yevskii Island on the Neva at Petrograd, 
which had grown out of the first Russian labora- 
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Fig. 2. The N. S. Kumakov Institute of General and Inorganic Chemistry, Leninski: Prospect 31, 
Moscow (by courtesy of the late Academician Il’ya Il’ich Chemyaev). 
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tory founded by Mikhail Vasil’yevich Lomonosov 
(1711-1765). Here scientific workers from the 
provinces gathered, especially during the summers, 
to work under Kurnakov’s guidance. In the fall 
they returned home with ideas and projects for the 
next few years. In this manner, Kumakov dissem- 
inated his ideas and expanded his rapidly growing 
school. 

In 1918 at KEPS Kumakov founded and be- 
came director of the Institut Fiziko- 
Khimicheskogo Analiza (Institute of Phys- 
icochemical Analysis), and the following year he 
became editor of its Izvest& Instituta Fiziko- 
Khimicheskogo Analiza (now Izvestis Sektora 
Fiziko-Khimicheskogo Analiza); he held both posi- 
tions until his death. The first volume of this 
journal contained a classic in halurgy, viz. Kur- 
nakov and ZhemchuzhnyI’s study of natural salt 
deposits of marine origin.35 The year 1922 saw 
Kumakov become director of the General Chem- 
istry Laboratory of the Academy, director of the 
Platinum Institute at KEPS upon Chugaev’s death, 
and a member of the Gottingen Akademie. 

In 1934 the Institute of Physicochemical Anal- 
ysis, the Platinum Institute, and the General 
Chemistry Laboratory of the Academy merged 
into the Institut Ob&%ei i Neorganicheskoi 
Khimii, IONKh (Institute of General and Inor- 
ganic Chemistry). with headquarters in Moscow 
and with Kurnakov as its director. IONKh rapidly 
became one of the leading scientific research insti- 
tutes in the U.S.S.R. and a center for phys- 
icochemical investigations of metallurgy, halurgy, 
precious metals, organic substances, and other 
economically significant problems.36 Following 
Kurnakov’s death in 1941, it was renamed the N. 
S. Kurnakov Institute. 

From 1920 to the end of his life there were few 
chemical or metallurgical conferences in which 
Kurnakov failed to participate as chairman, lec- 
turer, or delegate. He was chairman of the Chem- 
ical Association of the Academy of Sciences of the 
U.S.S.R. (1930-1938) and vice-president of the D. 
I. Mendeleev All-Union Society. In addition to his 
industrial consulting, in which he gave technical 
advice to plants and factories throughout the 
U.S.S.R., he was extremely active in public affairs. 

Kurnakov’s contributions were recognized on 
numerous occasions by the Soviet government. He 
received the First Mendeleev Prize (1936), the 
Order of the Red Banner for Labor (1939), and the 
title of Meritorious Worker of Science of the 
Russian Soviet Federated Socialist Republic 
(1940), and the Stalin Prize, First Class, for the 
fourth edition of his book Introduction to Phys- 
icochemical Analysis, ” dedicated to the memory 

Fig. 3. President of the USSR, Mikhail Ivanovich Ka- 
linin (1875-1946), right, presenting the medal of the 
Order of Lenin to Academician Nikolai Semenovich 
Kumakov (1860-1941) in 1940. Photograph by P. 
Troshkin, courtesy of the late Academician Chernyaev. 

of his closest friend, his wife Anna Mikhailovna, 
who for more than half a century had accompanied 
him everywhere and supported him in all his 
endeavors. The Kumakovs had two children-a 
son Dr. Nikolai Nikolaevich Kumakov (born in 
1889), a chemist who worked at the Baikov Metal- 
lurgical Institute of the Academy of Sciences of the 

Fig. 4. On 15 August 1951, Kumakov’s portrait ap- 
peared on a 40-kopek postage stamp, part of a com- 
memorative issue honouring outstanding figures of Rus- 
sian art and science. Legend reads “N. S. Kumakov, 
outstanding Russian chemist, Founder of Physico- 

chemical Analysis”. Scott catalogue No. 1573. 
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U.S.S.R., and a daughter Vera Nikolaevna Kur- 
nakova (born in 1898), who died at the age of 23 
while still a student. 

His wife’s death in 1940 had serious effects on 
Kurnakov’s health. Ignoring the cancer which was 
soon to claim his life, he continued his full work 
schedule almost to the very end, and when his 
colleagues inquired as to the state of his health, 
which was visibly deteriorating, he quickly shifted 
the conversation to scientific topics. At the begin- 
ning of March, 1941 he entered the sanitorium at 
Barvikha where he died on 19 March. His work is 
continued by an extensive school of scientists 
armed with new research methods, new apparatus, 
new theories, and new applications which he him- 
self had created. The two-volume Collection of the 

Selected Works of N. S. Kurnakov38 contains a 
complete list of his works published through 1939, 
and the three volumes of his Selected Works39 
appeared in 1960-1963. The majority of the works 
of one of Russia’s most distinguished and versatile 
chemists, even those published almost a century 
ago, are still of great theoretical and practical 
interest today. 
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Abstract-Complexes of the formula (N2H,)2M(C204)2.nH20 where M = Co, Ni, Cu and 
n = 3, 2, 1 respectively have been prepared and their spectral, magnetic and thermal 
properties investigated. The copper complex, (N2H5)2C~(C204)2~HZ0 has a square planar 
geometry with no coordination of hydrazinium cations as confirmed by a single crystal 
X-ray study. Nickel and cobalt form octahedral complexes and X-ray powder patterns 
reveal that the complexes are not isomorphous. 

Of the complexes containing positively charged 
ligands, those with the hydrazinium cation are of 
increasing interest.‘,’ Preparation and thermal 
study of metal double fluorides with hydrazinium 
cation have been reported.3m’2 A few chloride 
complexes of copper,’ cadmiumI and tinI 
with N,H,+ cation have also been studied. 

Another group of complexes containing N2H5+ 
is the series of metal hydrazinium 
sulphates,‘*‘s-‘9 M(N,H,),(SO,), where M = Cr, 
Mn, Fe, Co, Ni, Cu, Zn, Cd and Mg. Double 
sulphates of lighter rare earths (La-Sm) with 
N,H,+ have been studied in this laboratory.” A 
few hydrazinium metal hydrazidocarbonate hy- 
drates have also been mentioned in the litera- 
ture.2”22 However no complexes containing N,H, + 
with oxalate have been reported. We report in this 
paper the preparation, characterization, magnetic 
and thermal properties of hydrazinium metal ox- 
alate hydrates (N2H5)2M(C204),~n Hz0 where 
M = Co, Ni, Cu and n = 3, 2, 1 respectively, and 
the crystal structure of hydrazinium copper oxalate 
monohydrate. 

EXPERIMENTAL 

Preparation of the compounds 
Aqueous solutions of hydrazinium oxalate 

(N2H5)&O4 and the corresponding metal nitrate 
hydrates, in the ratio 4: 1 are mixed at room 

*Author to whom correspondence should he ad- 
dressed. 

temperature and the mixture cooled to 5°C when 
the crystals of the respective hydrazinium metal 
oxalate hydrates separate out. The rate of for- 
mation of the product is in the increasing order 
Co < Ni < Cu. The crystals are immediately 
washed with small quantity of ice cold water and 
air dried. Except for the cobalt compound these 
compounds are quite stable in air. Hydrazinium 
cobalt oxalate trihydrate slowly decomposes in air 
in the course of a few days. Efforts to prepare the 
corresponding Mn, Fe and Zn compounds using a 
similar procedure resulted only in the formation of 
simple metal oxalates. 

Conventional chemical analysis of all the three 
samples was done. Hydrazine content was esti- 
mated by titrating against standard KI03 under 
Andrews condition. 23 Metal contents were deter- 
mined by EDTA titrations. Oxalate in the com- 
pounds was precipitated as calcium oxalate which 
was dissolved in dilute H2S04 and titrated against 
standard KMnO,. Water content in the samples 
was obtained by the method of difference and was 
further confirmed by thermogravimetry. 

Physical measurements 
IR spectra (4000-200 cm-‘). of the complexes 

were recorded in Nujol mull using a Perkin-Elmer 
PE 599 spectrophotometer. Reflectance spectra 
were recorded on Shimadzu UV-2lOA double 
beam spectrophotometer using MgO as a reference 
material. Magnetic susceptibility values were mea- 
sured at room temperature by the Gouy method 
and corrected with Pascal constants. ESR spec- 
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trum of the copper compound in the powder form 
was recorded on a Varian E 109 ESR spectrometer. 

Differential thermal analysis (DTA) of the sam- 
ples was recorded on an instrument described 
elsewherez4 fitted with an omniscribe strip chart 
recorder. Thermogravimetric analysis (TG) was 
carried out on a Stanton Redcroft TG-750 ther- 
mobalance. Both the thermal experiments were 
done in air, with platinum cups as sample holders 
and a heating rate of lO”Cmin-‘. 

Crystal data. (N,H,),Cu(C*O,)*.H,O, 
M = 323.54, monoclinic, P2,/n, a = 3.592(l), 
b = 7.855(2), c = 19.143(3) A, /3 = 94.3(3)“, 
Z = 2, D,= 1.995gcm-3, D,= 1.99gcmp3, 
F ooo = 326, p(MoKa) = 15.6cm-i. 

X-Ray data collection and structure analysis 
A crystal of dimensions 0.20 x 0.25 x 0.62 mm 

was used for data collection. The unit cell dimen- 
sions and the intensities of all independent 
reflections with B(MoKa) < 32” were determined 
by standard experimental methods using an 
Enraf-Nonius CAD-4 diffractometer equipped 
with a graphite monochromator. Corrections were 
applied for Lorentz-polarisation and secondary 
extinction effects but not for absorption, since ~1 is 
small. 1550 independent reflections with I 3 30(I) 
were used in the subsequent analysis. 

Copper positions were determined from a three- 
dimensional Patterson map and the remaining 
non-hydrogen atoms were located in subsequent 
Fourier maps. Atomic positions and thermal pa- 
rameters were refined by full matrix least squares 
methods using the SHELX-76 program.25 A 
difference Fourier synthesis at the end of the 
refinement gave peaks corresponding to all hydro- 
gen atoms of the N2HSf group. Hydrogen atoms 
of disordered water could not be located. The final 
refinement including hydrogen atoms of N2H, + 
ion with an isotropic temperature factor (5 A’) 
converged at R = 0.058 and R, = 0.068. 

Atomic coordinates, thermal parameters and a 
table of Fo, Fc values have been deposited with the 
Editor as supplementary material. Atomic scatter- 
ing factors and anomalous dispersion corrections 
were taken from Ref 26. The extinction coefficient 
g [(eqn 17.17) in Stout and Jensen”] was 
5.8333 x lo-‘. The weighting function employed 
was w = 0.5/(a2F + 0.0231F]*). 

Results and discussion 
The results of chemical analysis (Table 1) of the 

samples agree well with the assigned composition 
of (N2H,),M(C204)2.nHz0 where M = Co, Ni, Cu 
and n = 3, 2, 1 respectively. 

Infrared spectral data are tabulated (Table 2) 
and assigned on the basis of earlier work.‘*Z,2*-31 
IR spectra of the complexes show absorptions 
corresponding to bidentate oxalate” at 1720- 
1650 cm -I. The presence of hydrazine as a cation 
is revealed by the characteristic bands at 
2650 cm -’ corresponding to the NH stretching of 
NH, + 29 and wagging vibrations of NH, + at 1100 
and 1085 cm-1.3o The N-N stretching frequency of 
N,H, + is known to occur N 965 cm - ’ 3’ and when 
hydrazinium ion is acting as a ligand v~_~ invari- 
ably absorbs at 1005 cm-l.‘*z 

Reflectance spectral data and the room tem- 
perature magnetic susceptibility values of the com- 
plexes are given in Table 3. These data furnish 
supporting evidence about the geometry of the 
complexes. 

X-Ray powder patterns of the complexes indi- 
cate that they are not isomorphous. The d-spacings 
of the complexes are listed in Table 4. 

Thermoanalytical curves of all the three com- 
plexes are shown in Figs. l(a) and (b). 

The IR spectrum of this complex does not offer 
conclusive evidence about the coordination of 
N,H,+ to the metal. The spectrum exhibits two 
absorptions at 975 and 980 cm - ‘. The assignment 

Table 1. Analytical data 

compound 
% Metal x Hydraeine X Cxalate 

COlOur 

Found Calc Found Calc Found Calc 

ttJ2H5)2Co(C20,)2.3H20 Pink 16.34 16.60 17.90 16.03 50.00 49.59 

(12H5)21?f(C204)2~2H20 Dark 17.45 17.50 18.97 19.01 52.40 52.27 
blue 

tI?2H5)XICu(C204'2. H20 Blue 19.87 19.64 19.40 19.76 53.80 54.40 
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Table 2. IR spectra data (cm-‘) 

(n& @C,O,) ,.3H20 tw,ns) ,ritc,0,) 2.2H20 (N2H5) ,c~t~,0,) 2H20 Assignment 

3500 b 3500 b 3620 b asym. OH stretching 
3400 s 3550 b 

3315 6 3380 s 3330 m asym. NH atretching 
3260 m 
3130 m 3265 w sym. NH stretching 

2660 v 2660 w 2650 v NH stretching of NH3+ 

1725 s 1720 b 1710 w asym 0CO stretching 

1625 b 1650 b 1690 s 
1650 b 

NH2 bending and OH 
bending 

1550 Y 1510 w Bending of NH3+ 

1430 m 1440 8 1405 s sym.0Costretch 
1335 m 1310 s 

1300 m 1290 * 1280 s NH2 wagging 

1150 * 1150 s 1125 m 
1100 s 1085 m 1100 s 

1085 m 
NH twisting apd 
wa?jging of NH3 

965 s 1010 s 
1000 * 

980 * 
975 s N-N stretching 

895 1 895 w OC0 bending 

805 6 800 * 800 s OC0 deformation 

615 Y 630 s NH2 rocking 

465 m 495 s 495 m M-0 stretching 
370 111 

390 Y M-N stretching 

Table 3. Electronic spectral and magnetic data 

Compound Electronic spectra 

cm' 
1 

Assignment 
j4eff(26°C) 

BM 

15,100 2EJ 
(N~H~)~cu(c~~~)~.H~~ lg 

-> 2Eg 
1.86 

30,100 charge transfer 

16,600 3 A2g- 3Tlg(F) 

(N2H5)2Ni(C204)2:2H20 26,300 2A2g-+ 3Tlg(P) 3.10 

30,700 charge transfer 

19,200 

(N2H5)2Co(C204)2.3H20 

4~ (F)+~T,~(P) 
lg 

21,500 5.00 

29.400 charge transfer 

of these absorptions is rather difficult since the 
observed frequency is too high for ionic NrH, + 
(vKN = 965 cm- ‘) and too low for coordinated 

N,H,+ (v~_~ = 1005 cm-‘). 
Reflectance spectrum of the complex shows the 

d-d transition at 15,100 cm-’ which favours 
square planar stereochemistry of CU(II).~~ 

The ESR spectrum of the complex is shown in 
Fig. 2. The lower g value (g = 2.11) is also in 
accordance with the square planar geometry 
around Cu(II).” 

However the unequivocal proof about the coor- 
dination environment of the metal comes from a 

single crystal X-ray study of the complex. The 
crystal contains discrete N,H, + ions, 
[CU(C,O.,),]~- ions and water molecules. The cop- 
per atom lies on a centre of symmetry, with square 
planar coordination of oxygens from two bidentate 
oxalate groups (Fig. 3). The N,H,+ ion is not 
coordinated to the copper. Selected interatomic 
bond distances and angles are listed in Table 5. 

The Cu-O(l) distance (1.944 (2) A) is slightly 
longer than Cu-O(2) distance (1.926 (2) A). The 
bite angle of the bidentate ligand [0(1)4&O(2)] 
is 85.5“. The oxalate group is planar and Cu(I1) is 
out of this plane by 0.1 A. As expected, coordi- 



868 D. GAJAPATHY et al. 

Table 4. X-Ray powder diffraction data (d-spacing in A) 

7.618 vs 
7.144 a 
5.965 w 
5.753 II 
3.935 m 
3.097 a 
3.700 m 
3.652 m 
3.614 m 

3% :: 
31053 m 
3.005 w 
2.944 w 
2.095 m 
2.006 v 
2.536 m 
2.400 w 
2.369 w 
2.349 w 
2.337 Y 
2.281 " 
2.201 w 
1.861 v 
1.823 w 
1.809 Y 
1.769 v 
1.703 v 

8.115 w 
7.314 tn 
6.530 8 
6.299 m 
6.151 a 
5.340 II 
5.039 v 
4.796 m 
4.404 m 
4.320 II 
4.004 m 
3.702 m 
3.604 m 
3.562 m 
3.363 m 
3.314 m 
3.255 v 
3.121 m 
3.020 s 
2.962 s 
2.614 m 
2.529 m 
a.449 v 
2.391 w 
2.344 w 
2.304 w 
2.243 w 
a.220 AI 
2.005 w 
2.050 m 

7.286 vs 
4.954 m 
4.077 m 
3.931 6 
3.633 m 
3.576 m 
3.232 m 
3.184 m 
3.154 * 
3.020 v 
2.992 m 
2.760 w 
2.644 m 
2.592 m 
2.529 w 
2.475 w 
2.423 m 

5% : 
21122 v 
2.087 w 
2.045 w 
1.672 m 

v6 = very 6trong, 6 - 6trong, m - m6diumr W=lU?ak 

I I I I 
MO 300 600 500 

Temperature ;C 

Fig. l(a). DTA curves of (a) (N,H,),Co(C,0&3H,O. (b) (N,H5)zNi(C,0J22H,0. (c) 
(N,H,),CWzO&HzO. 
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Temperature ,*C 

Fig. l(b). TGA curves of (a) (N,H,),Co(C20J2*3H20. (b) (NzH5)2Ni(Cz0&*2Hz0. (c) 

CNzW0GzQ)d-W. 

I I 

3000 3250 

Magnetic field (Gauss) 

I I 
3500 3750 

Fig. 2. EPR spectrum of (NzH5)$u(Cz0J2-HzO. 

nated C-O distances (1.284 and 1.270 A) are with respect to the NH2 group and its lone pair. 
slightly longer than the free C-O distances (1.229 The observed N(l)-N(2) bond distance of 
and 1.239 A). The C-GO bond angles 1.429(4) A is in agreement with the values reported 
(114. l-l 15.5”) are substantially smaller than the for similar compounds, e.g. 1.427(3) A in 
exterior angles (118.8-119.7”) due to the steric N,H,LiSO., and 1.435(g) A in N2H,[Sc 
restrictions on the planar five-membered chelate (N2H&00),J3H20. 
ring. In the N,H, + ion, the NH, group is staggered In the crystal there is a network of hydrogen 

Poly Vol. 2. No. 9-B 
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Fig. 3. The Cu(C20,):- anion in (N,H&CU(C~O~)~.H~O. 

Table 5. Bond distances (A) and bond angles (deg.) in (NJ%)&u(CJ&)~~H~O 

eu - o(1) 1.944(2) O(1) - cu - o(2) 85.5(l) 

cu - O(2) 1.926(2) c(1) - o(1) - cu 112.1(2) 

C(1) - O(1) 1.284(4) C(2) - o(2) - cu 112.5(2) 

C(2) - O(2) 1.270(3) c(1) - c(2) - O(2) 115.5(2) 

C(l) - o(3) 1.229(4) c(2) - C(l) - o(l) 114.1(2) 

C(2) - o(4) 1.239(4) C(1) - c(2) - o(4) 118.8t3) 

C(1) - c(2) 1.555(4) c(2) - c(1) - o(3) 119.7(3) 

N(l) - N(2) 1.429(4) O(3) - c(1) - O(1) 126.2(3) 

O(4) - c(2) - O(2) 125.6(3) 

bonds involving the N2H5+ ion, lattice water and dehydration; another endotherm at 198°C where 

oxalate oxygens (Fig. 4). The hydrogen bond the anhydrous compound melts sharply and an 

lengths are in the range 2.84 to 3.10 A. The mole- exotherm at 238°C in which the anhydrous hy- 

cules are stacked one above the other along a axis drazinium copper oxalate decomposes to give cop- 

with separation of 3.6 A, the unit cell translation a. per oxalate which further decomposes exother- 

The DTA curve of hydrazinium copper oxalate mically at 305°C to give CuO. 

shows an endotherm at 119°C corresponding to The decomposition scheme of 

c 

b 

Fig. 4. Packing diagram of (N,H,),Cu(C20,)2~H,0-view down b. 
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(N,HS)2Cu(C20,)2.H20 in air can be represented as 
follows. The DTA peak temperatures for each step 
are indicated. 

(N2H&[Cu(C204)J 238”co 

CuC,O, + 2NH, + N, + 2C02 + 2H,O (2) 

3OS(exo) cuc*o, - cue + x0*. (3) 

The percentage weight losses observed in TG for 
these steps are 5.5, 52.0 and 75 respectively. The 
calculated percentage weight losses of 5.6, 53.2 and 
75.4 for these steps are in good agreement with the 
observed values. 

The IR spectrum of this complex shows v~_~ at 
1000, 1010 cm-’ proving the coordination of 
N,H, + to the metal unambiguously and suggesting 
an octahedral geometry. Supporting evidence for 
an octahedral environment around Ni(I1) is fur- 
nished by the reflectance spectrum. The bands at 
16,600 and 26,300 cm - ’ can be assigned to 
3A2,-3T,,(F) and ‘A, -3T,,(P) transitions re- 
spectively which are characteristic of octahedral 
geometry around Ni(II).34 Magnetic sus- 
ceptibility value (cldf = 3.1 BM) is in accordance 
with that of a high spin complex of nickel. A single 
crystal X-ray study of the complex could not be 
carried out as the crystal showed twinning render- 
ing the X-ray investigation difficult. 

Thus based upon IR, UV spectra and magnetic 
susceptibility data, the proposed structure of hy- 
drazinium nickel oxalate dihydrate is represented 
as follows: 

@ 
NH3 

0 
a 

Y- c//0 

I 
O+O- 

I 
o//c -0’1 Lo- 

NH2 
cNo 

I 
&3 

The nickel complex decomposes in three steps. 
In the first step water is lost endothermically at 

124°C. The anhydrous complex further decom- 
poses to give nickel oxalate monohydrazinate. This 
is observed as an endotherm with peak tem- 
perature of 280°C. The final step corresponds to 
the decomposition of nickel oxalate mono- 
hydrazinate to nickel oxide (NiO). This decom- 
position is exothermic at 342°C. 

[(N2H&Ni(C204)J2HZ0 w 

[(N,H&Ni(C,O&l + 2H~0 (4) 

R?&HZMW204M - 280”c(end0) NiC204*N2H4 

+ NH, + 1/2N, + 2C02 + 3/2H,O (5) 

NiC204*N2H4 
342”C(exo) 

+ 

NiO + 2C02 + NH3 + 1/2Nz + 1/2Hz0. (6) 

Thermogravimetric analysis data are in accord- 
ance with the DTA results. The TG curve shows 
three distinct steps with percentage weight losses of 
10.5,47 and 77 corresponding to the formation of 
the anhydrous compound, NiC204.N,H4 and NiO 
respectively. The calculated percentage weight 
losses for these steps are 10.7, 46.9 and 77.8 
respectively. 

The fact that hydrazinium cobalt oxalate tri- 
hydrate is not isomorphous either with the copper 
or nickel analogue suggests that the geometry 
around Co2 + is different from the other two. IR 
absorption of v~_~ at 965 cm-’ clearly shows that 
N,H,+ is outside the coordination sphere. Mag- 
netic susceptibility value (k8 = 5.0) shows that the 
complex is high spin and could have octahedral or 
tetrahedral geometry. 

It has been shown previously5 that orbital 
contributions in tetrahedral Co(I1) complexes de- 
crease as the ligand varies from I - towards CN - 
in the spectrochemical series I - < Br- < Cl - < 
OH- < NO,- < CZ04*- < Hz0 < NH3 <CN-. 
Hence tetracoordinated Co(I1) complexes are given 
tetrahedral structures only if the values of mag- 
netic moments are in the range 4.24.7 BM.36 
The observed magnetic moment of 5.00 BM in the 
present case of cobalt complex thus rules out the 
possibility of tetrahedral geometry. 

Additional evidence against a tetrahedral struc- 
ture comes from the visible absorption spectrum. 
All tetrahedral cobaltous complexes are known to 
exhibit a characteristic intense multicomponent 
band in the 13,300-16,600 cn- ’ region associated 
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with 4A2+4Tr(P) transition in tetrahedral geome- 
try, whereas no band is observed in this specified 
region in the reflectance spectrum of the cobalt 
complex. The electronic spectrum of hydrazinium 
cobalt oxalate trihydrate shows bands at 21,500 
and 19,200 cm-’ assigned to 4T,,(F)+4T,,(P) 
which is usually split due to spin-orbit coupling in 
the 4T,,(P) state. The electronic spectrum is com- 
parable with the spectrum of octahedral Co(I1) 
complexes as reported by Ballhausen and 
Jorgensed’ with a double band having centre of 
gravity N 20,000 cm-‘. The pink colour of the 
complex is also indicative of octahedrally coordi- 
nated C0(11).~* 

Cotton and Holm3’@’ have claimed that pla- 
nar complexes of type [Coo,] may also be of high 
spin and have peR values in the range 4.8-5.2 BM. 
Based on energy level diagram for Co(I1) in a 
ligand field of D4* symmetry, they have shown that 
planar spin-free complexes are possible if the four 
donor atoms provide a weak enough ligand field. 

The foregoing evidence leads us to conclude that 
the cobalt complex reported herein might have 
planar Co(C,O,),*- anions which aggregate to 
form a chain structure with pairs of long Co-O 
bonds between anions making it octahedral. The 
structure could be represented as 

Such a structure is known to exist in propylene 
diammonium bis(oxalato)cuprate (II).41 Single 
crystal X-ray study of the Co complex could not be 
carried out to confirm the proposed structure as 
the compound is unstable. 

Hydrazinium cobalt oxalate trihydrate decom- 
poses in a manner similar to the nickel compound 

(N2H5)2[Co(C204)21 f 3H20 (7) 

(N2H5)2[Co(C204)21 

ZlO”C(endo), 2SCC(cndo) 
. 

coc204 

.N,H, + NH, + 1/2N, + 2C02 + 3/2H20 (8) 

CoC20,*N2H, 
3 1 W37OT(broad em) 

, 

Co304 + 3NH3 + 3/2N2 + 6CO2 + 3/2H,O. (9) 

This decomposition scheme is supported by the 
TG data; percentage weight losses observed being 
16, 49 and 78 which tally with the calculated 
percentage weight losses for the above steps 15.2, 
49.6 and 77.7 respectively. 
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Abstract-Superparamagnetic particles of chemically pure samples, in the system 
Fe(OH)SO,/Fe(OH)SO,(H,o>, are produced by thermal decomposition of ferric sulphate 
hydrates. The control of particle size distribution is achieved by successive hydration and 
dehydration processes monitored by X-ray diffraction, electron microscopy, Miissbauer 
and IR spectroscopy. The particle size modification is related for the particle growth and 
two mechanisms are suggested thereon. 

Thermal treatments induces oxidation of Fe2+ ion 
to Fe3+ in sulphate hydrates. This well-known 
phenomenon has been reported by many 
workers.le9 The thermal decomposition of Fe2+ 
compounds can be probed by several techniques 
including Miissbauer spectroscopy, because of its 
high sensitivity to the valence state of the iron in 
solids. The oxidation mechanism is that Fe2+ is 
oxidized into Fe3+ by hydroxyl radicals which 
originate from the water of crystallization.*0 
However, this mechanism does not specify the 
chemical formulae of the thermal decomposition 
products. The present report deals with an in- 
vestigation of thermal decomposition products of 
ferrous sulphate monohydrate using Mossbauer, 
IR and X-ray diffraction. The main thermolytic 
product is a ferric specimen identified as 
Fe(OH)SO,. 

In an aqueous-vapour atmosphere this com- 
pound gives a hydrate Fe(OH)S0.,(H20)2 which 
was confirmed by chemical and spectroscopic 
analysis. The process of hydration is monitored 
by X-ray diffraction, Miissbauer and IR spec- 
troscopy. Heating of Fe(OH)S04(H20), reconverts 
it to Fe(OH)SO, but the drying process induces a 
change in volume and alters significantly their 
magnetic properties. In the present paper we ana- 
lyze the change on the particle size distribution 
based on electron microscopy patterns and mag- 
netic measurements. The Mtissbauer effect has 
proved to be a unique tool for the measurement of 
such magnetic preperties. 

*Author to whom correspondence should be ad- 
dressed. 

Another important reason for applying the 
Miissbauer technique is that no external field must 
be applied to the sample and the zero-field mag- 
netization may be determined with great accuracy. 

EXPERIMENTAL 

Analytically pure FeSO,(H,O) was used as the 
original material to obtain the FeSO,(H,O),. This 
compound is grown from aqueous solution of 
FeSO.,(H,O), at constant temperature within the 
range 54-64”C according to the literature.” 
FeSO,(H,O) was obtained from the aqueous solu- 
tion of FeSO,(H,O), at constant temperature 
within the range 80-100°C in vacuum for a few 
days. On heating FeSO,(H,O) in air up to 180°C 
a mixture of compounds was obtained.12 How- 
ever, t-he Miissbauer spectra at room temperature 
of FeSO.,(H,O) heated at 250°C for several days 
shows a pure well resolved doublet with I.S. 
(Fe) = 0.44 mm/s and Q.S. = 1.45 mm/s as de- 
picted in Fig. 1, spectrum AB(250),. 

This compound was called A (250) or AB(250& 
and in the laboratory atmosphere the Miissbauer 
spectra changes slowly over a period of several 
months, but in an aqueous-vapour atmosphere 
(75%) the process of hydration is speeded up and 
at the end of 22 days we obtain another pure 
compound. This compound was called B(250) or 
AB(250)= and shows a pure well resolved doublet 
at room temperature as shown in Fig. 1. Com- 
pounds A (250) and B(250) show, at room tem- 
perature, essentially the same I.S. but a different 
quadrupole splitting. The Q.S. of B(250) is 
0.97 mm/s. 

The compounds A(250) and B(250) were 
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Fig. 1. Miissbauer spectra of AB(250),, at room temperature, after d = 0, 4, 12, 18 and 22 days of 
hydration. 

identified by chemical and spectroscopic mea- 
surements as Fe(OH)S04 and Fe(OH)S0,(H20)2 
respectively. I3 The Miissbauer parameters were 
determined using computer fitting and are listed in 
Table 1. The process of hydration was monitored, 
at room temperature, by X-ray diffraction, Moss- 
bauer and IR spectroscopy as shown in Figs. 1-3. 
During the process of hydration several samples of 
A(250) were collected after 0,4, 12, 18 and 22 days 
of hydration. These samples were heated at 2OO”C, 
for several days until the total dehydration so that 
the final products were Fe(OH)SO,. The Moss- 
bauer spectra of such products at 77 K are depicted 
in Fig. 4. This process of hydration and subsequent 
dehydration was followed by electron microscopy 
and is shown in Figs. 5(a)-(c). 

DISCUSSION 
The presence of FeSO,(H,O), in the vacuum 

treatment at room temperature of FeS04(H20).,, 
can be confirmed by reported Miissbauer para- 
meters.6*7 A schematic sequence on the thermal 
and aqueous-vapour treatments is shown below. 
Here A(250) is the same 

FeS0,(H,0),+FeS04(H,0),+FeS0,(H,0) 
1 

BA(250),+-AB(250),tA(250) 

as AB(250),, AB(250)*, is the same as B(250) and 
BA(250), are chemically Fe(OH)SO,. The subscript 
“d” that appears on AB(250), may be referred as 
the days of hydration in an aqueous-vapour atmos- 
phere (75%) at room temperature. 

Table 1. The Miissbauer parameters of the A(250), B(250) and those of 
butlerjte 

Hint Q.S. IS.* 
Sample T(K) (Koe) (mm/s) (mm/s) Ref. 

A(250) 298 0 1.45 0.44t r121 
B(250) 298 0 0.97 0.42f 1131 
Fe(OH)SO,-2H,O 
((butlerite) 300 0 0.94 0.42 ml 

*Relative to Fe at 298 K. 
tThe accuracy is 0.02 mm/s. 
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Fig. 2. X-Ray diffraction patterns of AB(250),, at room temperature, a denotes the diffraction peak 
related to Fe(OH)SO, and b denotes the diffraction peak related to Fe(OH)SO,(H,O),. 

FIG 2 28 

Fig. 3. IR spectra of AB(250)&, at room temperature, 
after d = 0, 4, 12, 18 and 22 days of hydration. 

Comparing the Miissbauer parameters of B(250) 
compound and those of Butler&e (Table 1) we can 
conclude that B(250) compound is the Butlerite 

whose structure has been determined by 
Fanfani.14 

In Fig. 1 we show the Mossbauer spectra 
sequence in the process of hydration at room 
temperature which convert Fe(OH)SO., into 
Fe(OH)SO,(H,O),. Here we represent the process 
of hydration by 

Fe(OH)SO,-+x Fe(OH)SO,, 

(1 - x)Fe(OH)SO~(H~O~~ 

where “x” is related to “d” parameter with 
0 I x I 1. The intermediate Mossbatter spectra, 
for which 0 c x c 1, shows a supe~osition of 
Fe(OH)S04 and Fe(OH)SO~(H~O~~. As shown in 
Table 1 the values of Q.S. for AB(2SO)0 and 
AB(250),, samples is large for the high spin ferric 
compounds and it is characteristic for Fe-O-Fe 
bridge ~mpounds.‘~ 

The X-ray diffraction pattern sequence in the 
process of hydration, taken at room temperature, 
is shown in Fig. 2. Here the observed diffraction 
pattern of AB(250& sample agree exactly with 
those of Butler&e listed in the ASTM file. it is 
worth mentioning that the diffraction pattern of 
AB(250), sample shown in Fig. 2, which we 
identified as pure Fe(OH)SO,, have not been re- 
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Fig. 4. Mijssbauer spectra of BA(250),, at 77 K, for d = 0, 4, 12, 18 and 22. 

ported hitherto. The intermediate diffraction pat- 
terns shows a superposition of that Fe(OH)SO, 
and Fe(OH)SO,(H,O),. Besides the diffraction 
peaks of Fe(OH)SO,(H,O), denoted by “b” in Fig. 
2, there are other peaks which are denoted by “a” 
and related to Fe(OH)SO,. 

In order to gain more information about the 
process of hydration of Fe(OH)SO,, the IR spectra 
sequence was obtained at room temperature and is 
shown in Fig. 3. Here the absorption in the region 
of 1100 cm - ’ is indicative of the presence of SO: - 
ion in inorganic compounds.‘6 The absorption 
about 1650 and 3450 cn- ’ corresponds to HOH 
bending mode and OH stretching of water respect- 
ively. This characterizes the Fe(OH)SO,(H,O), 
compound as the AB(250),, sample. The very little 
absorption near 1650 cm - ’ and a sharp absorption 
at 4380 cm - ’ characterize the Fe(OH)SO, com- 
pound as the AB(250)0 sample. The intermediate 
IR spectra shows a superposition of AB(250),, and 
AB(250),, samples. 

It is worth noting what would happen in the 
process of hydration and subsequent dehydration 
of Fe(OH)SO,. Here the process of dehydration, 
by heating at 200°C for various days, may be 
represented by 

AB(250),-+BA(250),. 

The samples, namely BA(250),, collected during 
the process of hydration for d = 0,4, 12, 18,22 and 
heated as described above, show the same IR, 
Miissbauer and X-ray diffraction pattern at room 
temperature. These spectra show the same patterns 
as AB(250),, sample at room temperature. How- 
ever, as we may expect, the Mossbauer spectra of 
BA(250), samples depict different magnetic inter- 
actions at 77 K (see Fig. 4). The interesting fact 
about the foregoing result is that the process of 
hydration and dehydration induces a modification 
on the particle size distribution and change 
significantly their magnetic properties. In Fig. 4 the 
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(b) 

Fig. 5. Electron microscopy patterns. (a) AB(250), sample (44000x). (b) AB(250)4 sample 
(113.000x). (c) BA(250), sample (44.000x). 

hfs lines broaden when the days of hydration (d) 
increase and the low resolution results in merging 
of the six hyperflne structure components into two 
lines. This variation of the Miissbauer spectra 
offers an evidence of superparamagnetic behavior 
of the Fe(OH)SO, particles.‘7*‘8 Another be- 
haviour clearly displayed in Fig. 4 is the increase 
of the internal field (H,), as the days of hydration, 
to a maximum and subsequent decrease. This 
behaviour was associated with the growth of the 
Fe(OH)SO, particles as a function of “d” and the 
presence of a maximum in the value of the internal 
field (H,) was associated with the existence of a 
critical diameter.13 

The process of evolution in the particle size 
distribution may be suggested by the analysis of 
electron microscopy patterns shown in Fig. 5 and 
by the evolution of the X-ray diffraction sequence 
shown in Fig. 2. In Fig. 2 the narrowing of the 
X-ray lines during the process of hydration is an 
indication of a recrystalization process. In Fig. 5 
we show the electron microscopy patterns of 
AB(250),,, AB(250), and BA(250), which represents 
the process of hydration of Fe(OH)SO, for 4 days 
and subsequent heating at 200°C for various days 
until the total dehydration. In this process the 
diameter of particles has grown approx. 75%. Here 
the dimensional changes during drying process 
occur because the narticles are brought into close 

1 

contact and porosity is reduced. The driving force 
is due to the decrease of total surface energies 
which comes about because of the particle contact 
and particle growth. The atoms in the small par- 
ticles are transferred to thelarger particles, and the 
pores are replaced by solid material.” The elec- 
tron microscopy patterns, X-ray diffraction se- 
quence and the magnetic nature of the samples 
suggest two distinct but concurrent mechanisms to 
this mass transfer in the process of the particle 
growth in accordance with BurkezO and Mack- 
enzie and Shuttleworth.” They are illustrated 
schematically in Fig. 6. Burke*’ analyzed the 
diffusion mechanism (Fig. 6a) which involves the 
movement of atoms and the countermovement of 
lattice vacancies. There is an accompanying shrink- 
age of bulk volume which maintains contact of the 

ccl _p _- . 
(01 --_ .< -- co i. -- ,bl - 

Fig. 6. Schematic of mass transfer mechanisms. (a) 
Diffusion.‘Y (b) Liquid phase.” 
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particle and brings the particle centers closer to- 
gether. Mackenzie and Shuttleworthz’ studied 
the liquid phase sintering (Fig. 6b) which involves 
the removal of ions or atoms from surfaces of 
higher energy and depositing them on surfaces of 
lower energy. The highest-energy surfaces are 
those with small radii of convex curvature: the 
lowest-energy surfaces are those with small radii of 
concave curvature. 

CONCLUSION 

We have analyzed the process of production of 
chemically pure samples in form of small particles. 
By means of successive hydration and dehydration 
we can control adequately the particle size distribu- 
tion. This is an important point because the mag- 
netization in an amorphous material is very sensi- 
tive to the particle size distribution. In the present 
work we used the chemical system Fe(OH)SO,/ 
Fe(OH)S04(H20)2 for two reasons; firstly the pro- 
cess of successive hydration and dehydration is 
chemically reversible and secondly the Fe(OH)S04 
exhibit superparamagnetic properties. 

The use of several techniques for monitoring the 
process of dimensional changes is very important 
because they ensure the reversible character in the 
chemical transformation. The Mijssbauer spec- 
troscopy shows the superparamagnetic behavior 
and the electron microscopy depict the particle size 
distribution. The particle size control in the process 
of growth was oriented by the mechanism sug- 
gested herein. 
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Abstract-The reaction of phthalic hydrazide(H,PH) with Ni(I1) salts yields complexes of the type 
[NiHPH)z(H,0)J2HzO(I). Reaction of this complex with acetylacetone(acac) and ethyl- 
enediamine(en) gives mononuclear complexes of type [NiHPH)(acac),(H,O)]HZO(II) and 
[Ni(HPH),(en),(H,O)]H,O(IV) respectively and with monoethanolamine (MEA), aniline(An) and 
p-phenylenediamineb-Phda) it gives trinuclear complexes of type [Ni,(PHX(MEA), 

U-b%13H20@Ih ~i~(HPH)4(An)(H20)71H*O(V) and [Ni,(HPH),(p-Phda)(H,O),IH,O(VI) 
respectively. The complexes have been characterized on the basis of infrared and electronic spectra 
and magnetic properties as containing octahedral Ni(I1) and anionic hydrazide ligand. 

Ligand field parameters have been calculated and compared with chromophores containing 
oxygen and nitrogen donor atoms. Analysis of electronic spectra, calculated Dq values and IR 
absorptions strongly indicate the presence of NiN204, NiNO,, NiO, and NiN,03 chromophores. 

Coordination properties of acyclic hydrazides’-” to- 
wards metal ions have extensively been investigated. 
They act as neutral, anionic mono-, bi-, tri- or tet- 
radentate ligands depending on the structure and reac- 
tion conditions. There are relatively few reports on the 
coordination compounds of cyclic hydrazides with metal 
ions. The o-aminophthalhydrazide and anthracene 
hydrazides”m’4 are some such ligands, the chem- 
iluminescent reactions of which have been noted in the 
complex formation with some metal ions. o- 
Aminophthalhydrazide has been suggested to act as a 
bidentate ligand coordinating through carbonyl oxygen 
and anlino nitrogen atoms to form a six membered 
chelate ring whereas anthracene hydrazide has been 
suggested to act as a monodentate ligand bonding 
possibly through carbonyl oxygen.” 

In spite of the above studies very little information is 
available on the interaction of phthalic hydrazide with 
metal ions. Phthalic hydrazide is known to exist in the 
lactam-lactim form with I-hydroxyphthalazine4one as 
its most stable tautomer15 in the solid state and in 
neutral solutions. 

In alkaline aqueous solutions it acts as a weak acid 
and exists in anionic form by liberating at least one’ 
proton. Accordingly the mono-metallic salts of Na+ and 
Ag+ ions of this ligand have been reported.16 In an 

*Author to whom correspondence should be ad- 
dressed. 

earlier study” Co(H) ion was reported to be chelated 
by anionic coordination in dilactim, i.e. 1,4- 
dihydroxyphthalazine form. The bidentate monoanionic 
and tetradentate bianionic coordination through oxygen 
and nitrogen of lactim group of the ligand has been 
suggested for the Co(H) complex containing 
metal/ligand ratios of 1: 2 and 1: 1 respectively. 

The bis-phthalhydrazidato-diaquo-Co(H) complex of 
type [Co(HPH),(H,O),] like other diaquo metal chelates 
such as metal-quinolinates’8~‘9 and B-diketonates” 
has been found to form adducts with other nitrogenous 
bases, e.g. bipyridyl and ethylenediamine” by re- 
placing the water molecules. These bases have been 
found to act as bidentate ligands. 

The present paper is an extension of the previous 
studies and is concerned with the preparation and 
characterization of Ni(I1) complex of phthalic hydrazide 
and its reaction with acetylacetone(acac), mono- 
ethanolamine(MEA), ethylenediamine(en), aniline(An) 
and p-phenylenediamine(p-Phda). Phthalic hydrazide, 
hereafter, is abbreviated as HzPH and HPH to represent 
neutral and monoanionic form of the ligand respectively. 
The Lewis acidity of the parent complex towards the 
adducting ligands, their mode of bonding and the 
influence on stereochemistries of the complexes formed 
with different bases have been studied. 

EXPERIMENTAL 

Preparation of the ligand and complexes 
Phthalic hydrazide (H,PH) was prepared and purified 

by the methods reported in literature.‘sJ’ 
Bis-phthalic hydrazidato-diaquo Ni(I1) dihydrate 

[Ni(HPH)2(H20),]2H,0(I) was obtained as a green solid 
using the method reported previously for bis-phthalic 
hydrazidato-diaquo Co(H) complex.” An aqueous 
solution of NiCl,.6H,O (10 mM) was mixed with one of 
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phthalic hydrazide H,PH (20 mM) in dilute aqueous 
ammonia at room temperature. The pH of the reaction 
medium was adjusted between 5.5 and 7.0. The resulting 
green precipitates were filtered, washed with water, 
ethanol and finally with ether and dried under vacuum 
over P,O,. Homogeneity of the product was ensured by 
correct maintenance of pH. 

Complexes of [Ni(HPH)2(HrO),]2HZO(I) were ob- 
tained by refluxing the suspension of the latter (453 mg, 
1 mM) for 1 hr in a methanolic solution of acety- 
lacetone (10 mM) or of amine (2 mM) or in aqueous 
solution of ethylenediamine (2 mM). The resulting solu- 
tion was filtered and its volume was reduced. Acety- 
lacetone, aniline and p-phenylenediamine complexes 
were deposited immediately on cooling while the mono- 
ethanolamine and ethylenediamine complexes were pre- 
cipitated on adding a methanol : ether mixture (1: 5, v/v) 
to their cool solutions. The resulting solid produce was 
then washed with ethanol followed by an ethanol-ether 
mixture and finally with ether and dried under vacuum 
over P,O,. The acetylacetone(acac) and aniline(An) com- 
plexes of type [Ni(HPH)(acac),(H,O)]HrO (II) and 
[Ni3(HPH),(An)(HzO),]HZ0 (V) were obtained as green 
solids while the monoethanolamine(MEA), ethyl- 
enediamine(en) and p-phenylenediamine(p-Phda) com- 
plexes of type [Nir(HPH),(MEA),(H,O),13H,O (III), 
[Ni(HPH)2(en),(H,0)]H,0 (IV) and [Ni,(HPH),@- 
Phda)(H,O),]H,O (VI) were obtained as violet, red and 
brown solids respectively. 

Physical measurements 
Electronic spectra were recorded with a Beckman 

DK-2 recording spectrophotometer. IR spectra of KBr 
pellets were recorded with a Perkin-Elmer spec- 
trophotometer model 621 (4000-200 cm - ‘) at the Uni- 
versity of Western Ontario, London, Canada while one 
of the authors (MAAB) was on a CIDA-NRC Research 
Associateship. Room temperature magnetic sus- 
ceptibility measurements were carried out by Gouy 
method using HgCo(NCS), as calibrant. The dia- 
magnetic corrections were made using the appropriate 
Pascal’s constants. Elemental analyses were carried out 
by Chemalytics, Inc. Laboratories, U.S.A. Nickel in 
complexes was determined by calorimetric methodz2 
using dimethylglyoxime. 

RESULTS AND DISCUSSIONS 

Phthalic hydrazide (H,PH) prepared by the method of 
Drew and Hatt2’ exhibits spectra similar to that 
reported in literature” for 1 -hydroxy- 
phthalazine4-one. 

The latter is the preferred tautomer as against the 
dilactim form, i.e. 1,4-dihydroxy-phthalazine mentioned 
previously.” Assignment of the IR spectral bands of 
metal complexes therefore has to take into account the 
metal bonded lactim group and the free C=O and NH 
vibrations. 

Appearance of the bands due to NH and C=O groups 
in the complexes suggests that the lactim-lactam stntc- 
ture of the ligand does not change on complexation with 
Ni(II) ion and it is the lactim group which is involved in 

P-M 

/XL 
coordination. The formation of this complex 

in the presence of ammonium hydroxide in the pH range 
5.5-7.0 is apparently favourable to monobasic coordi- 
nation through a lactim group. The mode of bonding 
seems analogous to the monobasic bidentate behaviour 
of 8-hydroxyquinoline,23 possessing phenolic OH and 
C=N donor groups in its metal chelates which are 
formed at the same pH range and also in the presence 
of ammonium hydroxide. 

Bonding through nitrogen of the lactim group with 
another metal ion may not be favoured in this pH range 
but may be expected at pH z 7.0 as it has been reported 
in the metal complexes of nucleic acid bases24p25 such 
as uracil and thymine (dilactam). The reaction of the 
metal ion with phthalic hydrazide may preferentially 
adopt the following scheme. 

OH 

2 
+2H’ ,,%, * 0H2+2HX 

0 

/I '0 

W N/ 
HA 3) 1: 

0 

1 

Phthalic hydrazide, according to the above scheme, 
behaves as a monoanionic bidentate ligand in the for- 
mation of Ni(I1) complex which is a green solid and 
according to analytical data can be formulated as [Ni- 
(HPH),(H20),]2H20 (I). This complex like the Co(I1) 
complex” and the diaquo Ni(II)-quinolinate” is 
precipitated in the pH range of 5.5-7.0 and likewise 
forms addition compounds with other oxygen and nitro- 
gen donor ligands. Reaction products are obtained as 
solids having colours different from those of the parent 
complex(I). The reaction of the diaquo-Ni(I1) com- 
plex(1) with acetylacetone and ethylenediamine yield the 
mononuclear complexes of type [Ni(HPH)(acac), 
(H,O]H,O (II) and [Ni(HPH)2(en)3(H20)]H20 (IV) re- 
spectively while from the reactions with monoe- 
thanolamine, aniline and p-phenylenediamine trinuclear 
complexes of the type [Ni3(HPH)7(MEA)4(H20)3]3H20 
(III), [Nb(PH)4(An)(H20)71H,0 09 and [NSW5 
(p-Phda)(H,O),](H,O) (VI) respectively are obtained. 
The analytical results are reported in Table 1. 

The complexes are stable under laboratory conditions 
and decompose above 350°C. They are slightly soluble 
in methanol, ethanol and water and are insoluble in 
other organic solvents. Poor solubility of these com- 
plexes does not permit the study of their NMR spectra. 
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NO. coMPou?m 

Table 1. Analytical data 

COLODR C% N% Ni% 
Celc. lFaudCelc.H?FDudCa.lc. lFwx-3 CeAc. I- 

I [Ni (HPH) (H20) 2] 2H20 
2 

Green 42.42 42.34 4.00 3.94 12.36 12.23 12.96 13.11 

II [Ni(HPH) (acad (HZ011 ?I20 2 Green 47.51 47.52 5.31 5.35 6.17 6.32 12.90 12.78 

III [pi) (HPH)~(MEA)~(H~o) 3l Xi20 Violet 46.40 46.35 4.56 4.87 15.22 15.08 10.63 10.49 

IV [Ni (HPH)2(en)3(H20)l Hz0 Brick red 44.24 43.96 6.41 6.53 23.44 23.68 9.83 9.57 

V [Ni3 WPH) (An) (A201 ,I H20 4 Green 43.15 43.05 3.43 3.47 ll.91 11.76 16.65 16.43 

VI INi3(HPH)5(p.pbda) (H20),~H20 Dark brown 44.86 45.02 3.04 3.52 13.64 13.55 14.29 14.39 

Magnetism and electronic spectra 
Magnetic moments of complexes (I-VI) are found in 

the range of 3.1G3.6B.M. (Table 2) and these are 
consistent with octahedral Ni(I1) complexes.26 Sup- 
port to this assignment is obtained from the electronic 
spectra and their assignment (Table 2). Appearance of 
spin-forbidden band due to ‘At+‘& transition possibly 
suggests the presence of spin-orbit coupling2’ as is 
evident from the values of magnetic moment. Similarly 
since all the three spin-allowed bands are noted, the 
presence of weak octahedral field27-29 around the 
metal ion can be suggested. 

Parameters Dq, B’ and /?’ have been calculated by 
numerical method2* by fitting vi and sum of v2 and v3 
bands from the observed data. A close agreement has 
been found between observed and calculated transition 
energies of v2 and v3. 

The Dq value of [Ni(HPH)2(H20)J2H20(I) is consis- 
tent with NiN204 chromophore27ss32 in literature, 
such as those of diaquo Ni(I1) complexes of nicotinic 
and picolinic acid. 32 The trinuclear amine complexes 
(III, V and VI) of parent compound (I) shows the Dq 
values to be consistent with NiNOS chromophore”” 
whereas the mononuclear amine complex (VI) and acet- 
ylacetone complex (II) agree with NiN3NO:‘,34 and 
Ni0627,30*3’ chromophores respectively. These chro- 
mophores, hereafter have been confirmed by IR spectra. 

The lower intensity of first d-d band (v,) as compared 
with that of second (v2) suggests a tram arrangement34 
for water molecules leaving the cis positions in octa- 
hedral structures of parent complex (I) and trinuclear 
amine complexes (V and VI), naturally for phthalic 
hydrazide. In complexes (II, III and IV) the intensities 
of these bands seem to be consistent with the trans 
occupation of phthalic hydrazide (HPH) and c~.s’~ 
position of water or adducting ligands. 

IR spectra 
The spectrum of phthalic hydrazide (H,PH) is in 

accord with the published datai and corresponds with 
the monolactim form, i.e. I-hydroxy phthalazine-4-one 
and analogous maleic hydrazide.” 

Appearance of vNH, vC=O, vC=N and vC==O bands 
in all the complexes O-IV) (Table 3) suggests the persis- 
tance of lactam-lactim structure of phthalic hydrazide. 

The strong vC=N and weak ring vibration bands of 
phthalic hydrazide (H,PH), like those of nucleic acid 
bases,36*‘7 are shifted to higher frequencies in the 

parent complex [Ni(HPH)2(H20)J2H,0(I) by exhibiting 
the bands at 1605, 842 and 560cm-’ respectively. In 
acetylacetone and amine complexes (II-VI) these bands 
are shifted to lower frequencies as compared to parent 
complex (I). These results suggest the bonding through 
nitrogen C=N group of phthalic hydrazide (HPH) in 
parent complex (I) but in its complexes (II-VI) it may 
not be suggested. 

The disappearance of strong OH band of free phthalic 
hydrazide at 1300 cm - ’ and appearance of vM-0 bands, 
like those of metal-j?-diketonates,” in the 
455-450 cm - ’ region in all the complexes (I-VI) indicate 
coordination through enolic carbonyl oxygen of phthalic 
hydrazide which may behave as an anionic ligand, 
forming chelate ring in (I). 

The vM-0 band of parent complex (I) at 455 cm -I, 
like those of metal-/?-keto-enolates,20~39~“” is shifted 
to lower frequency in its complex (II-VI) due to adduct 
formation. 

The energies of vNH and vC==O bands of free phthalic 
hydrazide remain unchanged but those of 6NH in- and 
out-of-plane modes are shifted to higher frequencies by 
30 and 25 cm - ’ respectively in parent complex (I). These 
results indicate that the above two groups are not donors 
in this complex. They remain hydrogen bonded 
(CO.. . HN) as is evidenced by the solid state spectrum 
of free ligand4’s42 and this supports the coordination 
through C=N and C-0 groups, as concluded above. The 
higher shifts of 6NH bands may possibly be the result 
of coupling with vC==O band as has been noted in metal 
complexes of nucleic acid bases such as those of 
thymine. 

In acetylacetone, monoethanolamine and ethyl- 
enediamine complexes 01, III and IV) the vNH and 
6NH bands of parent complex (I) are shifted to higher 
and lower frequencies respectively and vC=O band to 
higher frequency in (II) and lower frequencies in (III and 
IV). These results do not suggest coordination through 
NH and C=O groups; the hydrogen bonding of the type 
(CL0 HN) in parent complex (I), may be broken 
possibly due to axial coordination of phthalic hydrazide 
(HPH) through the enolic carbonyl group, as concluded 
above. The shifting of vC=O band in (III and IV) to 
lower frequencies by 18-6 cm - ’ may suggest the for- 
mation of hydrogen bonding possibly with hydrogen of 
coordinated water in monoethanolamine complex (III) 
and with hydrogen of free amino group4Ws of ethyl- 
enediamine complex (IV) when water or ethyl- 
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NO. COMPOUND' \mPree 

(6m2) . 

I 

II 

III 

IV 

V 

VI 

H2PH 

~Ni(HPH)2(H20)2~2H20 

[pi (iiPH) (acad 2(H20)] H20 

3645w.h~ 35OAr,br 

35008,bz 
347%&r 

~Ni3(HPH17(14EA)4(H20)313H20 365*&r ;;;zE 
, 

3280s 
3260s 
(HBI 

[Ni(~PH)~(en)~(H~0)1H~o 3653w,hr 357Ow 336% 
3473s 3332s 

[Ni3(~~~)4(An) (a201 7l H20 361&,hr 3586w 

LF'Ji,(Hn$(p.Phda) (H20)71H20 36OOw,hr 3Mkt 34O4w 

3214s 3130s 

3125s 

3125s 

3164s 

3320s 3164s 3132s 
3284s 
3238s 

1654s 1573s 

3278s 3178s 3108s 1958s 16068 

3240s 3160s 3114s 1665s 1602111 1575s 

1658s 1598s 

1660s 1605s 

1665s 1602s 
1614s 
(acac) 

1642~s 1597s 

1550s 

1580~s 

1575w 

1572s 

1580s 
1576s 

No. COMPOUND GCSi-* 
a&l%%, (G&b Plane 

waggbc-WW-0) 6tW 
twist) ai2nxk Out-ceplAW 

fx(H20) 

H9H 
1450s 13708 13oO= 860s 

1 [Ni(E@H)2(H20)212H20 1440s l37os 88% 82% 

11 [Ni(HPH) (a~ac)~(H~o)l~o (151561) 1375s (930 880w 82Om 
145% 

111 [Ni3(HR1)7~4(~O)31+0 1460s 1370s 89sW 87oW 82Qn 
1004s(bzM 116Os(WA) 

Iv [ Ni (WI 2 (en) 3 (H201] 30 

v rNi3(wtl)4w ‘azo’71azo 

1450.5 (1390s) 
l37% 

1440s 1360s 
1203s 

(1018s) 98oW 872~ 

106% 876u 82% 

1 [Ni3(HW)S(P-PMa) (H2017IH20 

No. COMPOUND 

1450s l3528 113&l 87% 
JJ_l?_s 

NH2rock 1 pw(H20) Ring v&b. v&0 'vM-0H2 W-N 

H2PH 

I [ Ni_(HPH)2(H20)2]2H20 

II [Ni(HPH) (acac)2(H20)1H20 

III [Ni3(HPH)7(MEA)4(H20)3]3H20 744m 

IV [Ni(HPH)2(en)3(H20)]H20 740w 

V [Ni3(HPHj4(An) (H20)71H20 758~ 

VI [Ni3(HPH)5(p.Phda) (H20171H20 

65% 
64% 

652~ 

650s 

658m 

656~ 

650~ 838 
630~ 565 

815s 
55ow 

842~ 
560~ 

455w 376~ 

825s 452w 375w 
560~ 296w(=) 

800s 
562~ 

430s 375w 
54Ow(EeA) 

838m 
558~ 

453w 366~ 

842s 
5758 

453w 366~ 

444w 37ow 

330m 

328~ 

493w 
313w 

342w 
326~ 

340w 
312u 

8, strong; vs. very strong; m, medium; w,weak 

enediamine is at one of the axial position along with the 
axially occupied phthalic hydrazide (HPH). Appearance 
of some new and broad vNH bands in the 3365-3332 
and 3320-3280 cm- ’ regions in (IV) indicates the pres- 
ence of hydrogen bonded and metal bonded NH2 groups 
due to monodentate& behaviour of ethylenediamine 
which seems to be consistent with above conclusion. CH2 
twisting, CH, rocking, NH, rocking and vM-N bands 

appear as they do in ethylenediamine complexes of 
metal-fi-diketonates46*47 and of metal saltsW9 at 
1390, 1018, 980, 740 and 493 cm-’ respectively which 
suggests the bonding of ethylenediamine with metal ion. 

The trinuclear monoethanolamine complex (III) ex- 
hibits new bands due to vOH, vNH and vC-0 modes 
at 3280-3260, 3214 and 1004 cm - ’ respectively which 
are at lower frequencies as compared with free mono- 
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thanolamine as has been noted in complexes of metal 
salts.50*5’ Coordination is apparently taking place 
through NH, and OH groups of monoethanolamine 
which may behave as a bridging ligand between the two 
metallions. 

The acetylacetonate complex (II) of (I), like the 
metal-acetylacetonates and their adducts39,48 ex- 
hibits the’bands at 1614, 1515 and 296cm-’ due to 
vC=O, vC-CC! and vMC) modes respectively. This 
observation suggests a bidentate coordination of acety- 
lacetonate anion with the metal ion. 

In trinuclear aniline and p-phenylenediamine com- 
plexes (V and VI), the)vNH and vC-N bands of parent 
complex (I) are shifted to lower frequencies by 17-l 0 and 
18-10 cm-’ respectively. It is therefore reasonable to 
suggest that coordination occurs through NH group of 
phthalic hydrazide (HPH) which may behave as a 
bridging ligand between the two metal ions through the 
enolic carbonyloxygen. The appearance of vNH and 
vC-N bands, like the aromatic amine complexes of 
metal saltss2~53 in the 3278-3160 and 12141203 cm-’ 
regions respectively suggests the bonding of these amines 
with the metal ions. The new band due to free vNH, 
mode at 3404cm-’ in (VI) indicates the monodentate 
behaviour of p-phenylenediamine. 

The complexes (I-VI), like other aquo 
complexes38~54~5s exhibit the vOH, P wW2Oh 

pr(H,O) and vM-OH, bands in the 35043500,770-630, 
822 and 376375 cm _ ’ regions respectively thereby indi- 
cating the coordination of water molecules with the 
metal ion. 

CONCLUSION 

Phthalic hydrazide appears to behave as a monobasic 
ligand (HPH) in all the complexes (I-VI). It acts as a 
bidentate chelating ligand in parent compound (I) and 
bidentate bridging ligand in aniline and p- 
phenylenediamine complexes (V) and (VI) of (I) possibly 
occupying cis positions of the octahedral framework 
while aniline and p-phenylenediamine seem to act as 
monodentate ligands occupying trans positions. In acet- 
ylacetone, monoethanolamine and ethylenediamine 
complexes (II, III and IV) of (I), these ligands seem to 
behave as a bidentate chelating, bidentate bridging and 
monodentate ligands respectively, possibly occupying 
cis, cis and trans positions respectively while the phthalic 
hydrazide anion (HPH-) acts as a monodentate ligand 
occupying the trans position. 

1. 

2. 

3. 

4. 

5. 
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Abstract-High resolution proton and ‘%-NMR measurements were used to follow the variation of the 
n-butylpyridinium (BP +) cation spectra in BP + Cl --AlCl, molten mixtures. The mole fraction of AlCl, 
was varied between 0.45 and 0.60. It was found that chemical shifts and proton coupling constants are 
significantly affected by the BP + -Cl - and BP +-AlCli associations. Analysis of the NMR results shows 
that in the melts the ionic association into ion pairs is essentially quantitative. Lithium-7NMR of 
BPCl-AlC13-LiCl melt shows that when the mole-fraction of AlCls is < 0.50 (basic melt) LiCl; ion is 
formed, while in the acidic melts the Li + ion probably interacts with two AlCli ions to form LiAl,Cl, 
ion. 

The Lewis acid-base properties of molten mixtures of 
aluminum chloride and various chloride ion donors, 
such as alkali chlorides or alkylpyridinium chlorides, 
have been studied by several investigators.‘-” 

Various electrochemical techniques as well as elec- 
tronic and vibrational spectroscopies, were used to 
characterize acid-base behavior of various solutes in 
these melts. The results of the above studies have been 
recently summarized by Mamantov and Osteryoung.g 

Though acid-base properties are fairly well known 
for individual AlCl,-MC1 or AXI,-RCl mixtures, an 
absolute comparison of acid strengths of different 
mixtures is still very difficult and, in fact, an evalu- 
ation of cation-anion interactions is necessary to 
compare acid strengths of different MCI-AlC& melts. 
For example, it has been shown3s’o that the equilibria 
occurring in the above molten mixtures 

and 

2AlCl; F? Al,Cl; + Cl- (1) 

2A1,Cl; e AIICl, + 2AlCl; (2) 

are strongly dependent on cation-anion associations, 

M+ +CI- P M+Cl- (3) 

M+ + AlCl,- P M+AlCl; (4) 

M + + Al,Cl; P M + Al,Cl; (5) 

which, in turn, obviously depend on the nature of 
M + . Therefore, equilibria (3)-(5), govern the acidity 
of the melt which is expressed as pCl- . No- 
quantitative and thermodynamically valid com- 
parison of acid-base equilibria in aluminum chloride 
melts are possible without a knowledge of the equi- 
librium constants of reactions (3HS). 

*Author to whom correspondence should be addressed. 

We and others have shown that multinuclear NMR 
is a powerful probe of the immediate chemical envi- 
ronment of ions and of organic ligands in aqueous 
and nonaqueous solutions.“*‘* It seemed reasonable 
to extend the use of this technique to studies of ionic 
associations in molten salt mixtures. 

Osteryoung et ~1.‘~ reported the variation in the 
room temperature proton and “C-NMR spectra of 
1: 1 and 1: 2 butylpyridinium : aluminum chloride 
mixtures as they were progressively diluted with ben- 
zene. Since our interest is primarily focused on 
cation-anion interactions in AlCl,-BP+Cl--M+Cl- 
melts, it was of interest to us to determine precisely 
how the high resolution ‘H and 13C spectra of the BP+ 
cation vary with a change in the AlClJBP + Cl - ratio 
and, consequently, how the conformation of the or- 
ganic cation is affected by the change in the acid-base 
characteristics of the melt. The use of a high field 
instrument under optimal resolution conditions was 
an indispensable prerequisite for such studies. 

We also wish to report an initial investigation of 
alkali cation influence on the equilibria (l)-(S) in 
ternary melts. The ternary system studied was the 
AlCl,-BPCl-LiCl mixture. Lithium-7 NMR was used 
as a probe of the environment of the Li+ ion. 

(1) Reagents 
EXPERIMENTAL 

n-Butylpyridinium chloride was prepared by the method 
of Osteryoung et ~1.‘~ The product was recrystallized twice 
from acetonitrile-ethylacetate mixture and dried under vac- 
uum. After preparation the salt was kept in sealed ampules 
under inert atmosphere until used. 

Aluminum chloride was sublimed in inert atmosphere in 
the presence of metallic aluminum as described preGously;‘s 
CH,NO,-d, (Aldrich. gold label) was used as received. 
Lithium-chloride (Alfa)-was dried’at 200°C for _ 12 hr. All 
weighings, transfers and preparations of CH,NO, solutions 
were carried out in a dry-box under nitrogen atmosphere. 
The concentrations of water and of oxygen in the dry-box 
atmosphere were less than 10 ppm. 

(2) NMR measurements 
Proton and ‘F NMR measurements were performed on 

a Bruker WM-250 spectrometer operating in the Fourier 
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transform mode at a field strength of 58.7 kG and fre- 
quencies of 250.13 and 62.09 MHz respectively. Lithium- 
7NMR spectra were obtained on a Bruker WH-180F.T. 
spectrometer at a field strength of 42.28 kG and a frequency 
of 69.96 MHz. It was convenient to follow the probe 
temperature by monitoring temperature-sensitive ‘H chem- 
ical shifts of ethylene glycol as described by Bombi and 
Sachetto.16 Ethylene glycol, in a 5-mm NMR tube, was 
placed concentrically in a IO-mm NMR tube containing 
D,O as the lock. The rate of spinning and the heat flow were 
carefully adjusted and the proton spectrum of ethylene 
glycol was recorded when thermal equilibrium was attained. 
The sample temperature was calculated from the re- 
lationship given below which is corrected for field strength 
of our spectrometer. 

Temperature = 466.40 - 0.402Av K. (6) 

3 

uatioa (6) was checked at three different temperatures in 
t e 25100°C temperature range, with a coppe-r-constantan 

ermocouple inside ethylene glycol (without spinning) and 
experimental differences were within f 0.5”C. 

Resolution enhancement was performed on proton spec- 
tra by using Gaussian multiplication.” Bruker’s LA- 
OCOON program version has allowed coupling constant 
evaluation and comparison between experimental and theo- 
retical spectra. Proton and “C chemical shifts were refer- 
enced to external TMS, except for one basic mixture (55% 
BPC45% AlCl,) for which external and internal TMS 
peaks were measured. This difference was used to correct the 
shifts from external referencing. 

Lithium-7 chemical shifts were referenced to an external 
aqueous 0.1 M LiCl solution. The chemical shifts were 
determined with an accuracy of 5 x lo-*ppm. 

RESULTS AND DISCUSSION 

In order to obtain some detailed information on the 
behavior of the butylpyridinium cation in molten salt 
media, we obtained proton and 13C NMR spectra in 
the BPCl-AlCl, melt as well as of BPCl in nitro- 
methane solution. This solvent was selected since it 
has the best properties of the common organic sol- 

13 
’ BPCI-AlCl,I I 

Fig. I. Proton and “CNMR spectra of BPCl solution in 
CD,NO, at room temperature and of a 1: 1 BPCl: AlCl, 
mixture at 40°C. A, ‘H of BPCI; B, ‘H of melt; C, “C of ._ 

vents we tried, in terms of solubility and spectral 
resolution. The spectra of the CD3N02 solution and 
of the BPCl-AlCl, 1: 1 mixture are shown in Fig. 1. 
The latter spectrum is very similar to the one obtained 
by Osteryoung et al.” 

In order to obtain highest possible resolution, we 
used a sweep width of 2500 Hz, aquisition of the 
F.I.D. in the quadrature mode, quadrature phase 
detection, memory size of 32 K, Gaussian filtering 
with zero filling Up to 128 k. Under these conditions 
the mean line width was reduced from about 2.5 Hz 
shown in Fig. 1 to 0.25 Hz for the CD3N0, solution 
and about 0.8 Hz for the molten salt. 

PROTON NMR 

The high resolution proton spectra are shown in 
Fig. 2. The results indicate that the resonances most 
sensitive to ionic association are those of protons on 
the carbons 2,6 (Fig. 2a), 3.5 (Fig. 2c) and a-CH, (Fig. 
2d). Figure 2(a) shows that the 2,6 pattern is quite 

‘H After &solution Enhancement 

E. 
2.15 2.00 

EJJQ+J- 
1.54 1.34 

@‘Cl-AIC& WI 1 

8.80 8.83 

8.30 8.10 

4.80 a80 

2.30 2m 

1.65 1.35 

9 
G. Lli L 

1.02 0.92 I.10 0.90 

Fig. 2. Resolution-enhanced proton spectra of BPCl and of 
1: 1 BPCl;AlCl, melt at room temperature and 40°C re- 
spectively. A, 2.6; B, 4; C, 3.5; D, c&H,; E, BCH,; F, yCH,; 

BPCl. D “C of melt. , , G, 6CH, protons. 
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detailed in CD,NO* solution and somewhat less so in 
the melt. It is seen that these protons mainly couple 
with the 3,5 and 4 protons. However, two small inner 
peaks were observed. They were well defined in 
CD,N02 but seen as shoulders in the molten salt. 
Simulation experiments show that this splitting does 
not originate froiil a coupling between protons of thq 
pyridine ring but rather from the coupling of the’: 
2,6-protons with those of the a-CH, group. * 

On Fig. 2(c) the 3,5 pattern shows a quite marked 
difference between CD,NO, solution and the molten 
salt. For the latter the pattern is better defined, indi- 
cating a simpler coupling system. 

In the case of the a-CH, protons (Fig. 2d), the 
linewidth is much greater. This broadening could be 
due to the coupling with the 2,6-protons or to the 
relaxation of the 14N nucleus. 

In all cases a change in the BP + cation association 
from that with Cl- to that with AlCl, anion (at 
higher AlCl, mole fractions), significantly affects not 
only the ‘H chemical shift but also, as shown in Table 
2, the coupling constants, which differ in nitro- 
methane solution and in the melt. 

It should be noted that with the above described 
resolution enhancement it was possible to determine 
‘H chemical shifts with a precision of 4 x 10m4 ppm in 
CD,N02 solutions and lo-’ ppm in the melt. 

13C NMR 

The “C decoupled spectra are rather simple (Fig. lc 
and Id) and the chemical shifts can be measured 
accurately without enhanced resolution. The pre- 
cision of the chemical shift measurements was better 
than _+ lo-* ppm. The inversion of position 2 and 6 
with 4 resonance, when compared to ‘H NMR has 
been previously explained” as the difference between 
paramagnetic and diamagnetic dominating effect re- 
spectively in 13C and ‘H magnetic resonance experi- 
ments. 

It is interesting to note that nitrogen couples more 
strongly with 2- and 6-carbons in the molten salt than 
in the CD,N02 solution. 

VARIATION OF ‘H AND ‘%.I SPEmRA 
WITH BPCl/AlCl, RATIO 

Our main reason for seeking high resolution spectra 
of BPCl was to see how the resonance frequencies of 

Table 2. Proton coupling constants of n-butylpyridinium 
chloride in nitromethane solution and in equimolar 

BPCl-AU, melt 

Coupling 
J,,_” (Hz) 
in CD3N02 

52.3 or 55.6 6.76 6.71 

52.4 or 54.6 1.28 1.44 

J3.4 or 54.5 7.51 7.86 

Jo8 6.88 7.28 

J6Y 6.75 7.43 

JY6 7.13 7.60 

the cationic protons and carbons were affected as the 
melt changed from a basic to an acidic composition. 
Consequently, proton and 13C measurements were 
carried out at 40°C in the AlC!, mole fraction range 
0.45 to 0.60. Figures 3 and 4 show the variation of ‘H 
and 13C chemical shifts with composition. 

All ‘H and 13C nuclei are sensitive to the com- 
position of the melt, albeit to a different extent. The 
2,6 and a -CH, protons and carbons show the highest 
sensitivity. The plots of chemical shift against concen- 
tration consist in most cases of two straight lines 
intersecting at the 1: 1 BPCl/AlCl, mole ratio. 

When we have a rapid exchange of NMR-active 
nuclei between several different sites, the observed 
chemical shift is given by the expression: 

6& = c sixi (7) 
i 

where ai is the chemical shift of site i and Xi is the mole 
fraction of the species i. In the case of the BPCl-AlCl, 
system, when the mixture is basic (i.e. AlCl, c 50 
mole ‘A) only PB + AlCl; and BP+ Cl- species are 
present. On the acidic side we have BP+ AlCl; and 
BP+ Al,Cl; . Therefore, in the former case eqn (7) 
becomes 

while on the acidic side we have, 

Table 1. Proton and %_Y chemical shifts of n-butylpyridinium chloride in nitromethane solutions and in 
equimolar PBCI-AICI, melt 

‘H/13C 

‘H Shifts 

CD3N02 Melt 

13C Shifts 

CD3N02 Melt 

10 0.967 0.980 13.18 13.30 

9 1.435, 1.470 19.48 19.07 

a 2.073 2.133 33.93 32.76 

7 4.986 4.739 61.57 62.19 

3.5 8.197 8.208 128.76 120.77 

4 8.693 8.675 146.13 145.78 

2.6 9.564 8.921 145.81 144.07 



892 FRANCIS TAULELLE and ALEXANDER I. POPOV 

1 
H Shifts in BFCI -AICI, Mixtures at 40°C 

Al Cl, Molar Composition 

Fig. 3. Variation of ‘H chemical shifts of the BPCI:AICI, mixture with composition at 40°C. 

6 BPAl2C3, c9) 

where N is AlCl, molar composition and can be 
expressed as: 

with n&,, and n&, representing the stoichiometric 
number of moles of AlCl, and butylpyridinium chlo- 
ride respectively. 

Since in the mixtures used in this investigation 
the fractions (N/l - N), (1 - 2N/l- N) and 
(2N - l/l - N) are essentially linear functions of N, it 
can be concluded that the ionic association into ion 
pairs is essentially quantitative. The ionic transport in 
these melts must involve migration of the BP + cation 
and/or the anions from one ion pair to another by a 
chain mechanism and not, as is usually assumed, by 
free ions. 

LITHIUM-7 NMR MEASUREMENTS 
Lithium chloride (mole fraction 10e2) was intro- 

duced into a series of BPCI-AlCl, mixtures of variable 
composition. The NMR tubes were then sealed and 
allowed to stay overnight at 120°C so as to dissolve 
the LiCI. On cooling the tubes to room temperature, 
it was noted however, that only the melt with. 45 
mole ‘A AlCl, and those above 50.5 mole y0 were 
completely homogeneous. The ‘Li signal was still 
observable in the 47 and 50% melts although not all 
the LiCl was dissolved, but not in the 48 or 49.5% 
melts. 

The results shown in Fig. 5 clearly indicate that the 
Li+ ion exists in very different environments on the 
acidic and the basic sides. The ‘Li chemical shifts in 
these two media differ by 2.4 ppm which is very large 
for this nucleus where the total chemical shift range is 
N 6 ppm. ‘* Moreover, the lines are narrow on the 
acidic side (N 1 Hz) and 3-4 times broader on the 
basic side, indicating a decrease in symmetry around 
the lithium nucleus. 

Since on the basic side an excess of chloride ion is 
necessary to dissolve LiCl, the solubility is probably 



Aluminum chloride-n-butylpyridinium chloride melts 

Shifts in BPCI - AK& Mixtures at 4ooC 
r 
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Fig. 4. Variation of 13C chemical shifts of the BPCl:AICl, mixture with composition at 40°C. 

$ 126. 
62.40 

62.20 

6200 . 

” 61.60 
x 
s 61.60 v- 

33.00 

32.60 
- I 1 I I I , 

/ 

0.45 0.50 0.55 0.60 0.65 
AICI, Molar Composition 

due to the formation of a lithium chloride complex 

LiCl + Cl- P LiCl; . (11) 

On the other nand, on the acidic side we probably 
have the equilibrium 

‘LI Shifts Variations 
in BPCI -AU, Mixtures 

055 
AU, ComPOslttOn 

Fig. 5. Variation of the ‘Li chemical shift with composition 
of the BPCI;AICl, mixture at 25°C. Mole fraction of 

LiCl= lo-*. 

LiCl + Al,Cl; P Li + + 2AlCl;. (12) 

Rytter et al. studied by Raman spectroscopy’9 
MCI-AlCl, molten mixture containing SO-75 mole % 
AlCl,. The authors found that in the case of a 
LiCI-AICl, 5650 mixture, the T., symmetry of AlCl; 
was distorted to C,,; they proposed the structure 

Cl 

> 
Al/ 

C’, 

Cl \Cl./>Li 
I 

It seems equally likely that on the acidic side lithium 
can interact with two tetrachloroaluminates to give 

/Cl, Cl\ 
Cl- Al- Cl-\-Li!- Cl- Al- Cl 

\ 
II 

Cl” ‘Cl/ 

If we assume that tetrahedral and octahedral envi- 
ronments are most probable for the lithium ion, an 
octahedral environment can be proposed for the 
acidic side leading to a higher symmetry and narrower 
NMR lines, while on the basic side Li+ is in a. 
tetrahedral environment which still gives a narrow 
resonance line but broader than the previous one. It 
follows from such an assumption that the only com- 
plex fulfilling these conditions in the basic range is 
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LiCI,AlCl:-, with the structure 

since LiX; species are known for the fluoride;” like- 
wise a similar ion HCI; has been identified in low 
temperature molten pyridinium chlorides.2’ 

It can be seen from the above results that multi- 
nuclear NMR can indeed offer a novel view on equi- 
libria in molten salt mixtures and can very efficiently 
complement studies of these systems by other phys- 
icochemical techniques. More detailed NMR studies 
of MCI-BPCI-AlCI, systems and others are underway 
at this time in our laboratory. 
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Ahstract-3’P, 195Pt and 199Hg NMR spectra of complex (PPh,),Pt(HgGePh,)(GePh,) (I) 
have been studied. The spectra at temperatures below - 40°C prove that (I) is a &-isomer 
with the square-planar coordination of the Pt atom. The reversibility of temperature de- 
pendences of spectra, insensitivity of line shape to the solvent, concentration and presence 
of free phosphine establish the fluxional behaviour of (I). The activation parameters of the 
intramolecular rearrangement which is realized, most probably, through a digonal twist, 
are: AG& = 51.5 & 2.9 kJ/mol, AH+ = 59.3 + 2.9 kJ/mol, AS+ = 26.2 + 9.7 J/mol . K. 

Bivalent Pd and Pt can form with phosphine 
ligands square-planar complexes MX2(PR3), whose 
cis- and truns-isomers in solution are able to 
transform into one another.ld Isomerization 
rate greatly depends on the medium. The process 
is catalyzed by very small admixtures of free 
phosphine. For platinum complexes it proceeds 
according to the intermolecular mechanism with 
the rupture of the Pt-P bond which manifests itself 
in the disappearance of ‘95Pt-3’P satellites in the 
NMR spectra at fast-exchange limit. Isomerization 
is most likely to proceed via a five-coordinated 
intermediate in the form of a square pyramid 
belonging to stereochemically nonrigid 
structure5v6 or via an ion intermediate.3 The 
his-(triphenylphosphine)nickel (II) complex 
(PPh3)2NiCl, is paramagnetic and has a tetrahedral 
structure.7,8 But a number of four-coordinated 
complexes of Ni(IQ9*‘0 exist in solution as 
equilibrium mixtures of diamagnetic planar and 
paramagnetic tetrahedral isomers. In dilute solu- 
tions of inert solvents there occurs interconversion 
between planar and tetrahedral forms via a digonal 
twist. So, in the process of ligand exchange cis- 
trans-isomerization may proceed according to the 
intramolecular mechanism with a low activation 
barrier. For square complexes of platinum there 
has been suggested” such a mechanism for 
photochemical isomerization but hitherto no intra- 

*Author to whom correspondence should be ad- 
dressed. 

molecular isomerization processes have been re- 
vealed under thermal conditions. Teplova et al.” 
who investigated ‘lP NMR spectra of four-nuclear 
complex of cis-(PPh,),Pt(HgMPh{)(M’Phl), M, 
M’ = Ge, Sn; Ph = C6H5, Pti= C6F5, which have 
the distorted planar-square structure, suggested 
that they are susceptible to isomerization in solu- 
tion. The present work contains the results of “P, 
195Pt, iWHg NMR investigations of a previously 
obtained13 complex (PPh,),Pt(HgGePh,)(GePh,) 

(I). 
EXPERIMENTAL 

Complex 113 was dissolved in pure THF and 
toluene and the solutions placed in sample tubes 
(10 mm and 8 mm O.D.) under vacuum. The con- 
centration of the solutions of THF (pure and with 
the addition of 4 ~01% of (CD,),CO) ranged within 
0.003-0.03 M. The solutions in toluene were close 
to a saturation at room temperature. PPh3 was 
commercial (CHEMAPOL) and used without fur- 
ther purification, Pt(PPh3X and Pt(PPh,), were 
synthesized using a literature method.14 

Proton decoupled 31P (40.32 MHz), ‘99Hg 
(17.84MHz) and ‘95Pt (21.41 MHz) FT NMR 
spectra were recorded on a multi-nuclear spec- 
trometer JEOL FX-100 using from 8 to 16 K real 
points and applying digital quadrature detection 
and internal ‘D-lock. 

“P NMR spectra were obtained with 60” flip 
angle (22 ps), 5500 Hz frequency range from 1.5 to 
3s acquisition time and pulse delay is using from 
1000 to 25,000 transitions. iWHg NMR spectra 
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were measured with 75” flip angle (24 p s), 20 KHz 
frequency range, ca. 0.4 s acquisition time, using 
from 60,000’ to 190,000 transients. ‘95Pt NMR 
spectra were taken with 75” flip angle (44 ps), 
20 KHz frequency range, cu. 0.4 s acquisition time, 
using from 20,000 to 46,000 transients. Chemical 
shifts were measured from 80% H,PO, (‘lP NMR 
spectra), neat (CH,)*Hg (‘*Hg NMR spectra) and 
saturated Na,PtCl, solution in D,O (‘99Pt NMR 
spectra) as external standards and are given on the 
d-scale (the positive sign corresponds to a 
downfield shift) without corrections for bulk sus- 
ceptibility. The temperature in the sample was 
controlled with an accuracy of & 1°C. 

RESULTS AND DISCUSSION 

The parameters of 3’P, ‘99Hg and 195Pt NMR 
spectra are listed in Table 1. The proton decoupled 
3’P and ‘99Hg NMR spectra of complex I at 
temperatures below - 40°C are given in Fig. l(a) 
and 2(a). For isotopomers which do not contain 
magnetic metal isotopes “P atoms yield a spectrum 
of the AB type with a characteristic two-bond 
through metal coupling zJ(P-P) unambiguously 
proving &-configuration I with non-equivalent 
phosphorus atoms. I5 We failed to discover sig- 
nals of the trans-isomer and if it is present in the 
solution its relative content cannot actually exceed 
2-3x. In the 3’P NMR spectra one can distinctly 
see ‘95Pt and ‘99Hg satellites corresponding to the 
AB-parts of the ABM and ABMX systems from 
various isotopomers.t Of interest is the fact that 

tin Fig. l(a) the ABMX subspectrum is practically 
invisible, its observation calls for a more prolonged 
accumulation. 

‘99Hg satellites are somewhat broadened 

(Av’,z = 20 Hz), so the two-bond P-P coupling in 
them is not resolved. When the temperature was 
lowered down to - 80°C their line width slightly 
increased. 

The broadening of the satellites may arise from 
relaxation of the ‘*Hg via chemical shift aniso- 
tropy mechanism as it has been demonstrated for 
‘95Pt’6 and 205T1’7 and recently for ‘*Hg.‘* 
The chemical shift anisotropy contribution to the 
199Hg spin-lattice relaxation in a linear mercury 
arrangement can be significant even at low mag- 
netic field,” its effect becomes more substantial 
at low temperatures. 

The *J(Pt-P) values of complex I (see Table 1) 
range within those typical of Pt(I1) square com- 
plexes. These values imply that the Hg(GePh,) 
group has a smaller truns-influence than the GePh, 
group.” One should note a considerable 
difference of two 2J(Hg-P) coupling, the fruns- 
interaction manifests itself to a greater extent. The 
magnitude of this coupling constant may serve an 
independent indicator of mutual arrangement of 
mercury and phosphorus atoms. It has already 
been discovered that ‘J(Hg-P) tram and ‘J(Hg-P) 
cis in the iridium octahedral complex differ almost 
by 10 times. 2o This property is typical of other 
2J(M-P) and, in particular, of 2J(P-P),15 
*(Sn-P).2’.22 Two geminal couplings 2J(Hg-P) 
in complex I which follows from the values of the 
averaged parameters of ‘99Hg satellites spectra at 
fast-exchange limit, discussed below have opposite 
signs which is the case with 2J(P-P)[15]. 

The 199Hg-(*H} NMR spectrum Fig. 2(a) and the 
“‘Pt-{‘H} NMR spectrum similar to it at low 
temperatures being a superposition of the M-parts 
of the ABM and ABMX systems provide addi- 

: 
: 

-___--_____ 

Tli+ 49 

59 

Tolueneb -40 

90 

Table 1. NMR-parameters for (PPh,),Pt(HgGePh,)(GePh,) 

--_--_------_-__-___--__-_-___--_-__----- 
tchemical ehifts, ppm I Coupling conetente, %s 
+ 
131 
rP 

$199 * Eg y5Pt ;2J(EcP) ; 'J(Pt-P) ;2J(Hg-P)= ; ‘J&-PI;) 
I I : I I I a _^_-_____-__-__-____~~_-~-_____~--~~-~--~ 

49.1 -259.1 4750 10.7 2762 2 2 1878 2 4 (trawl 8180 20 
34.3 2503 2 

2 
,* 328 2 4 (CA) 

42.1 d,@ d 262222 781 ,+ 2 d 

49.8 -281.0 4733 10.5 274.82 3 1835 2 6 (trams) 8130 40 35.4 248823 320 
,+ 

6 (de) 2 

43.4 -349.0 4746 - 2614 +l 762 2 1 8120 + 20 

a A concentration of O.Ol3 Y. b Bar a eaturated eolutian. c 2J(Hg-Pw and 2J(I&-P) = have 

opposite ew (see the tar&). d Not meaeured. e -311 ppm et 25% 
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I 

100 80 60 40 20 0 opm 

Fig. 1. “P-{‘H} NMR spectra of complex (PPh,),Pt(HgGePh,)(GePh,). (a) At -49°C. (b) At 
+ 59°C 0.013 M, THF. Arrows point to the ‘95Pt satellites, circles-to lWHg satellites. 

t t t t t t 

C 

bb 

0 -200 -400 -600 ppm 

Fig. 2. lWHg-{‘H) NMR spectra of complex (PPh,),Pt(HgGePh,)(GePh,). (a) At - 4O”C, 0.03 M, 
THF. (b, c) At 25°C and 9O”C, saturated solution on toluene. Arrows point to the ‘95Pt satellites. 

tional information on the structure of complex I constants have not yet been measured. As was 
and, the presence of the Pt-Hg bond. Besides observed in 31P NMR spectrum discussed above 
splitting due to the interaction with the 31P nuclei the rWHg satellites in the ‘95Pt NMR spectrum are 
of two phosphine groups in them there are coup- 
ling ‘J(Hg-Pt) exceeding 8000 Hz. Up to now such 

broadened at low temperatures as well. 
Data of the lWHg and 195Pt chemical shifts for the 
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compounds containing Pt-Hg bonds are unknown. 
The ‘99Hg chemical shifts change in a wide range 
depending on the metal type at the mercury atom 
and the substituent at the metal.*~*‘_ For di- 
germyl mercury derivatives ‘99Hg shielding changes 
by more than 1200 ppm, from 500 ppm for 
(Et3Ge),Hg5 down to - 700 ppm for 
(Ph/Ge)zHg.26 Since ‘99Hg chemical shifts in first 
approximation are additive the data obtained for 
I illustrate Pt(I1) effect on 199Hg shielding. Complex 
I is noted for a somewhat larger “‘Pt shielding with 
respect to cis-PtCl,(PEt,)227 which corresponds 
to an upfield shift of 255-275 ppm. It is noteworthy 
that the replacement of one halogen for GeH,Cl 
group2’ or SnCl; group21 in cis-PtCl,(PEt,), 
causes a still stronger upfield shift. 

I in THF at concentrations of 0.003 and 0.03 M 
testifying to the absence of concentration de- 
pendence of the exchange rate. 

Finally, the catalytic mechanism should be ruled 
out. It might be supposed that in the solutions 
there exist small admixtures of free phosphinet 
which is a dissociation product of Pt(PPh,),28 
employed in the synthesis of I. There have been 
investigated solutions of I with equimolar 
Pt(PPh3), and Pt(PPh,), additions, as well as with 
greater PPh3 quantities. The experiments have 
shown that these substances whose content exceeds 
by far the amounts necessary for catalysis did not 
perceptibly influence the character and kinetic of 
the process in question. 

The spectra of complex I have a reversible 
temperature dependence which reveals the 
fluxional behaviour of the molecule in the NMR 
timescale. A temperature rise results in typical of 
exchange process evolutions of the resonance line 
shapes corresponding to rearrangements 
AB+BA, ABM$BAM and ABMXeBAMX. 
At 60°C the 31P NMR spectrum (Fig. lb) displays 
a rather narrow signal from two phosphine groups 
of the isomer which contains no lwHg and ‘95Pt 
magnetic isotopes. The satellites of these isotopes 
under such fast exchange conditions are also aver- 
aged, but they have an asymmetric broadening 
which is related to the difference of ‘<(Pt-P) and 
2J(Hg-P) couplings for two phosphine groups. At 
the further increase of the temperature the sat- 
ellites’ widths become equal (90°C, toluene). The 
parameters under fast exchange are close to arith- 
metic mean values obtained from the correspond- 
ing low temperature parameters (see Table 1). At 
room temperature the lwHg NMR spectrum (Fig. 
2b) corresponds to intermediate exchange rates, 
and at 90°C (Fig. 2c) there occurs an averaged 
spectrum including platinum satellites. Similar 
changes are observed in the 195Pt NMR spectra. 

Thus, the phenomenon described is conditional 
by the fluxional nature of complex I. The fact that 
the 3’P and 19’Pt chemical shifts and the coupling 
‘J(Pt-P) at fast-exchange limit are close to the 
averaged values of parameters of low temperature 
spectrum shows that no paramagnetic tetrahedral 
complex is taking part in the equilibrium. The 
degenerate rearrangement involved is of intra- 
molecular character, its probable mechanism being 
a digonal twist with the transition state close to the 
tetrahedral structure. Thus,’ (PPh,),Pt(HgGePh,) 
(GePh,) is a stereochemically nonrigid molecule. 

We can also note the temperature dependence of 
‘99Hg chemical shift of I, which is cu. - 0.5 ppm/K. 
Very high sensitivity of 199Hg shielding of mercury 
compounds to medium and temperature are well- 
known.2’3’ The temperature dependence of 
6 Hg is rather complicated. For example, according 
to our data, for solution [(CFj),Ge12Hg and 
(CF,),Hg in toluene it is ca. - 0.1 ppm/K, for 
(Et,Si),Hg in THF it is ca. 0.8 ppm/K. The lwHg 
signal of Et,Hg (as a pure liquid) moves upfield in 
the temperature range from - 50 to + 25°C 
(- 0.3 ppm/K). 

The temperature dependence of the spectra, and 
the observation of spin-spin couplings between 
magnetic isotopes of phosphorus, platinum and 
mercury at fast-exchange limit show that the dy- 
namic process in I is intramolecular. It is taking 
place without a rupture of Pt-P and Pt-Hg bonds. 
Good evidence in favour of the latter conclusion is 
the similarity of the temperature dependence of the 
line shape in the “P NMR spectra of very diluted 
solutions of I in two very different solvents-THF 
and toluene. This is also proved by the study of the 
line shape at several temperatures for solutions of 

From the temperature dependence of the “P 
line shapes (sub-spectrum AB, THF, 0.013 M) 
the following activation parameters were 
obtained: AG& = 51.5 k 2.9 kJ/mol, AH* = 59.3 
_+ 2.9 kJ/mol, AS+ = 26.2 If: 9.7 J/mol . K. The 
positive values of AS + obtained for I is in good 
agreement with the data of La Mar and 
Sherman9 which show that the tetrahedral- 
planar equilibrium for complex [RP(Ph),],NiX2 is 
characterized by a larger values of entropy for the 
tetrahedral state. 
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Abstract-The ‘s5Pt and “C chemical shifts (6, and 6,) are reported for platinum(H), platinum(IV) and 
class II mixed-valence complexes, with general formula [ptL,]X,, cis- and trans-PtL,X,, PtL,X, and 
Pt,L,X,, (where L may be thiourea, 2-imidazolidine-thione, tetrahydro 2_pyrimidinethione, thio- 
caprolactam, pyridine-2-thione and tetramethylthiourea, and X may be Cl or Br). The i9sPt chemical shifts 
can be understood in view of ‘% data in terms of variations of electronegativities and a-donor abilities 
of ligands attached to platinum. 

Thiourea and its derivatives have played an im- 
portant role in the early development of platinum 
chemistry. The thiourea complexes of platinum(I1) 
first synthesized by Kurnakov at the end of the last 
century have afforded a large contribution to the 
knowledge of substitution reactions in square planar 
complexes with a particular reference to the truns- 
effect of these ligands.’ In spite of their interest, these 
complexes have not yet been included in the numer- 
ous ‘95Pt resonance works 2,3 and littlee has been 
done on magnetic shielding of platinum nuclei in 
compounds involving s-bonded ligands, these being 
almost limited to thiocyanates. 

Recently, we have isolated some complexes in- 
volving coordination of thiourea and related ligands 
to platinum(I1) and platinum(IV).’ Furthermore, 
halogen0 complexes of general formula PtL,X, 
(where L = thioamido ligands, X = halogen) have 
been obtained.8-‘0 They are reminiscent of the PtA,X, 
complexes (A = monodentate or bidentate amino- 
ligands, n = 2 or 1, X = halogen) which, according to 
physical measurements,“-‘8 and particularly to X-ray 
determination,” are actually considered as “class II 
mixed-valence compounds” according to the 
classification of Robin and Day.20 

In fact, direct proofs (XPS data) of the mixed- 
valence character of the thiomido complexes 
(PtL,X,), have been reported in a previous paper,s,9 
however the precise structure of these complexes 
seems to be dependent on experimental conditions, at 
least when ethylene thiourea is involved as a ligand. 
Synthetic details, largely discussed in our last paper,’ 
suggest that two isomeric mixed-valence complexes 
may be obtained: either [PtLJ[PtX,] or 
[PtL,X,][PtL,XJ. Intermediate compounds, isolated 
during the course of the preparation, support this 
assumption. From the great sensitivity of the ‘95Pt 
chemical shift, it may be inferred that NMR may 
provide indirect informations on the nature of these 
compounds, at least in solution. 

Finally this work is devoted to the NMR behav- 
iour (“C and ‘95Pt) of the single-valence complexes of 
platinum(H) and platinum(W) and to the mixed- 

*Author to whom correspondence should be addressed. 

valence compounds obtained with the reactive 
-NH-C=S group in ligands such as thiourea (tu), 
2-imidazolidine-thione (etu) (ethylenethiourea), tet- 
rahydro 2-pyrimidinethione (tpt), thiocaprolactam 
(tcp), pyridine-Zthione (pyt) and tetram- 
ethylthiourea (tmt). 

EXPERIMENTAL 

NMR measurements 
All NMR spectra were recorded on a WH250 Brucker 

spectrometer operating in the Fourier transform mode and 
equipped with-wide band probe (23-103 MHz). 

The comulexes were dissoved in DMSO-L. the *H 
resonance of which provided the field/frequency locking 
signal. ‘H noise modulated decoupling ensured complete 
proton decoupling of the spectra. 

13C spectra. Typical parameters for i3C spectra were: 
pulse width 2Opsec, impulse delay 1 set; 2000-5000 accu- 
mulations were usually necessary to achieve a satisfactory 
signal to noise ratio. The “C shifts were measured relative 
to the solvent DMSO-d,, however, 6 values reported are 
quoted with respect to TMS. 

‘?t spectra. Typical parameters for ?t spectra were: 
pulse. width 20 psec, impulse delay 1 set; 500-3000 tran- 
sients were collected. All the previous papers reporting Vt 
chemical shifts mention use of different compounds as the 
reference zero. We have adopted the convention suggested 
by Kerrisson,2’ which conforms to that of the IUPAC using 
“sPt of H,PtCl, in DZO solution as external zero reference 
at 53 770 768 MHz. The deoendence of the chemical shift of 
the solvent was examined in the case of H,PtCl, by use of 
solutions in DMSO-d,. 

Solutions for NMR spectra were nearly saturated and 
data were collected on freshly prepared samples. The data 
given were quite reproducible and there was no evidence of 
solvolysis or decomposition of the complexes during the 
course of the measurements. 

The chemical shifts are given in Tables 1-3. A positive 
shift implies that the sample resonance occurs at a higher 
frequency and that the ‘?t nucleus is less shielded than in 
reference. 

Preparation of the comvlexes 
The platinum compiexes were prepared as previously 

described.7-9 Their purities were checked by chemical anal- 
ysis, IR, NMR and also XPS spectroscopy for the mixed- 
valence compounds. 

Poly Vol. 2, No. 9-D 
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Table 1. IqJPta and 13Cb (C=S) chemical shifts of platinum(H) complexes in DMSO solution 

Ligands t” etu Ptu tCP PYt tmtu Assignment 

13c (C-S) 183.4 184.5 176.9 209.7 177.6 192.8 

Complexes 
‘3c (C-S) 174.3 173.5 167.9 155.2 161.9 176.9 

PtL*C12 
‘95pt 

-3483 -3421 -3432 -3420 -3389 
-3611 

-3779 -3697 -3738 

13c (C-S) 175.3 175.0 168.5 157.2 165.2 180.0 

PtL2Br2 
‘95pt 

-3793 -3722 -3771 - 

-3980 -3872 -3929 -3875 -3946 -3930 

1% (C=S) 179.4 181.6 169.9 197.6 174.4 183.8 

rPtL41C12 ‘95pt -4045 -3082 -3883 -3970 -3993 -3928 

trans 

cis 

trans 

CiS 

“In ppm relative to H,PtCl, in D,O. 
*In ppm relative to TMS. 

Table 2. “?t” and “Cb chemical shifts of platinum(IV) complexes in DMSO solution 

Ligands et” tmtu Assignment 

13 
C (C-S) 

Complexes 

1% C~=S, 

PtL2C14 

195pt 

1% cc_s, 

PtL2Br4 

‘95pt 

184.5 192.8 

157.7 156.2 1 PtL4Clzl 2+ 

+430 +430 t PtC1612- 

-386 7 -3887 [ PtL4Clzl 2+ 

164.2 170.9 [ PtL4Br212+ 

-1430 -1434 [ Ptc1612- 

-3939 -3858 t PtL4Br21 ‘+ 

“In ppm relative to H,PtCI, in D20. 
*In ppm relative to TMS. 

RESULTS 
PfuGnum(ZZ) compounds. On the basis of IR and 

NMR data, it has been already inferred that, in the 
platinum(I1) complexes, coordination of the thio- 
amido ligands occurs through the sulphur atom.7~22-24 
This bonding scheme has been definitively established 
by X-ray determination in the case of the (PtL4)C12 
complexes (L = thiourea or dimethylthiourea).25*26 

The data reported in Table 1 afford a new proof of 
the occurrence of a Pt-S bond in the PtL,X, com- 
plexes as well as in the (PtL,)Cl, ones since, in all 
cases, the C=S nucleus suffers an important high field 
shift with respect to the free ligand. Concerning the 

configuration of the PtL2X2 complexes, very few data 
have been published. They are essentially deduced 
from far IR spectra. The presence of two v(Pt-Cl) 
bands in the range of 300 cm-‘, split by 15-30 cm-‘, 
is taken as a proof for the c&configuration. 

Bearing in mind that interconversion between cis 
and tranP isomers may occur quite readily in solution 
and that this study may not very easily bk extended to 
the solid state, the 19’Pt resonance spectra for some of 
the PtL,Cl, complexes herein investigated display two 
lines separated by cc. 290 ppm. These lines are attrib- 
uted to the cis and tram isomers. 

Considering the results already obtained for the 
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Table 3. ‘95Pt” and 13Cb (C=S) chemical shifts of mixed-valence complexes in DMSO solution 

Ligands tu et” Ptu ttp PY’ tmtu Assignment 

Complexes 

t ptL.411 ptcq 

1 PtL411 PtBr61 

13c Q-S) 

13c (C.S) 

l95pt 

183.4 

175.3 

+430 

-3975 

195PC 
-1430 

-4009 

13C 

[ PtL2C12][ PtL2C14] 

195pt 

184.5 176.9 

181.1 170.0 

+430 +430 

-3859 -3885 

-1430 -1429 

-3886 -3926 

174.2 

157.1 

+430 

-3421 

-3844 

209.7 177.6 192.8 

196.9 

+433 

-1430 

-3960 

174.4 

+431 

-3930 

-1430 

-3957 

184.0 

+430 

-3915 

-1430 

-3930 

177.5 

158.0 

+425 

-3423 

-3887 

[ Ptc161 2- 

[ PtL41 2+ 

[ PtBr6] 2- 

[ PtL4] 2+ 

PtL2C12 

[ PtL4C121 2+ 

PtC16 2- 

PtL2C12 

PtL4C12 
2+ 

“In ppm relative to H,RCl, in D,O. 
bin ppm relative to TMS. 

(R3P)zPtC1;7’28 and the low field shift (cu. 500 ppm 
observed between the truns complex and its cis- 
homologue, and those of Goodfellow et ~1.2~ for a 
series of trimethyl phosphine and related ligands com- 
plexes, we attribute the lines which appear at about 
3700 and 39oOppm to the cis isomers in the PtL&lZ 
and PtL,Br, complexes, respectively. 

While no significant changes in the platinum-ligand 
bond strength occur by replacement of a ligand by 
another, quite similar 6 values are observed for all the 
cis (or tram) complexes except for the thio- 
caprolactam complexes. In this case, the only line 
observed strictly lies between the values expected for 
a cis and a tram isomer, respectively. Moreover the 6 
19sPt change (264ppm) in going from this chloro 
complex to the cis-bromo complex is consistent nei- 
ther with cis configuration (AS 19’Pt cu 180 ppm) nor 
truns configurations (A6igSPt cu. 315 ppm). This be- 
haviour may be related to the steric hindrance of the 
thiocaprolactam ring which distorts the interbond 
angles from the idealized right-angle square planar 
geometry. Similar effects have been already observed 
for platinum in cycloalkanes derivatives2’ and for 
other heavier nuclei such as zo7Pb.27 

PIutinum(IV) compounds. We succeeded in pre- 
paring four complexes which have been identified by 
chemical analysis, IR spectroscopy and XPS 
measurements, as PtL,X, species (X being Cl or Br 
and L = imidazolidine-2-thione and tetram- 
ethylthiourea). 

Surprisingly, the 19jPt resonance spectra of these 
species comprise two lines, indicating the occurrence 
of two types of platinum nuclei. In each case the shift 
of the low-field signal is identical with the shift of the 
corresponding [ptX,]*- entity (+ 430 ppm for chloro 
and - 1430 ppm for bromo complexes). It is very 
likely that when a PtL,X, complex is in solution, a 
Pt(II)-catalysed Pt(IV) substitution reaction occurs, 
attended by the formation of a [ptX,J2- [ptL4XJ2+ 
species. This type of reaction has been recently de- 

scribed by Scott.“’ Another possible explanation 
would be the formation of complexes in which one or 
more solvent molecules would have been introduced 
in the coordination sphere. Due to the fact that 
similar data have been obtained in two solvents 
(DMSO and DMF), we consider this possibility as 
unlikely. At first sight, one may consider that the 
chemical shift (cu. - 3800 ppm) attributed to the plat- 
inum nucleus in the [ptL,X,]’ + entity, is rather low for 
a platinum(IV). However, it is not unusual that the 
resonance of a platinum(IV) species occurs at a lower 
field than that of a platinum(I1) analogue. The sim- 
plest example of such a behaviour refers to the couple 
mCl,]2- (6 19’Pt = 0 ppm in D20), [ptClJ2- (6 
‘9sPt = - 1620 ppm in D,O). 

The 13C spectra show one signal only for the C=S 
nucleus which is strongly shielded with respect to the 
free ligand. 

Mixed-valence compoundr. As already reported, 
two types of compounds have been obtained. Their 
mixed-valence nature has been unambiguously estab- 
lished from XPS measurements. 

In the case of the [ptL,][ptXJ complexes, the anal- 
ysis of the NMR spectra is straightforward since these 
spectra are merely the sum of the spectra relating to 
the isolated entities [ptLJ2 + and pt&]‘- . 

The behaviour of the other type of mixed-valence 
compounds is more surprising at tirst sight. Instead of 
the two lines expected on the basis of a 
[L,PtClJ[L,PtClJ formulation, three lines are ob- 
served in the 19?t spectra. However, one of them 
(6 = 3421 ppm) is unambiguously attributable to the 
platinum(I1) moiety [L2PtC12]. Accordingly, the re- 
maining two lines (6 19’Pt = + 430 and - 3844 ppm) 
would be due to the platinum(IV) moiety which 
would give rise in solution to a redistribution reaction 
analogous to the reaction mentioned for the Pt(IV) 
complexes (vide supru). This behaviour is not sur- 
prising since the specific character of mixed-valence 
complexes is known to disappear in solution where 
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their component entities recover their individuality. 
The two lines observed for 6, in the “C spectra 
support this assumption. 

DISCUSSION 
Viewing the whole set of data relating to ‘95Pt 

resonance (Tables l-3), some general remarks can be 
made. 

First of all, the two isomers, cis- and trans-PtL,Xz 
are easily distinguished, as their related Pt resonances 
are separated by ca. 280 ppm (X = Cl) and ca. 180 
ppm (X = Br). On the basis of the correlation be- 
tween the wavelength absorption and the ‘95Pt chem- 
ical shifts of the PtL2X2 complexes, the Pt lines are 
expected to move towards higher field when going 
from the chloro to the bromo complexes. This trend 
is actually observed; however, the difference is less 
pronounced for the cis-PtL,X, than for the tram 
isomers. A similar observation has already been made 
in the case of a number of PtL,X* complexes 
(L = SR,, PR,, AsR,). 

Theoretically, the magnetic shielding in a nucleus 
may be ascribed in terms of local “paramagnetic” a,, 
and diamagnetic ud contributions.“-” For metals, the 
dominance of the ap is well acknowledged and an 
evaluation of this term has been performed by Dean 
and Green34 through a modification of Ramsey’s 
equation. up depends on (i) the asymmetry of the 
electronic distribution with the 5d and 6p orbitals of 
the platinum atom, (ii) the mean inverse cube of the 
distance between these electrons and the nucleus, (iii) 
the magnitude of the energy of the ligand field transi- 
tion (AE). Assuming that changes in (i) and (ii) are 
small, a correlation between metal shielding and AE 
is expected but interpretations of ‘95Pt chemical shift 
variations on this basis have met very limited suc- 
cess.27,6 A possible interpretation is that changes in AE 
do not necessarily dominate changes in the ‘95Pt 
shielding. Moreover, attempts to include other con- 
tributions such as changes in (r -‘) due to the con- 
traction of 5d orbitals turns out very modestly re- 
warded. 

This stated, we will use a more empirical approach 
based on the joint consideration of ‘95Pt and 13C data. 
In this respect, it is noteworthy that satisfactory 
correlations of 6 13C with substituent electro- 
negativities have been found in many series of organic 
compounds. Substituent inductive effects may pri- 
marily affect the diamagnetic term (od) but electronic 
withdrawal by a substituent on platinum may also 
modify the electronic imbalance among valence or- 
bitals and cause a change in the paramagnetic con- 
tribution.35 

In our analysis, we have first to consider the role of 
the oxidation state. It is generally assumed that the 
magnitude of related contributions for platinum com- 
plexes is a few tens of ppm at most and may therefore 
be neglected;36 nevertheless, the trend usually ob- 
served for greater shielding in Pt(IV) complexes than 
in Pt(I1) complexes is explained on the basis of a 
contraction of Pt(IV) 5dorbitals with respect to Pt(I1) 
ones due to the greater charge on the metal. However, 
this explanation does not hold for the couple 
[PtIJ2 /(PtIJ’~. Considering the three couples 
[PtX,J’-/[PtX,]‘- (X = Cl, Br, I), we suggest that the 

changes in the “‘Pt chemical shifts are better related 
to the inductive effects of six and four halogens, 
respectively. The chemical shift difference between 
Pt(IV) and Pt(I1) decreases when Cl is replaced by Br 
in accordance with a lowering of the substituent 
electronegativity. When this electronegativity is fur- 
ther decreased-(PtI,)*-/(PtI,)*--the order of the 
chemical shifts is even reversed (- 6300 and 
- 5420 ppm, respectively). 

Thus, it seems that the deshielding of the platinum 
nucleus is first due to the electronegativity of the 
group attached to platinum as this will affect the 
electron density around the nucleus and/or the elec- 
tronic imbalance among valence orbitals. 

To apply this approach to our complexes, we must 
notice that the thiourea ligands are neutral n acid, 
since sulphur has vacant d orbitals which can accept 
electron density from filled metal orbitals to form a 
kind of K bonding that supplements the u bonding 
arising from lone-pair donation. In the case of etu and 
tmtu complexes, the two entities [Pt”L,]*+ and 
[Pt’“L4C12]*+ display almost the same 19’Pt chemical 
shift, i.e. - 3882 and - 3844 ppm respectively, while 
the corresponding C=S shifts are noticeably different. 
When going from the free ligand L to the [Pt”L4]2+ 
complex, the thiocarbonyl carbon suffers a small 
shielding (ca. 4 ppm) which contrasts with the strong 
effect (ca. 27 ppm) related to the [Pt’“L4ClJ2 + com- 
plex. These effects are consistent with a lowering of 
the C==S bond order, the change being small in the 
former case and more pronounced in the latter. 

This decrease in the thiocarbonyl bond order may 
be related to two causes: either the possible back- 
donation of metal electrons towards ligands or the 
increase of the u donor ability of sulphur towards 
platinum(IV) with respect to platinum(I1). Back- 
donation would imply a high electron density on the 
metal atom which is not consistent with a high ox- 
idation state. Thus, an increase of the u donor ability 
of sulphur seems likely and it is suggested that this 
effect would balance the inductive influence of the two 
chlorine atoms yielding almost equal charge densities 
around platinum(I1) and (IV). It is noteworthy that a 
very similar behaviour is observed in the case of 
platinum(I1) and platinum(IV) cyano complexes for 
which the C=N nucleus is more shielded in 
[Pt(CN),]‘~ (6 13C ca. 85 ppm) than in [Pt(CN),]‘- (6 
13C ca. 125 ppm),” in agreement with a greater donor 
ability towards Pt(IV) than towards Pt(I1). 

In a family of platinum(I1) compounds, the same 
trend is observed. The shielding of the ‘95Pt nucleus is 
increased in going from PtL2C12 to PtL2Br2 and 
[PtL,]* + . This effect is consistent with an increase of 
the charge on the metal dependent upon a decrease of 
the Iigands electronegativity which causes the metal- 
ligand bond to become more covalent. 

The data observed for the “C chemical shifts are 
quite in agreement with those noted for ‘95Pt ones. 
When comparing the 6, changes in the same ligand 
family we can observe that increasing the shielding of 
the platinum atom causes a subsequent low field shift 
in the corresponding thiocarbonyl carbon atoms. This 
implies a greater charge transfer from sulphur to- 
wards platinum for PtL,CI, than for the other com- 
pounds, observable either by ‘95Pt or by “C NMR 
spectroscopy. 
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Abstract-Thirty triorganotin(IV) derivatives of the type R,Sn(R’COCHCOCH,COR”) 
and [R,Sn], (R’COCHCOCHCOR”) (where R = CH,, C2H5, n-C3H7, n-C,H, and C,H, 
and R’ = R” = CH3, C6H5 or R’ = C6HS, R” = CH3) have been synthesised by the 
interaction of R,SnCl with mono- or disodium salt of 2, 4, 6-heptanetrione, 1-phenyl-1, 
3, 5hexanetrione and 1, 5-diphenyl-1, 3, 5pentanetrione in 1: 1 and 2: 1 molar ratios, 
respectively. The complexes have been examined by their molecular weight, IR, PMR and 
elemental analyses and their tentative structures assigned. Both “Z” and “E” forms have 
been identified in the 1: 1 complexes in equilibrium with the enol form containing five 
coordinate tin. The 2: 1 derivatives contain one five- and other four coordinated tin(IV) 
except the phenyl analogue where both the tins are five coordinated. 

There has been an upsurge of interest in the 
development of the chemistry of /I, 
6-triketones,1-‘5 their Schiff s bases9*16 and 
compartmental ligands.“19 These ligands 
readily form homo- as well as hetero-bimetallic 
complexes. However, no work appears to have 
been done on the triorganotin(IV) derivatives of 8, 
b-triketones. The work on diorganotin(IV) has 
been recently completed in our laboratories.m In 
the present communication we report the syntheses 
and characterisation of thirty new derivatives of /?, 
&triketones. 

EXPERIMENTAL 

The syntheses of the ligands and their character- 
isation are reported earlier.2’22 All the reac- 
tions were carried out under anhydrous conditions. 

Carbon and hydrogen were analysed on a Col- 

*Author to whom correspondence should be ad- 
dressed. 

man Carbon-Hydrogen Analyser. IR spectra were 
measured in Nujol mulls or neat between the range 
of 4ooo-2oocm-’ using CsI optics on 
Perkin-Elmer Model 577 spectrophotometer. The 
PMR spectra were recorded on a Perkin-Elmer 
R12B Spectrometer (60 MHz) in CDCl, or Ccl, 
solutions using TMS as a reference. 

Synthesis of trimethyltin -mono(2, 4, 6-hepta- 
netrionate) 

A benzene solution of trimethyltin chloride (0.01 
mole) was added to the mono sodium salt of 2, 4, 
6-heptanetrione (0.01 mole), prepared by the direct 
interaction of the latter with sodium isopropoxide 
(0.01 mole) in benzene. The mixture was refluxed 
for 2 hr. The sodium chloride so formed was 
filtered out and the solvent stripped off under 
vacuum. 

The complex is red viscous liquid which solidifies 
on keeping. It is soluble in chloroform and other 
polar and non-polar solvents. The compound de- 
composes above 150°C. Found: Mol. Wt., 284; C, 
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39.02; H, 5.69; Sn, 38.38. Calc. for 
(CH,),Sn(CH,COCHCOCH,COCH,); Mol. Wt., 
304; C, 39.39; H, 5.94; Sn, 38.92%. 

Similarly the reactions of triethyltin-, tri-n- 
propyltin-tri-n-butyltin- and triphenyltin chlorides 
with 2, 4, 6-heptane-trione, 1-phenyl-1, 3, 5-hex- 
anetrione and 1, 5-diphenyl- 1, 3, 5-pentanetrione 
have been carried out. Their details of syntheses 
and identifications are given in Table 1. 

Synthesis of bis [trimethyltin -mono (2,4,6-heptane - 
trionate) 

Trimethyltin chloride (0.02 mole) taken in 
20 cm3 of benzene was added to the benzene sus- 
pension of disodium salt of 2, 4, 6-heptanetrione 
(0.01 mole) in isopropanol. The reaction mixture 
was allowed to reflux for 4-5 hr to complete the 
reaction. Sodium chloride formed during the reac- 
tion was removed by filteration. From the filtrate 
binary benzene-isopropanol azeotrope was frac- 
tionated out between the temperature range 
68-80°C and the compound was isolated by re- 
moving the last traces of solvent under vacuum. 

Bis(trimethyltin) -mono (2,4,6_heptanetrionate) 
was found to be soluble in methanol and other 
polar solvents but insoluble in non-polar solvents. 
It is monomeric in refluxing methanol and non- 
electrolyte in nitrobenzene. Found: Mol. Wt., 449; 
C, 33.12; H, 5.46; Sn, 50.30. Calc. for 
[(CH,),Sn],(CH,COCHCOCHCOCH,); Mol. Wt., 
467; C, 33.38; H, 5.60; Sn, 50.74%. 

Likewise the reactions of triethyltin-, tri-n- 
propyltin tri-n-butyltin- and triphenyltin chlorides 
with disodium salt of 2, 4, 6-heptanetrione, 
1 -phenyl-1 , 3, 5-hexanetrione and 1, 5-diphenyl- 1, 
3, 5-pentanetrione in 2: 1 molar ratio have been 
carried otit and their analytical results are given in 
Table 2. 

RESULTS AND DISCUSSION 

The triorganotin mono (p, 6-triketonates) and 
bis(triorganotin)-mono (/3, S-triketonates) are ei- 
ther yellow-brown coloured viscous liquids or 
crystalline solids, soluble in common organic polar 
and non-polar solvents, except the bis-derivatives 
of 2, 4, 6-heptanetrione. They decompose around 
35-45”C. Both 1: 1 and 2: 1 products are mono- 
meric in freezing benzene and non-electrolyte in 
nitrobenzene. 

Infrared spectra of triorganotin-mono (fl, 
6-triketonates) show prominent bands in the re- 
gion 3400-3200 and 170&l 500 cm - ‘. The former 
has been assigned to the vOH. The strong intensity 
bands around 1680-1650 cm- ’ are assigned to the 
free carbonyl group. The band around 1600 cm - ’ 
has been assigned to the coordinated carbonyl 
groups.‘pz3 The VC = 0 of the non-chelated 
carbonyl group is also slightly shifted in com- 
parison to those of free ligands, presumably due to 
the shift in keto-enol equilibrium. 

However in the IR spectra of bis- 
triorganotin)-mono (j?, 6 -triketonates) marked 
lowering in VC = 0 without splitting have been 
observed, indicating thereby coordination of all the 
carbonyl oxygens to the central tins.23 

The presence of metal-oxygen24 and 
metal-carbon is revealed by the presence of strong 
to medium intensity bands in. the region 730-600 
and 590-500 cm -I, respectively. The presence of 
two bands in the latter region clearly reveals 
non-linear nature of -SnR, groups Tables 3 and 5. 

The PMR spectra (Table 4) of triorganotin- 
mono (p, b-triketonates) reveal the presence of 
tautomeric methine signal at 6, 7.15-7.3 ppm. This 
signal is a far more shifted downfield than the one 
due to free ligands. Such a situation has emerged 
because of the delocalisation of n-electrons (I), 

/R’ 
'\OH 

” +” form 
cm) 
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Table 3. Diagnostic IR bands of triorganotin-mono@ b-triketonates) 

conpoud vc=o SC-l;‘0 Van an-o %I Sn-0 9aa Sri--- 98 Sn-c 

R3sn K2i3cocHcocH2conr, 1 

RICH 
3 

R = c2n5 

R-n-C3'$ 

R -PC,% 

R "6% 

C?13coCli2coQi*coCn3 

R3~'C6H5CCCHCOCli2COCH3) 

RICH 
3 

R .C2H5 

R -R=C3H, 

R = "C&i9 

R -'6% 

c6H5cCCR2c0C%c-3 

RICH 
3 

R . C2H5 

R * g-C,H, 

R . g-C H 
45 

R -'S% 

c6%c-2c-2coc6% 

1670a 

16756 

1660s 

16508 

16606 

17156 

1670~ 

167% 

16706 

1670s 

1680s 

17008 

1670~ 

16SoaP 

16758 

167&n 

1665m 

1680s 

1600s 

16OSa 

16OOb 

15906 

15958 

720~ 670b 

725~ 675b 

71Ow 670-66Ob 

7oOw 680s 

715m 6651~ 

6208 52Oin 

590w 525m 

600m 540-510b 

600~ 51Ow 

610~ 540e 

16OoW 7358 5SOb 

16OCm 720m 670m 

1590s 720s 66lBil 

15908 700s 670m 

16000 715s,ioom 670~ 

54Ou 4508 

505m 5oOw 

58Om 520m 

61(ka 525~ 

6008,550~ SOOm,475m 

1600m 720s 650~ 560~ 490s 

15908 72&o 640m 54Qn 510s 

15908 7358 66cw 580m 52@n 

159Qn 710m 60&n 55Ow 470m 

1600s 690s 620~ 55(ka 495w 

Annotation: (I - ahharp, m = medium, b =hroad and Y -weak. 

Table 4. PMR data for R,Sn(CH,COCHCOCH,COCH,) at room temperature 

COUpOUlXl 

CH3COcH2C00i2COCH3 

@H3~3S"@H3COCHCOCH2COCH3) 

chemical shift inKvalues 

Aromatic -CH -CH 2 -CH; 

5.20.5.7 3.55.3.85 2.l,2.45 

7.15.5.8. - 2.00 
5.4 

(q-c4ng 1 3sn (~H~COCHCOCH~COEH~ ) - 7.3.5.70 - 1.80-2.40 
5.22 

(C6H5)3Sn(CH3CCCHC~2COCH3) 7.20-7.70 6.1.5.4 2.00-2.20 

* tdethyl group at the terminal of the ligand molecule. 
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Table 5. Diagnostic IR bands of bis(triorganotin)-mono(& d-triketonates) 

9cz-o Yas M-0 21, sn-0 yas sn-c Y8 Sn-C 

(CH3COCHCCCHCOCH3) 

R-M 
3 

R - C2H5 

R -.p-C3H, 

R - “-c,Hg 

R - ‘SH5 

R -CH 
3 

R = C2H5 

R - @3H7 

R - r?'C4H9 

R = ‘6% 

RICH 
3 

R - C2H5 

R - “-c3% 

R = g-C,Hs 

R = C6H5 

160013 73om 

1600s 740m 

1600s 710m 

16008 75om 

16106 7308.7008 

1600m 

1600s 

1630s 

1610s 

16006 

725s 

720s 

7108 

7208 

7308.700s 

159oa 

1600s 

1610s 

16008 

16008 

700s 

71Om 

7101n 

725s 

720s 

670b 

670-6601, 

680-670b 

680s 

660m 

680111 

670b 

680s 

69Om 

680s 

680m 

670b 

660m 

680s 

680m 

6loV 

6001~ 

610b 

600~ 

530-520b 

530-520b 

51om 

530-510b 

520~ 

6OoW 5508 

6OoW 540s 

5808 51(ka 

6OOb 5OOb 

6OoW 55Ow, 5oow 

5408 

600b 

6106 

59ow 

6OoV 

Slow 

52Qn 

Slob 

530-510b 

5008 

&ota+~onr s I aharp, m =mm%unr b -broad and w=wmk. 

implying coordination of both the terminal and 
central carbonyl groups to the central tin. 

The CH, signals were found at 6, 5.8 and 
5.4 ppm, respectively is implying that the vinylic 
proton is under two magnetically non-equivalent 
environments, the “2” and “E” forms. These two 
forms are in equilibrium. In the “2” form the 
vinylic proton is nearer to the alkyl group (II) 
because of the shielding effect of the alkyl group 
while the peak appearing in the downfield region 
is attributed to the vinylic proton of “E” form in 
which it is deshielded (III). 

The PMR chemical shift data of some of the 
bis(triorganotin)-mono (j?, 6 -triketonates) are 
given in Table 6. The methylene signals appearing 
at S, 3.5-4.3 ppm in the unchelated ligands,25 
altogether disappear in the chelates, implying in- 
volvement of all the three carbonyl groups in 
chelation. The methine signals shift towards lower 
magnetic field as compared to free ligand, implying 
delocalisation of rr-electrons throughout the 
framework. Further appearance of two methine 
signals at 6, 7.15-7.5 and 5.75-6.0 ppm indicate 
two types of methine protons. In the former case 

R 
I/ 

(R=olkyl group) 

(Y) 

(0 is phenyl) 
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Table 6. PMR data for [R,Sn],(/L 84riketonates) at room temperature 

Compound chemical shift in&values 

Aromatic -CH CH2 cn; 

~C"3)3s~2@"3CocHcoQicoc"3) - 7.15.5.7s - 1.7-2.20 

I ipc3n7 j3s~j2 (~"~C~~HCOCHC~CH~) - 7.20.5.95 - 1.95-2.30 

c-- (n C4H9)3Sn]2~CH3COCHCOCHCOCH3~ - 7.5,6.05 - 1.90-2.40 

~~~~~~~~~~~~~~~~~~~~~~~~~ 7.2-7.7 1.90-2.10 

~~CH3)3Sn~2(C6H5cCCHCOC"COCH3) 6.8.7.4 6.0 - 1.80 

[~pC3H7~3Sn~2(C6H5cOCHcOCHcWH3) 7.35.7.95 6.0 - 1.80 

~WiJ)3sn]2(c6H5cOCHCOCHCOC6H5) . 6.8,7.35 5.90 - - 

~~-c3H7)3Sn)2(c6H5coc~coc~coc6H5) 7.35,8.00 6.0 - - 

915 

* &thy1 group at the terminals of the ligand molecule. 

one of the trialkyl tin forms a part of the chelated 
ring, embracing two oxygens of the central and 
terminal carbonyl groups, stabilized through the 
n-electron delocalisation, imparting quasi- 
aromaticity. 26*27 In such a situation the methine 
proton is deshielded (IV), allowing the formation 
of penta-coordinated tin, while the second tri- 
alkyltin is attached to the oxygen of the terminal 
carbonyl group and it is four coordinated. 

Further in the complexes (V) of triphenyltin 
there is only one CH proton signal, implying that 
each of the triphenylstannyl groups attached to the 
two of the three carbonyl groups forming homo 
bimetallic complex. The explanation of this strange 
situation can be advanced on the basis of the - I 
effect of the phenyl group, resulting in the enhance- 
ment of the electron accepting property of tin(IV). 
As a result of this central oxygen becomes three- 
coordinated and on account of the ring current 
both the CH protons are rendered magnetically 
equivalent. The methine signal also merges into the 
those of the phenyl groups. 
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Abstract-Loading experiments in the extraction system TOAH + Cl -/benzene-SnCl,-HCl 
and measurements of the IR spectra and the specific conductivities K of the extracts 
revealed the occurrence of two Sn(II)complexes: TOAH + SnCl, - (1: 1 -complex) and 
(TOAH . . . Cl. . . HTOA)+ SnCl,- (2: l-complex). The shift of the vNH frequencies of 
these complexes with N-deuteration, expressed by the. ratio vHN/vND, amounts to 1.33 
and 1.28 respectively. This agrees very well with corresponding values of complexes with 
analogous or similar composition. 

A few studies have been published on the extrac- 
tion of Sn(I1) with long-chain amine salts from 
halide solutionlm3 and only in one of those 
studies3 supposed extractable Sn(I1) containing 
species were mentioned in the form of general gross 
formulas. All investigations were performed with- 
out exclusion of oxygen. This doubtless caused the 
formation ?f considerable quantities of Sn(IV),4 
and therefore the results of these studies cannot 
reflect the true behaviour of pure Sn(I1) com- 
pounds. 

The present work deals with the occurrence and 
the composition of tri-n -octylammonium chloro- 
complexes of Sn(I1). By analogy with preceding 
studiess-7 investigations were performed includ- 
ing loading experiments in the system 
TOAH + Cl - /C,H6SnC12-HCl (TOA = tri-n -oc- 
tylamine) as well as IR spectroscopic and conduc- 
tivity measurements of the Sn(I1) containing ex- 
tracts. 

EXPERIMENTAL 

The reagents SnCl,.2H,O, HCl and C,H, were of 
analytical grade. Tri-n-octylamine (pract., d4200.82; 

*Author to whom correspondence should be ad- 
dressed. 

“D 2o 1.4476) was supplied by Fluka AG 
(Switzerland), deuterobenzene (Benzol-D,, 
b.p.,,80.1°C; 99.2 + 0.1 at% D) by the Zen- 
tralinstitut fiir Isotopen- und Strahlenforschung 
Leipzig, deuterium chloride (20% DC1 in D,O; 
99.9%) by VEB Berlin-Chemie, Berlin-Adlershof. 

The loading experiments, the preparation of the 
extracts and the measurements of the IR spectra 
and specific conductivities were carried out as de- 
scribed earlier.‘-’ All operations with Sn(I1) were 
performed with freshly prepared solutions under 
an atmosphere of pure argon. The distribution 
coefficients Dsncl,) were determined by iodometric 
titration of aliquot parts of the aqueous phase after 
equilibration. The chloride concentrations of the 
organic phase were determined by argentometric 
titration according to Volhard’s method after a 
preceding back extraction shaking 5 cm3 of the 
organic phase twice with 10 cm3 1M H,SO,/l M 
HClO, for 5 min and then boiling 3 cm3 of the 
back extract with 6cm3 cont. HNO,. Anhydrous 
SnCl, was prepared by reaction of SnCl,.2H,O 
with acetic anhydride.s 

LOADING EXPERIMENTS AND 
PREPARATION OF THE EXTRACTS 

Solutions of 0.125-1.76 M SnCl, in 6 M HCl 
were extracted by solutions of 0.25 M TOAH + Cl - 

Poly Vol. 2. No. 9-E 917 
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in benzene (phase ratio VW/V,, = 1; t = 20 min). 
The extraction isotherm is given in Fig. 1. It 
indicates the formation of a pure 1: l-complex at 
Sn(I1) initial concentrations 20.5 M under the 
extraction conditions used. This is confirmed by 
the molar ratio TOA: Sn(II),,,, : C1corgJ = 
0.98 : 1: 2.79, which approximates the theoretical 
ratio of the 1: l-complex 1: 1:3 quite well. The 
corresponding molar ratio found at the Sn(I1) 
initial concentration 0.125 M, 2.02: 1: 3.87, ap- 
proximates the theoretical ratio of a 2: l-complex 
(2 : 1:4) indicating the formation of this complex at 
lower Sn(I1) concentrations in the organic phase. 

Using this knowledge of the extraction condi- 
tions extracts were prepared for the measurements 
of the IR spectra. The preparation conditions are 
given in Table 1. For measurements of the specific 
conductivity K extracts No. 1 and No. 3 were also 
prepared with benzene as diluent and a Sn(I1) 

T 
2 _---/w . 4: 

$- v 

si 42- rc 

5 v 

-I 211 -.------------- 

Fig. 1. Extraction isotherms for SnCl,, extracted from 
6 M HCl with 0.25 M TOAH +Cl-/benzene. (- - - - Mo- 

lar ratio TOA : Sn(II),,). 

concentration of 0.1 M was set up by dilution with 
additional benzene (Table 1). 

IR SPECTRA, CONDUCTIVITY 
MEASUREMENTS AND DISCUSSION 

The IR spectra of the extracts were taken in the 
range 1800-3800cm-‘. They are given in Fig. 2. 
The wave numbers of the vNH and vND absorp- 
tions are summarized in Table 2. 

The IR spectra of the non-deuterated extract 
No. 1 withthestoichiometryTOA:Sn(II) = 1: 1 exhi- 
bits a strong vNH band at 3030crn’ indicating only 
a weak cation-anion interaction by H-bond. The 
position of the band agrees very well with those of 
the 1: l-complexes of the trivalent ions of In, Ga 
and Fe, TOAH +MCl,-t, and is nearly identical 
with the vNH frequency of TOAH +CuCl,- 
(3015 m-9.7 Furthermore there is complete 
agreement concerning the shift of this band with 
N-deuteration. The ratios vNH/vND for the 
1: l-complexes of Sn(II), Cu(I1) and Fe(II1) are 
1.33-1.34. Therefore the suggested structure of the 
1: l-complex TOAH +SnC&- is proved by the IR 
spectroscopic data as well as by the molar ratio of 
TOA, Sn(I1) and Cl in the extract. 

The stoichiometric data of the 2: l-extracts 
would permit complexes with the structures 
(TOAH . . . Cl. . . HTOA) + SnCl, or (TOAH +)Z 
SnCl:-. However, the peaks of the vNH vibration 
of the non-deuterated extract No. 3 at 2500, 2558 
and 2613 cm - ’ unambiguously confirm the struc- 
ture (TOAH . . . Cl . . . HTOA) + SnCl, -, because 

tComplexes are here and subsequently written in 
monomeric form. 

Table 1. Preparation of the extracts for the IR spectra 

go. Sn(II) bearing 
complex 

z;t;t;t ;ompo- Dlluent Bit.181 initial 
Organic aqueous 

TOA &II) 81 
P 
haee,l phaee,M 
$0 or 
D,O) 

1 (TOAH+)SnCl; 0.25 0.254 0.71 C6D6 0.25 TOAH+Cl- Eo50 SnC12 1.03 
HCl 

2 (TOAD+)SnCl; 0.25 0.254 0.71 C6H6/C6D6 +)O 25 

T6U+Cl_ P50 SnC12 DC1 

3 (TOAH..Cl..HTOA)+SnCl; 0.25 0.124 0.48 C6D6 0.25 TOAH+Cl- E.125 SnC12 124 
HCl 

4 (TOAD..Cl..Dl!OA)+SnCl; 0.25 0.124 0.48 C6H6/C6D6 +)O 25 
Ti)AD+C1_ Y25 SnC12 DC1 

+) Bxtracte were duplicated with the diluents C6H6 and C6D6, reap. 
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it had been shown earlier,’ that these frequencies 
are characteristic for the cation (TOAH . . . Cl . . . 
HTOA) + . The shoulder at 3030 cm - ’ indicates 
the presence of small quantities of 1: l-complex 
in the extract, due to the equilibrium 

chlorocomplexes of Sn(I1) 919 

(TOAH . . . Cl . . . HTOA) + SnCl, - z$ TOAH + 
SnCl,- + TOAH+Cl- . The ratio vNH/vND 
amounts to 1.28, which is also in a very good 
agreement with other complexes involving the 
group (TOAH . . . Cl . . . HTOA) + (2 : 1 -complex 

Fig. 2. IR spectra of the extracts. (The numbers refer to Table 1.) 

Table 2. Wave numbers (in cm-‘) of the vNH and vND absorptions 

NO. 
(aoo.to Tabled) Complex Jm UND i/NH/JND 

1 TOAH+SnCl- 1:l 3030 B 
2 *o*D+sw; 

1.33 
Ill 2278 m 

3 (TOAH...C~ . ..HTOA)+SnCl. 2rl 2500 w, ah 

2558 m 
2613 m 

(303O)vw, eh+) 

4 (TOAD...Cl... nOA)+snclj 
1.28 

211 

1992 m 

2046 m 

(2280) VW+) 

+I Due to small quantltlee of Ill-oomplex 

Table 3. Specific conductivity data JC. (Metal concentration: 0.1 M; diluent: benzene) 

Complexes X/~X"om-'/ at 25 + 0.02 'C 

1:1-Complexes 

TOAH+FeCli 
TOAH%Clj 

TOAH+CuCl; 

2:1-Comdexes 

2.75 x lO-5 /5/ 
2.18 x 10'5 (extract BO. 1) 

1.84 x lO-5 /7/ 

(TOAH...Cl...HTOA)+FeCli 
(TOAH...Cl . ..HTOA)+SnCl. 

(T0AH+12c~~i; 

6.02 x lO-5 /5/ 
7.18 x 10'5 (extract No. 3) 

1.54 x 10'5 /7/ 
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of Fe(II1); 3 : 1 -complexes of Cu, Zn and Co) and 
with the 2: l-complexes of Cu, Zn and Co.’ 

The specific conductivity data rc of the Sn(I1) 
bearing extracts are given in Table 3 together with 
the data of the corresponding Fe(II1) and Cu(I1) 
bearing extracts determined earlier [S-7]. They 
confirm the statements on the structure of Sn(I1) 
complexes deduced by the IR spectra. 

The 1: 1 -complex TOAH + SnCl, - exhibits a 
value between those of the equally composed com- 
plex TOAH + CuCl, - and the corresponding com- 
plex TOAH + FeCl,- . The K value of the 
2: l-complex (TOAH . . . Cl . . . HTOA) +SnCl, - is 
near to that of the complex (TOAH . . . Cl . . . 
HTOA)+FeCl,- having the same cation, but is 
clearly distinguished from that of the 2: l-complex 
(TOAH + ),CuC1,2 - according to its different 
structure. 
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Abstract-Two parameters, axial (R,) and equatorial (R,) metal-ligand distances, describe 
the tetragonal distortions of the NiFb4- and CuFe4- complexes under study. The 
experimental values of R, plotted vs R, exhibit a smooth curve type dependence valid for 
MF, chromophore of solid state compounds. In the model study it becomes explained by 
analyzing the shape of the adiabatic potential surface (APS) of the form of EAR,, 4). 
Around the energy minima the map of numerical values (obtained by the quantum- 
chemical CNDO-UHF and INDO-UHF methods) was transformed to an analytic form 
from which the quantitative characteristics of APS were obtained in a new, simple way. 
The set of equatorial-axial parameters as well as the set of vibronic parameters were 
evaluated and discussed in more detail. 

Fluoro complexes of M = Cr, Mn, Fe, Co, Ni, Cu 
and Zn belong to the transition metal complexes 
containing MX, chromophore in which the octa- 
hedral geometry is often disturbed so that tetrago- 
nal or orthorhombic distortions appear.‘+ It 
was found that the mean axial (R,) and the mean 
equatorial (R,) metal ligand distances in these 
complexes are mutually dependent. In tetragonal 
bipyramids (the coordination number 4 + 2, 6 or 
2 + 4), for a given chromophore, they show cor- 
relation along a smooth curve: the longer Ra, the 
shorter R,, and vice versa.5-8 Such a dependence 
R, vs R, also occurs in NiFb4- and CuFe4- coordi- 
nation polyhedra in the solid state.7*B A more 
detailed understanding of particular factors oper- 
ating in such distortion and dependences requires 
further re-solutions of several problems. Some of 
them form the subject of the present commu- 
nication. 

METHOD 

Theoretical study of the stereochemistry of 
MF,4- type complexes poses the following prob- 
lems. 

(i) The shape of the adiabatic potential surface 
(APS) for the free MF:- ion must be examined. 
It depends, in general, on fifteen degrees of free- 
dom (internal. coordinates). If only the tetragonal 
distortions within the symmetry point group of DM 
are considered, this number becomes reduced to 

*Author to whom correspondence should be ad- 
dressed. 

only two, so that APS will be considered as a 
simple function of the EAR,, R,) type (E, being the 
total molecular energy following from quantum- 
chemical calculations). For extreme distortions 
such as R*+co the square-planar arrangement of 
the central atom, viz. MF42- complex, is 
approached while for R,+co the MF, molecule 
becomes linear. The numerical values of ET 
were obtained by semiempirical CND0/2 and 
INDO methods. The original CND0/2 
parametrization’ extended to transition metals” 
for the Gouterman-Zerner basis set of valence 
atomic orbitals was used.” Additional 
Slater-Condon parameters9,‘2 for the INDO 
method and some scaled radial integrals13 were 
adapted in the program.14 The self-consistent- 
field procedure for canonical molecular orbitals 
converges rapidly: cu. 13 cycles are required in 
order to obtain the electronic energy on the thresh- 
old of 10m4eV. 

(ii) The detailed form of APS depends on the 
electronic state of the system under study. For the 
non-degenerate state of A,, a single energy min- 
imum is exhibited in the octahedral geometry 
(Ri = R,O = 4). For the doubly degenerate state 
of E, a double energy minimum is found within the 
EAR,, R,) picture. The first minimum corresponds 
to an elongated tetragonal bipyramid (R,O > R:) 
while the second minimum to its compressed form 
(R,’ < R,‘).‘*’ The nature of this situation fol- 
lows from the Jahn-Teller theorem or, more pre- 
cisely, from the E, - eg and Eg - (a,, + e,) vibronic 

921 
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Table 1. Mutual relationships between equatorial-axial parameters and vibronic parameters in 
square bipyramidal systems 

Equatorial - axial paramaters Vibronic parameters 

It: m (de - 2bf)/(hf - e*) 

rP o P (be - *cd)/(hf - e*) 

R 
a 

= R,, + (fl Q, + Q,)/fi 

R PR 
a 0 

+ q/5 Q, - 24*)/fi 

k 
aa 

= (B*ET/~R~) - 2~ 

k 
88 - 

($ET/aRz) - 21 

k 
a* 

= (0 *Er/aRadRe) - . 

(da)a = (k-‘),,/(k-‘)ge - - ka,,/ka, 

(de)a = (k-‘),,a/(k-‘)aa - - k_/k,, 

Q, is 2(*Ro + R,,/& R,K 

Q, - *(R. - R,)M 

4, - 0 

T 
11 - 

(d2ETh9Q:) - (k_ + *k_ + k&/6 

T2* - (&T/~Q;) - (k,, - 44. + 4k,,)/l* 

T 
12 - (&ThQ,dQ,) - (k_ - km. - *k,,)/6E 

=a - Tll 

=lB 
I (T$ + T3)/2 

Y t - T,,Q; - 32Qi 

2 
- ‘Tl2 

P a(T, *Q; + T2*Q;) ’ - A 
- 1 for Ep 

B 
a s + 1 for Ep) 

lci- a(T2* - R,)/* 

coupling, respectively, as it will be discussed below. 
(iii) The nearest region of the individual minima 

may he described by an analytic form of APS 
which in the harmonic approximation takes the 
form: 

EAR,, RJ = a + bR, + CR: + dR, + eR,R, + fR: 
(1) 

Then the equilibrium coordinates, RF, and the 
harmonic force constants, k,, may be evaluated 
(Table 1). 

(iv) The ability of a coordination polyhedron to 
undergo tetragonal distortions (called here its 
plasticity2) may be expressed using the inter- 
action displacement coordinates, (di)j; their expres- 
sions are listed in Table 1. Applying the minimum 
energy coordinate approach,is,16 the interaction 
displacement coordinates measure in the internal 
coordinate space the change in remaining coordi- 
nates (say R,), required to minimize the total 
energy, following a fixed displacement of a selected 
coordinate (say R,). 

(v) Starting from the octahedral geometry to- 
wards the dissociation limit cases (MFd2- or MF,) 
a reaction path is questionable. First, the selected 
coordinate R, was systematically displaced by a 
certain step of AR,. Then the corresponding opti- 
mum value of R,“*’ was found so that the complex 
relaxed to the local energy minimum. Thus a valley 

on APS was found. Pairs of values 
{R,’ = R,” + nAR,; R,OP’) correlate along a smooth 
curve, where with increasing R,’ the value of Reopt 
decreases. The procedure was repeated for fixed 
displacements of R, and thus the second part of the 
valley (or the correlation curve R, vs .RJ was 
obtained. 

(vi) The principal factors operative in the sta- 
bilization of the complex equilibrium geometry 
may be analyzed on the basis of the energy par- 
titioning. The one-centre, EA, and the two-centre, 
EIS, terms easily can be re-summarized: 

ET = c EA + 1 EAB = 4mo + EL-L + EM-, (2) 
A A<6 

where E,,,,,, means the total one-centre term, EL_L 
is the ligand-ligand and E,,_L the metal-ligand 
energy term. The corresponding formulae for the 
CNDO-UHF and INDO-UHF methods used are 
described elsewhere.” 

(vii) In order to re-derive an analytic form of the 
APS in the double minimum case of the E, state, 
the following assumptions were accepted: the nor- 
mal vibrations (Q,-symmetric stretching, 
Q,-tetragonal distortion, Q,-orthorhombic dis- 
tortion) were considered in the harmonic approxi- 
mation, and the vibronic Hamiltonian included the 
E, - (a,, + e,) coupling up to quadratic terms. 
Then the resulting first-order analytic formula for 
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APS (see appendix) is: 

Fig. 1. 

G’*‘(Q,, Q2; Q, = 0) = WQ,“, Q,“> + YQ, + ;KzQ,’ 

+ itK + 2WQ22 + 44 - ZQJQz (3) 

where s = + 1. The meaning of this formula is 
illustrated in Fig. 1. A simple fitting of the type ,f 

MQ,, Q2> = a’ + b’Q, -t; c’Q12 

+ d’Q2 + e’Q,Q, +fQl’ (4) 

I 
leads to the determination of a’-- parameters, so 

I 
I I that the elastic force constants K, and K,, as well 

Q2 0 as the vibronic constants Y, Z, A and B can be 
evaluated. 

A cut of the Mexican hat type APS for (viii) Finally, the harmonic approximation of 
Q, = const. and Q, = 0. the energy minima in the form (1) can he combined 

Table 2. Fine mapping of the adiabatic potential surface EAR,, R,) in the NiFb4- ion by the INDO 
method” 

m=1: 

2.04 
2.03 
2.02 

2.01 

2.00 

1.99 

1.98 

1.97 

m=l I 

2.00 

1.99 

1.98 

1.97 

1.96 

1.95 

1.94 

1.93 

1.92 

1.91 

m=3 : 

2.00 

1.99 

1.98 

1.97 

1.94 1.95 1.96 1.97 1.98 

0.28803 0.30057 0.29762 0.27974 0.24752 

0.28810 0.30260 0.30176 0.28589 0.25567 

0.28101 0.29845 0.29957 0.28574 0.25754 

0.26089 0.28762 0.29080 0.27902 0.25285 

0.24908 0.26990 0.27517 0.26545 0.24133 

0.25230 0.24475 0.22270 

0.21664 0.19666 

0.18080 0.22121 

1.98 I.99 2.00 2.01 2.02 

0.24133 0.20336 0.15030 

0.22270 0.18523 0.19108 

0.19666 0.21 a70 0.22630 0.21830 o. 19530 

0.22121 0.24650 0.25571 0.24922 0.22773 

0.24147 0.26830 0.27904 0.27408 0.25410 

0.25537 0.28383 0.29604 0.29261 0.27415 

0.26265 0.29267 0.30642 0.30454 0.28761 

0.26301 0.29460 0.30991 o. 30958 0.29420 

0.28934 o. 30623 0.30745 0.29362 

0.27660 0.29506 0.29785 0.28557 

1.97 1.98 1.99 2.00 

2.95’301 2.97017 2.96681 2.94855 

2.96230 2.97622 2.97464 2.95812 

2.95998 2.97569 2.97587 2.96112 

2.95078 2.96020 2.97026 2.95728 

"Total enrrey ET(R,,Re) = - 5 200.5 - E’(H), where E' ia listed 

in the table, separately for the spin multiplicity of m = 1 and 

m = 3. Ra and Re ax-e in 10-10 m. Energy minima arc underlined. 
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with the double minimum type of the analytic 
potential (3). Then, after simple algebraic oper- 
ations, the one-to-one correspondence between the 
set of equatorial-axial parameters and the set of 
vibronic parameters can be obtained (Table 1). 

RESULTS 

The APS of the form EAR,, R,) was mapped 
using the step of AR = 1 pm (Table 2, for CuFe4 - 
see Ref. 6). Nine or more points of ET around the 
energy minimum were used in order to obtain the 
six constants a-- of eqn (1) applying the least- 
squares method. The high correlation coefficient 
for the two-dimensional paraboloid type re- 
gression (greater than 0.9999) indicated that the 
harmonic approximation was well fulfilled. 

The $kincipal results obtained for the 3A,g and 
'EB states of the complex NiFe4- and for the 'EB 
state of the complex CuFb4- are collected in Table 

3. Although the high-spin state is preferable for 
NiFb4-, the CNDO-UHF method yields only a 
poor value for the energy separation 
A= E&E,)- EA3A,,)= 0.007 eV in the optimum 
octahedral configuration. This failure vanishes if 
the INDO-UHF method is used: A = 2.782 eV. 
The other quantities are less sensitive to the 
method (CNDO vs INDO) used. For example, in 
the CuFh4- complex the calculated minimum 
points (Ri, R:) are (1.977, 1.984) and (1.958, 
1.986) for the INDO method compared with 
(1.991, 1.964) and (1.954, 1.982) for the CNDO 
method. 

The interaction displacement coordinates were 
used in the definition of the minimum energy 
coordinates: 

D, = & + (d&R, 

D, = R, + (WG’ 
(5) 

Table 3. Calculated characteristics of APS 

NW6 4- 4- 
E CUP6 

x 

z 

INDO CNDO CNDO 

5 
9, 
1R 

'E 3, 
a 

Ala 
'E E 

I: 

d I=11 I II I=11 I II I II 

(1) Equatorial - axial parameters 

R 

Rg 

1.985 1.981 

RI 

1.985 2.030 1.929 

1.985 1.954 2.005 

EJT 0.108 0.115 

k aa 67.250 63.325 71.750 

k 
ae 

17.730 20.365 15.560 

k 

-;I,,, 

152.250 152.233 153.483 

0.117 0.134 0.101 

-(da)e 0.264 0.322 0.217 

1.989 1.989 1.973 

1.989 2.032 1.944 1.991 1.954 

1.989 1.965 2.010 1.964 1.982 

0.085 0.087 0.017 0.017 

66.864 64.964 70.566 73.897 76.462 

15.924 17.649 13.775 18.599 16.699 

149.364 146.161 151.365 167.496 168.763 

0.107 0.121 0.091 0.111 0.099 

0.238 0.272 0.195 0.252 0.218 

(2) Vibronic parameters 

0 
Ql 
0 

42 

% 

% 

Y 

A 

Z 

B 

-0.0030 -0.0031 -0.0037 -0.0038 -0.0009 -0.0009 

-0.0875 -0.0877 -0.0769 0.0761 -0.0321 0.0319 

42.496 42.715 42.726 41.346 41.070 41.580 46.432 46.437 

29.192 29.263 29.427 29.748 33.188 

0.181 0.190 0.141 0.191 0.047 0.047 

2.365 2.766 2.148 2.403 1.039 1.091 

0.001 0.615 0.657 0.034 0.167 0.417 0.130 0.101 

1.129 0.898 0.399 

a 

ROs Rz, Rt, 4;. 4; are in units of 10 -10 mi EJT in aV; Y and A in 

10'0 -C¶V.m 
-1 ?O 

i kaas kae, Ice,. Ka. Ke. Z, B in ‘0. ev.m-? . 
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so that an R, vs R, curve adopts a linear form: For example, the value of (d,), = - 0.117 means 
that R, will be compressed by 11.7% of the length, 
if R, is stretched. Similarly, R,, would be com- 
pressed by 26.4% relative to a given stretching of 
R,, as follows from the value of (d,), = - 0.264 for 
the complex NiFe4-. Therefore, the interaction 
displacement coordinates may be accepted as 
quantitative characteristics in describing the plas- 
ticity of coordiantion polyhedra (the ability to 
undergo tetragonal distortions) in the harmonic 
approximation. It seems (Table 3) that the tirst 
minimum (the elongated bipyramid) corresponds 
to a somewhat softened, more plastic complex 
compared with the second minimum (the com- 
pressed form). 

Ra = - b/2c - R,(e/2c) (7) 

for fixed displacements of R,. Since e/2c = k&/k, 
is positive, the dependence is represented by a 
descending straight line. Analogically, the second 
dependence is obtained for fixed displacements of 
R,: 

R, = -d/e - R,(2f/e) (8) 

To open discussion of calculated vibronic pa- 
rameters it must be mentioned that the formula (3) 
represents a cut of a Mexican hat type358 of the 
APS. If the calculated numerical map of the APS 
values is consistent with such an approximate 
analytic form of the APS, then some additional 
relations will hold: the same values of vibronic 
parameters K,, Y, A and 2 are to be obtained for 
both minima. This condition is satisfactorily 
fulfilled for CNDO calculations of CuFb4- and 
INDO calculations of NiFe4-. Moreover, the vi- 
bronic parameters presented for CuF,4 - are not 
too far from those previously reported 

elsewhere.” That method, however, was rather 
time consuming as it was based on the non-linear 
regression and a complicated functional min- 
imization. The non-zero values of Q,O indicate that 
the actual form of the APS is more complex 
compared with the simple Mexican hat type with 
a warping (as considered, for example, in Ref. 18). 

Such a prediction is acceptable only in the nearest 
region of the energy minimum, because for larger 
displacements either R, s 0 or R,, I, 0 is obtained. 
In reality, the Remi > 0 occurs as square-planar 
complexes MF,*- (for R,+co) and R,“‘” > 0 
would lead to linear molecules MF2 (for R,+co). 
Therefore, in order to obtain a correct form of the 
R. vs R, dependence at least the cubic or higher 
degree terms must be considered in the analytic 
form of APS. 

The calculated value of K, (the rigidity against 
the a,,-type stretching of Q,) is significantly higher 
in comparison with K, (the rigidity vs the e,-type 
distortion of Q2). Thus the Q2 mode may be 
considered as a soft mode, so that the tetragonal 
distortion is preferable over the symmetric expan- 
sion (compression) of an octahedron. The linear 
vibronic constant Y (proportional to aP/aQ,) is 
significantly lower in comparison with A (propor- 
itonal to aP/aQ&, so that the linear vibronic 
coupling E, - eg predominates over the Eg - ulg 
admixture. Simultaneosly, the quadratic vibronic 
constant Z (proportional to a*P/aQ,aQ,) is lower 
in comparison with B (proportional to a2P/aQ2’) 
so that the prevailing of the E, - eg vibronic cou- 
pling again is indicated. 

Figure 2 represents the calculated dependence R, 
vs R, between the limiting MF,*- and MF, cases 
in the harmonic approximation. Also the ex- 
perimental points (as they result from the X-ray 
structure data? were included in Fig. 2. This 
leads to the previously reported finding6 that the 
experimentally observed structures of tetragonal 
bipyramids are situated along the valley of the 
adiabatic potential surface. Thus an intrinsic dis- 
position of the MX64- type complex to undergo 
tetragonal distortions rather than to adopt an ideal 
octahedral configuration lies in the shape of APS. 
Interactions in the solid state probably amplify the 
manifestation of this disposition. The free-particle 
APS ET is to be modified by an additional lattice 
potential V, which depends on the crystal packing 
as well as on the quality of actual ions.” The 
most probable location of a minimum of ET+ V, 
lies along the valley of ET, or in the other words, 
along the correlation curve R, vs R,. It cannot be 
ruled out that the free-particle distortions (like in 
the CuF,4- complex) owing to the local 
Jahn-Teller effect can be amplified by cooperative 
effects in the solid state.3 

The harmonic form of (1) or (4) leads to the 
following condition for the local energy minima 

(8ET/iYRa),t = b + eR, + 2cR, = 0 

Finally, the energy partitioning (Fig. 3) shows 
chat the ligand-ligand interaction ELL is insen- 
sitive to geometry changes. On the contrary, the 
metal-ligand interaction energy appears to be the 
crucial term in stabilizing the equilibrium geome- 
try. This term consists of two contributions: the 
interaction energy of metal-equatorial ligands, 
EM_F,, and metal-axial ligands, EM_F,. These con- 
tributions exhibit a reciprocal dependence along 

(6) the valley: the higher the first term, the lower the 
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2.LO 

R, 

2.30 

2.2c 

2.10 

2.00 

1.90 

l- 

l- 

- 

- 

I- 

I I 

a 

I I 

1.90 2.00 R, 2.10 1.90 2.00 R, 2.10 

Fig. 2. The R, vs & dependence by the CNDO calculations. 0, experimental structure data; 0, 
calculated positions of energy minima for the free complex. (a) NiFe4-. (b) CuFh4-. 

second term, and vice versa. This leads to the 
conception to consider the R, vs R, dependences as 
a consequence of the mutual influence of ligands 
mediated via the central atom,23 in this particu- 

-18 

-19 

-20 

34 

Fig. 3. The energy terms along the valley of APS. (a) 
NiFa4-. (b) C!uFe4- in ‘A,, state. (b) CuFG4- in ‘E, state. 
The double minimum course of ET for CuF,‘- is not 

disdnghished in the given scale. 
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terms of the Taylor expansion of the electron-nuclear 
operator P(q, Q): 

APPENDIX 

Complete vibronic coupling E, - (a,, + eg, 
The first-order perturbation theory yields an aditional 

term c(Q) to the harmonic part of APS: 

in the basis set of the electronic doublet tii, $jeE, 

Considering only the alg (Q,) and eg (Q2. QX) type of 
normal vibrations, for the matrix U it holds: 

U = X,Q,C, + X(QG + QzCJ +; XzaQ,2C~ 

+ XAQ,QzC2 + Q,Q,c,> +o z;zx- 

x KQ22 + Q32)C~ + (Q,2 - Q22)C2 + 2Q2QGl 

where 

c,=+J ;> c2=-3-; p> 
c, = 101 

J( > 2 10’ 

Here X, and X, are the linear vibronic constants and X,, 
X, and X, being the quadratic vibronic constants of the 
given type of symmetry (a,, or e,). The expression of 
($,][a2f(q, Q)/aQ,aQ&bj) type integral through a vi- 
bronic constant X, multiplied by a certain coefficient is 
based on the Wigner formula.24 

The above equations may be re-written using the 
substitutions of 

K, = K, + X,/,/? 

K, = K, + 28 

Y = x0@ 

A = - X@ 

z = x,/d 

B = X,/4 

so that for an analytic form of APS the previously 
reported formula19 (except the term containing Y) holds: 

Ed2,, Q2, a) = h@,09 eA Ql7 + f~d2,2 + 8~: + ~X)K, + YQ, 

- & - ZQ,)‘(Q: + Q:) + B’(Q; + Qs2)2 + 2B(A - ZQ,)Qz(Q: - 3Q32) 

WQ I= EdQo) + ; 1 KmQm2 + 6 (Q ). 
m 

Using the polar coordinates of p = (Q22 + Qs2)‘j2 and 
cp = arctg(Q,/Q2) the vibronic correction term may be 
re-written as: 

This is an eigenvalue of the 2 x 2 type of secular 
equation 

det(U-cl)=0 

4Q> = YQ, - PU - ZQJ2 + B2p2 

+ 2B(A - ZQ,)p cos 3~1’~. 

where the perturbation covers linear and quadratic Within the E&, rp; Q, = const.) picture such an APS 



928 ROMAN BOCA et al. 

corresponds to a Mexican hat type function with to its diagonal elements U,, and U,,. Then the final 
warping. Notice, the direct product of two t-type formulae are obtained: 
vibrations (e.g. tzg x t2J yields a component within the 
e,-type representation, so that some quadratic terms W)(Q,, Q,,Q,=o>= WQtO, Q2")+ YQ, +%.QI~ 
(l(l#a2v(q9 Q)l~Qm~QnlollG;) for Qm3 Q,Et,, tzu9 ti., ti: 
are non-zero. Therefore, strictly speaking, an admixture + AQz-zQ,Q,+kK+ WQ2 

of E, - (tt + t,, + t;. + t;:) coupling takes place. 
For a vanishing coordinate Q, (the case of only a W(Q,~ Q, e3 =o)=EAQ,O, Q:)+ YQ, +%a~12 

tetragonal distortion) it is valid that U,, = 0, so that the 
eigenvalues of the secular equation directly correspond - AQ2+zQ,Qz+5(K,-2B)Q,Z. 
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POTENTIALS OF METAL CARBONYLS 

RELATIONSHIP TO CO FORCE CONSTANTS IN 
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Abstract-The reversible oxidation potentials E” of a single series of 
methylcyclopentadienyldicarbonylmanganese(1) derivatives n ‘-MeCpMn(CO),L are mea- 
sured for a wide variety of ligand types, including L = alkyl and aromatic amines, alkyl 
cyanide and isocyanide, alkene, alkyl and aryl phosphines and phosphites. The relationship 
of E” with the carbonyl force constants evaluated by the Cotton-Kraihanzel method is 
presented. 

Oxidation and reduction are important properties 
of metal carbonyls since they can strongly influence 
the rates and course of reactions. For example, 
ligand substitutions and rearrangements of carbo- 
nylmetal derivatives have been shown to proceed 
rapidly when they are induced simply by either a 
one-electron oxidation or reduction.‘” As such, 
it is important to ascertain the functional re- 
lationship between the structure of metal carbonyl 
and its redox potential. Indeed Treichel et aL6s7 
recognized a linear relationship between the poten- 
tial Elj2 for the one-electron oxidation of a series of 
manganese carbonyls [Mn(CO), _,,(CNR),] + with 
the number of alkyl and aryl isocyanide ligands 
varying from 1 < n < 6. Moreover, Sarapu and 
Fenske’ have analyzed the bonding properties of 
the methyl isocyanide and carbonyl ligands in 
[Mn(CO), _,,(CNMe),] + for 0 < n < 6 via approxi- 
mate molecular orbital calculations, and have 
found that the values of E,,, do correlate extremely 
well with the calculated HOMO energies. It is 
noteworthy that they found the approximate force 
constants for the carbonyl stretching frequencies 
v(C0) evaluated by the Cotton-Kraihanzel 
method’ to also correlate with the computed elec- 
tron occupation of the carbonyl5tr and 571 orbitals. 

Similar relationships between the oxidation 
potential and the degree of substitution in the 
mixed carbonyl/acetonitrile complexes of chro- 
mium and tungsten, i.e. Cr(CO),_.(NCMe), and 

*Author to whom correspondence should be 
addressed. 

W(CO)6 _ “(NCMe),, have also been noted.“.” 
Several recent studies have discussed the cor- 
relation of the oxidation potentials of various 
metal carbonyl derivatives with the infrared data, 
particularly the carbonyl stretching frequen- 
cies.‘“” Such studies have encompassed a variety 
of ligands, including such nitrogen-centred ones as 
dinitrogen, alkyl and aryl cyanides, ammonia, cy- 
anide, thiocyanate, and azide, etc. in addition to 
carbon monoxide and the halides [12, 141. The 
effects of phosphorus-centred ligands such as alkyl 
and aryl phosphines and phosphites on the poten- 
tials of metal carbonyls have also been exam- 
ined.“*r6 In this context, the studies of Connelly 
and Kitchen6 are particularly pertinent, since they 
showed that the oxidation potentials for the series 
of manganese carbonyls v5-MeCpMn(CO),,L, 
with L = phosphorus(II1) alkyls, aryls, alkoxides, 
phenoxides, etc. were directly related to the 
Cotton-Kraihanzel force constants derived from 
the carbonyl stretching frequencies. 

In order to examine the general effect associated 
with the use of a wide variety of ligand types on the 
oxidation potential of a metal carbonyl, we focus- 
sed our attention on the mono-substitution prod- 
ucts of q5-MeCpMn(CO),. The choice of this car- 
bonylmetal system is particularly appropriate since 
the one-electron oxidation is usually reversible and 
allows the oxidation potential E” to be determined. 
Moreover, by focussing on a single carbonylmetal 
system, i.e. q5-MeCpMn(CO),L we hoped to min- 
imize ambiguities related to the evaluation of the 
force constants based on the Cotton-Kraihanzel 
method.9 
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EXPERIMENTAL 

Synthesis of carbonylmanganese derivatives 
$-MeCpMn(CO),L 

The monosubstituted carbonylmanganese deriv- 
atives q5-MeCpMn(CO),L listed in Table 1 were 
prepared from q5-MeCpMn(CO),(THF), which 
was generated in situ by irradiation of a solution of 
the parent tricarbonyl complex in tetrahydrofuran 
(THF) under argon.” 

L 

,y\o - 

oc co 0 

& 
OCGL 

+ 0 (1) 3 

The photochemical reactor consisted of a 300cm3 
cylindrical flask with a 100 watt medium pressure 
Hg lamp contained in a quartz immersion well. 

All preparative reactions and ligand exchange 
studies were carried out by benchtop manipu- 
lations under either a nitrogen or an argon atmo- 
sphere in Schlenk flasks. Many of the manganese 
complexes employed in this study are generally air 

sensitive, both in the solid state as well as in 
solutions. In a typical procedure, a solution of 2 g 
of ($-C,H,Me)Mn(CO), in 300cm3 THF was 
deaerated, and irradiated for 50 min at 0°C. The 
IR spectrum of the solution indicated that ~90% 
of the starting material was converted to 
($-C,H,Me)Mn(CO),(THF).26 One equivalent 
of the appropriate ligand (L = py, MeCN, piper- 
idine, PPh,, P&&Me-P),, W6HPP 13 

P(OMe),, P(OPh),, PEt,, P(Me)Ph,, P(OMe)Ph,, 
CNCMe,, Me,-SO, AsPh,, and SbPh,) was added, 
and the solution stirred for several hours at ambi- 
ent temperatures. During this period, the deep 
purple color of the tetrahydrofuran complex gave 
way to the yellow or orange color of the product. 
The THF was removed at reduced pressure, and 
the residue was taken up in ethyl ether. [When the 
product was not soluble in ether, chloroform was 
employed.] Filtration of the solution, followed 
by crystallization from a mixture of ether and 
hexane or chloroform and ethanol afforded 
crystalline products in 30-70x yield. For L = PEt, 
and P(OMe),, the products were oils, which 
were purified by chromatography on Florisil ac- 
cording to the ,literature description.16 For 
L = SO,, sulphur dioxide gas (1 atm.) was bubbled 
through the solution of ($-C,H,Me)Mn(CO), 

L 

1 co 
2 PEt, 
3 PPh, 
4 P(C,H,Me-p), 
5 P(C,H,CI-P), 
6 P(Me)Ph, 
7 P(OMe)Ph, 
8 P(OMe), 
9 P(OPh), 

IO MeCN 
11 NGH, (PY) 
12 HN(CH,), 
13 Norbomene 
14 CNCMe, 
15 THF 
16 Me,SO 

17 so, 
18 AsPh, 
19 SbPh311 

Table 1. Methylcyclopentadienyldicarbonylmanganese(1) derivatives ’ 

tRt m.p., “Cl 
(lit) 

Elemental analysis for 
new compounds 

Found Calc. 

C% H% X% co/, H% X% 

2024, 1946 
1937, 1874 
1944, 1884 
1939. 1879 
1946 1887 
1940, 1878 
1944, 1884 
1947, 1892 
1970, 1910 
1950, 1886 
1934, 1868 
1929, 1860 
1969, 1910 
1954, 1908 
1927, 18505 
1960, 1896 

oil 
oil [16] 
118,119 (119-120) [23] 

184-186 70.38; 5.82 70.44 5.71 

15&158 56.10; 3.45 (Cl, 19.28) 56.20 3.45 (Cl, 19.14) 
57-58 (55-57) [24] 
64-66 62.41 5.16 62.08 4.96 
oil [16] 
75-77 (75-76) [22] 
73 (dec) 52.07 4.26 (N, 6.34) 51.97 4.36 (N, 6.06) 
72-73 (75) [21] 
71-72 (71-73) [20] 

65-66 63.56 6.00 63.38 6.03 
53-54.5 57.09 5.78 (N, 5.23) 57.15 5.90 (N, 5.13) 

6466 (66) [25] 

2018, 1976 90 (dec) (73) [25] 
1941, 1881 117-I 19 (I 18-120) [16] 
1940, 1884 99-100 57.79 4.19 57.50 4.08 

tCarbony1 stretching frequencies in cm - ‘. 
fMelting points are uncorrected. 
$The IR spectrum was recorded in THF. 
lIThe IR spectrum of this compound is reported in Ref. 26. 
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(THF) in THF with rapid stirring. The reaction 
was complete at room temperature within a few 
minutes. Crystallization of the product from 
a mixture of ether and hexane afforded orange 
crystals in 53% yield based on (q5-C,H,Me) 
Mn(CO),. Since THF is not readily displaced from 
(q ‘-C,H,Me)Mn(CO),(THF) by norbornene, 
(us-C,H,Me)Mn(CO),(norbornene) was prepared 
directly by the irradiation of (q 5-C,H,Me)Mn(C0)3 
(2.Og) in 300cm3 of toluene containing a 20-fold 
excess of norbornene. The product was purified by 
crystallization from n-heptane, and obtained in 
59% yield. 

The microanalyses included in Table 1 were 
performed either by Midwest Microlabs, Ltd., 
Indianapolis, Indiana, or by Galbraith Laborato- 
ries, Inc., Knoxville, Tennessee. 

The infrared spectra of the series of 
q5-MeCpMn(CO),L were measured in heptane 
solution on a Perkin-Elmer model 298 spec- 
trophotometer. 

Electrochemical measurements were performed 
on a Princeton Applied Research Model 173 po- 
tentiostat equipped with a Model 176 current-to- 
voltage converter, which provided a feedback com- 
pensation for ohmic drop between the working and 
reference electrodes. The high impedance voltage 
follower amplifier (PAR Model 178) was mounted 
external to the potentiostat to minimize the length 
of the connection to the reference electrode for low 
noise pickup. Cyclic voltammetry was carried out 
in a cell designed according to Van Duyne and 
Reilley. *’ The configuration of this cell is con- 
venient for low temperature experiments since the 
lower portion of the cell containing the working 
solution could be easily submerged in the desired 
cold bath contained in a Dewar flask. The distance 
between the Pt electrode and the tip of the salt 
bridge was less than 2 mm to minimize ohmic drop. 
The reference electrode was isolated from the cold 
bath and maintained at room temperature 
(N 25°C). The voltammograms were recorded on a 
Houston Series 2000 X-Y recorder. CV scans were 
measured several minutes after agitation to ensure 
thermal equilibration. Electrode aging was not a 
serious problem in this study. Between experiments 
the platinum wire was soaked briefly in concen- 
trated nitric acid, rinsed with distilled water, and 
dried at 110°C. 

RESULTS AND DISCUSSION 

The electrochemical behaviour of the manganese 
carbonyls in Table 1, was examined by cyclic 
voltammetry (CV) carried out at a stationary 
platinum microelectrode in acetonitrile solutions 
containing 0.1 M tetraalkylammonium perchlor- 

ates as supporting electrolytes. The initial anodic 
scans for the cyclic voltammorgrams of the pyri- 
dine, triphenylphosphine, and carbon monoxide 
derivatives of MeCpMn(CO),L in Fig. 1 are all 
characterized by ratios of the anodic and cathodic 
currents (i,‘/i,c) of unity and by anodic and cath- 
odic peak separations (E,” - E,‘) of near 60 mV for 
reversible one-electron processes, i.e. 

MeCpMn(CO),L g MeCpMn(CO),L + + e -. (2) 

Hereafter the average value (E,” + E,‘)/2 will be 
taken as the measure of the oxidation potential 
Eo 28 

The cyclic voltammetry of the piperidine and 
pyridine derivatives could not be examined in 
acetonitrile solutions owing to a rapid electro- 
catalytic ligand substitution described elsewhere.29 
Accordingly, the cyclic voltammograms for 
these complexes were recorded for acetone solu- 
tions containing 0.1 M TEAP. The difference in 
solvent effects between acetonitrile and acetone on 
E” for these complexes appears to be minimalsince 
an examination of several alkyl and aryl phosphine 
and phosphite complexes indicated the values of E” 
to be virtually solvent independent. 

The magnitude of the reversible oxidation poten- 
tials E” of the series of MeCpMn(CO),L listed in 
Table 2 is strongly dependent upon the nature of 
the coordinated ligand L. Thus the nitrogen- 
centred ligands such as amines and nitriles effect 
the most negative values in the range, 
- 0.04 V c E” < 0.19 V. The reversible potentials 
of alkyl and aryl phosphine complexes are clus- 
tered around 0.5 f 0.1 V, but those of correspond- 
ing phosphites are significantly more positive. 
Among carbon-centred ligands, the values of E” 
become progressively more positive in the order: 
alkene (norbornene, 0.44 V) < isocyanide (tert- 
BuNC, 0.53 V) =+ carbon monoxide (1.15 V). In- 

L q P(OPh), P Ph, NCMe 

Potential , V YS SCE 

Fig. 1. Variation in E” for various MeCpMn(CO),L as 
shown by the reversible cyclic voltammograms recorded 
at 100 mV s- ’ in acetonitrile containing 0.1 M tet- 
raethylammonium perchlorate at 22°C [CO derivative 

measured at 200 mV s - ’ and -28”CJ. 
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Table 2. The cyclic voltammetric parameters of q5-MeCpMn(CO),L” 

L 

1 co 
2 PET.3 
3 PPhs 
4 PPht 

5 P(G.HrMe-p)a 

6 P(G&Cl-P)J 
7 P(Me)Pb 
8 P (OMe) Phz 
9 P(Ot&), 

10 P(OPh)s 

11 M&N 
12 MeCN 
13 MeCN 

14 NC5Hs (PY) 
15 HN(CHz), 

16 norbornene 
17 CNCMq 
18 CNCMe3 
19 THF 
20 Me>SO 

MeCNe 
Me&O 
M&N 
t&CO 
M&N 

1.15 1.10 
0.44 0.40 
0.55 0.52 
0.55 0.52 
0.53 0.50 

M&N 0.64 0.60 
M&N 0.53 0.49 
M&N 0.65 0.62 
M&N 0.72 0.68 
M&N 0.91 0.85 

Me,COb 
CHzClzC 
M&N 
MezCO 
M.QO 

0.18 0.12 
0.20 0.15 
0.22 0.19 
0.14 0.11 
0.02 -0.04 

MeCNd 
M&N 
Me*CO 
THFf 
M&N 

0.49 0.44 
0.58 0.53 
0.59 0.54 
0.09 h 
0.73 h 

21 SO2 MezCO 1.06g h 
22 AsPhs M&N 0.55 h 
23 SbPh, M&N 0.65 h 

Solvent 
ox 

EP 

(V) 

ED 

(V) 

a .c 
i /I 

P P 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.1 

1.1 
1.0 
1.0 

a Cyclic voltammetry performed at a Pt micro lectrode with solutions 
r 

lo-’ M in substrate and 0.1 N in supporting’electrolyte (tetraethyl- 

ammonium perchlorate for M&N or acetone, tetrabutylammonium per- 

chlorate for THF or CH&l*). Unless otherwise noted, the scan rate 

was 100 mV s-l and T = 22 ‘C. Potentials reported relative to the 

CpzFe/Cp2Fe+ 

solvents. 
b 

s-l_ d Scan 

T = -28 ‘C. 

owing to the 

couple taken to have (Ep”” + 
red 

Ep )/2 = 0.31 V in all 

Scan rate = 50 mV s-l, T = -55 “C. ’ Scan rate = 800 mV 

rate = 200 mV s-l, T = -50 ‘C. e scan rate = 200 mv s-1, 

f 
Scan rate = 30 mv s-1. g Value difficult to reproduce 

rapid deactivation of the Pt electrode. Experimental 

error in voltage is ? 0.01 V. 
h 

Irreversible CV wave. 

deed the potential of the carbon monoxide com- 
plex MeCpMn(CO), is the most positive of the 
derivatives listed in Table 2. We can deduce from 
these trends that the ease with which various 
MeCpMn(CO),L are oxidized is qualitatively de- 
pendent on the o-donor property of L and by its 
r-acidity. For example, among complexes with 
nitrogen ligands, E” becomes progressively more 
negative with increasing base strengths of L in the 
order: acetonitrile < pyridine * piperidine. More- 
over, we infer from the significantly more negative 
value of E” for MeCpMn(CO),-(CNBu-t) com- 
pared to the E” for MeCpMn(CO), that the ligand 
basicities are in the order: t-butyl isocyanide > 
carbon monoxide, as elaborated by Sarapu and 
Fenske’ for the series of Mn(CO),_,,(CNMe),+ . 

From the IR data presented in Table 1, we 
applied the method of Cotton and Kraihanzelg to 
derive the carbonyl force constants for these 

carbonyl-manganese complexes. The derived force 
constants k(C0) are listed in Table 3, and they are 
plotted vs the reversible oxidation potentials in 
Fig. 2. The extensive scatter of the points indicate 
no general correlation of k(C0) with E” for this 
single series of carbonylmanganese derivatives. 
However a closer inspection reveals a limited cor- 
relation among the various phosphorus(II1) li- 
gands. Thus the arbitrary line drawn in Fig. 2 
includes only those phosphine and phosphite li- 
gands with a correlation coefficient of 0.86 [30]. 
The complexes derived from the nitrogen-centred 
ligands such as piperidine, pyridine and ace- 
tonitrile as well as the carbon-centred ligands such 
as t -butyl isocyanide, norbornene and carbon 
monoxide clearly lie beyond any reasonable re- 
lationship with those containing phosphorus(III) 
ligands.31 

The oxidation potentials of a series of chromium 
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Table 3. Carbonyl force constants for $-MeCpMn(CO)rL” 
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L 

1 co 15.71 

2 PEt, 14.66 

3 PPhs 14.80 

4 PKsHde-p) I 14.72 

5 PG.HJI-p)s 14.83 

6 P(Ne)Phz 14.72 

7 P (Ok) Phz 14.80 

8 PuJNe), 14.88 

9 P(OPh)l 15.20 

10 MeCN 14.86 

k(W 

(atdyn A-1, 
L 

11 NC& (PY) 14.60 

12 HN(CHz)s 14.50 

13 norbornene. 15.19 

14 CNCNe, 15.06 

15 THF 14.41 

16 MezSO 15.01 

17 so1 16.10 

18 AsPh, 14.75 

19 SbPhl 14.76 

k (CO) 

(adyn i-1, 

*Experimental force constant error: f 0.02 mdyn iis1 

/ 
P(OMe), 

l 
Pip 

0 
PY 

0 MeCN 

/ @ t-BuNC 

e 

/ 

P(OPh1, 

1.2 .8 .4 0 

E’ , ” vs SCE 

Fig. 2. Relationship between E” of MeCpMn(CO),L 
and the Cotton-Kraihanzel carbonyl force constant for 
various ligands L containing phosphorus(II1) centres, 
nitrogen centres (pip = piperidine, py = pyridine), and 
carbon centres as labelled. The least squares line is 
arbitrarily drawn only through the phosphorus(II1) 

derivatives, see text. 

carbonyls with the Cr(CO), moiety bound to a 
variety of ligands L are also known [3, 321. Figure 
3 shows the relationship between the oxidation 
potentials of the manganese dicarbonyls Me- 
CpMn(CO),L with those of the corresponding 
chromium pentacarbonyls (OC),CrL for some of 
the representative ligands included in Fig. 2. The 
reasonable correlation is consistent with HOMO 
energies of both series of complexes which are 
affected in similar ways by amine, phosphine, 

Poly Vol. 2, No. 9-F 

r I I I I I I 

1_B”NC F 
PPh3 i/(, ( , , Y.CN 

PY 

.4 .8 1.2 

E’ MeCpMn(CO$L , V 

Fig. 3. Comparative effects of phosphorus(III)-, 
nitrogen-, and carbon-centred ligands on E” on the 
series of MeCpMn(CO),L and (OC),CrL. [Data for 

t-Bu-NC(OC)&r taken from Ref. 18.1 

isocyanide and carbonyl ligands with different o- 
and a-bonding characteristics. However the small 
slope indicates that the effect in the chromium 
carbonyls is attenuated to about a half of that in 
the manganese carbonyls. Thus the carbonyl force 
constants in (OC),CrL are also unlikely to be 
measures of their oxidation potentials when a 
broad series of donors are considered. In this 
connection, the recent empirical approach by 
Chatt et al.” to the prediction of redox poten- 
tials based on linear free energy relationships ap- 
pears to be a more inclusive method. 
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Abstract-The dS low-spin Tc(I1) complex trichloro-nitrosyl-bis(dimethylphenyl- 
phosphine)technetium(II) was studied by EPR at 295 3 T 2 27.2 K. In the room-tempera- 
ture spectrum well-resolved *Tc hyperfine splitting is observed indicating a ground state 
for the unpaired electron which is well separated from other orbital states. At low 
temperatures the spectrum can be fitted by an axial spin Hamiltonian. The analysis of the 
99Tc hyperfine splitting shows remarkable covalent interactions with the “in-plane” 
ligands. The “P superhypefine splitting observed was used to get information about the 
overall spin density distribution in the molecular orbital of the unpaired electron. 

Although coordination compounds of technetium 
have attracted a growing interest in view of the 
relevance to the field of nuclear medicine,’ their 
chemistry is much less known than that of the 
corresponding neighbouring elements. This holds 
true especially for compounds in which Tc pos- 
sesses low formal oxidation states. In addition, as 
found for nitrosyl-molybdenum(I1) complexes’ 
low-valent Tc nitrosyl complexes are expected to 
form highly active precatalysts for olefin metathe- 
sis. 

In this paper we report an EPR study on the d’ 
low-spin (S = l/2) complex trichloro-nitrosyl-bis 
(dimethylphenylphosphine) technetium (II), 
TcCl,(NO)(PMe,Ph), (I). This study has been 
made to get some information about (a) the bond- 
ing situation in this compound and (b) the kind of 
EPR spectra to be obtained for the d5 low-spin 
configuration of Tc*+. There are very few 
well-characterized Tc(I1) compounds only,‘-” 
the first of which was prepared by Fergus- 
son and Nyholm.3 From some of the com- 
pounds_[Tc(NH3)4(NO)(H,0)1C1,6, [Tc2Q13 -, 
-the EPR spectra of the undiluted isolated 
compounds were obtained. However, they 

*Author to whom correspondence should be ad- 
dressed. 

consist of a broad unresolved line 
only. For (n-Bu,N)[Tc(NO)Br,] and (n- 
Bu,N),[Tc(NO)(NCS),‘~ the liquid-solution 
EPR spectra were obtained, but the spin Ham- 
iltonian parameters were not given. Very recently, 
the first well-resolved frozen-solution EPR spectra 
were reported” for the Tc’+ low-spin complexes 

[TcW-&h(NWW13 + and [TcCl,(NO)]* -. Ligand 
hyperfine interactions could not be detected. In 
addition, EPR spectra were reported for some 
compounds containing Tc in the oxidation states 
+ 4’2.13 and + 6. 14~15 

Considering the radioactivity of Tc, EPR ap- 
pears to be a very suitable method for investigating 
paramagnetic Tc complexes because only very 
small amounts of the compounds are needed. 
Nevertheless, Tc is one of the transition metals the 
EPR behaviour of which is almost unknown. 

The preparation of (I) has not yet been reported 
in the literature, therefore, its synthesis will briefly 
be described in the experimental part. 

(1) 

Cl’ ) \Phle*Ph 
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EXPERIMENTAL 

R. KIRMSE et al. 

Synthesis of trichloro-nitrosyl-bis(dimethyl- 
phenylphosphine)technetium(II), TcCl,(NO) 
(PMe,Ph),. 

TcC1,(PMe2Ph)3’6 (0.66 g = 1.06 mM) in ben- 
zene (120 cm’) was boiled while NO was bubbled 
through the solution for 1 hr. Within 5-10 min the 
colour of the solution turned from orange to 
blue-green. After 1 hr the solvent was removed 
and the dark green oil was dissolved in 10 cm3 
CH,Cl,, filtered and treated with methanol 
(100 cm’). After standing overnight black-green 
crystals of TcCl,(NO)(PMe,Ph), were obtained. 
Yield: 340mg (62%); m.p. 175-177°C. The com- 
pound can be recrystallized from CH,Cl,/CH,OH. 

Found: C, 37.4; N, 2.6; Tc, 19.2; Cl, 21.0. 
C,,H,,Cl,NOP,Tc requires: C, 37.54; N, 2.73; Tc, 
19.35; Cl, 20.79%. Vis. spectrum in CHCl,: 1_ in 
nm (emax in 1 mall’ cm-‘): 614 (930) and 710 (615) 
sh. 

IR: in KBr, vNo 1770 and 1795 cm-‘; in CHCl,, 
vNo = 1805 cm-‘. 

EPR measurements. EPR spectra were recorded 
at room temperature, T = 130 and 27.2 K (using 
liquid neon) in the X-band (v z 9.3 GHz) with an 
E-112 spectrometer (Varian, U.S.A.). 
10-3-10-4 M solutions of TcCl,(NO)(PMe,Ph), in 
CHCl, were used. 

RESULTS 

The X-band EPR spectrum of a CHCl, solution 
of (I) recorded at T = 295 K is shown in Fig. 1. It 
consists of 10 hyperfme lines resulting from 
hyperfine interaction with the ‘?c nucleus (qc, 
nuclear spin I = 9/2). The mlTc = f l/2 lines which 
are the smallest ones show the presence of further 
hyperfine interactions due to the “P ligand nuclei. 
However, this splitting is poorly resolved only. 

Fig. 1. X band room-temperature EPR spectrum of 
TcCl,(NO)(PMe,Ph), in CHQ. 

-H 

Fig. 2. X band EPR spectrum of TcCl,(NO)(PMe,Ph), 
in CHCl,. T = 27.2 K. 

In Fig. 2 the EPR spectrum of a frozen solution 
of (I) at T = 27.2 K is reproduced. The general 
features of the spectrum are characteristic for an 
axially symmetric, randomly oriented S = l/2 sys- 
tem with parallel and perpendicular sets of 99Tc 
hyperfine lines, as described by the spin Ham- 
iltonian 

where gil, g,, AITC and AITc are the principal values 
of the b and the 99Tc hyperfine interaction tensor 
AT’ and Q’ is the 99Tc quadrupole coupling con- 
stant. These parameters were obtained by use of 
the usual second-order expressions;” Q’ is small 
and was neglected. The g” tensor was found to be 
nearly isotropic within the experimental error. 

In the parallel part of the spectrum the *Tc 
hyperline lines are split into well resolved triplets 
(intensity ratio 1:2: 1) arising from interaction of 
the unpaired electron with two equivalent “P 
nuclei of the phosphine ligands. 31P superhyperfine 
splitting (“shfi”) is also resolved in the perpendic- 
ular part of the spectrum. Some further resolution 
is to be seen on the parallel lines which should be 
due mainly to the interaction of the unpaired 
electron with the equatorial 3s*37Cl nuclei and, 
possibly, the 14N nucleus of the NO ligand. Consid- 
ering the linewidth this splitting was found to be 
smaller than 0.5 mT. The perpendicular part of the 
spectrum did not show any further resolution. The 
measured spin Hamiltonian parameters are listed 
in Table 1. No differences have been found be- 
tween the parameters derived at T = 130 and 
27.2 K. 
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Table 1. EPR Parameters? for TcCl,(NO)(PMe,Ph), (Hyperfine cou- 
pling constants are given in 10-4cm-‘) 
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I &Tc) A(P) 

gll = 2.045 +_ 0.003 A,, = 214.8 f 2.0 A,, = 23.6 f 1 .O 
= ;;$ = 2.049 2.048 f 0.005 = A, A, = 89.2 131.1 + 5.0 = A, A, = 20.6 19.1 f 0.5 

g,, = 2.052 + 0.003 a, = 125.6 f 1.0 

tAnisotropic data obtained from the 27.2 K spectrum; isotropic 
data (go, u,J are measured at T = 295 K. 

sg, = k+ 2gJ3, A, = (AI, + 2A,)/3. 

DISCUSSION 

The spectra observed are in agreement with what 
is expected for a Tc dS low-spin complex. The 
theory of EPR in the ds(t&) configuration was first 
put forward by Stevens” and then in more 
complete form by Bleaney and O’Brien.rg The dS 
system is treated as a d’ system via the hole 
formalism. The combined action of a low- 
symmetry ligand field and spin-orbit interaction 
resolves the sixfold degeneracy of the *T2 ground 
term producing three well-separated Kramers’ 
doublets which can be written as followsm as- 
suming tetragonal quantization as suggested by the 
structure of the complex under study: 

(2a) 

I-1)=+CC-ii,) CW 

5, = idxy = $ (12) - I- 2)). (24 

The “effective” symmetry of the first coordi- 
nation sphere of (I) can be assumed to be an axial 
one because of the symmetry of the tensor param- 
eters g’, A”,, of the spin-Hamiltonian observed 
experimentally (Table 1). Therefore, we are con- 
cerned with two different ground state situations 
depending on the sign and the magnitude of the 
ligand-field perturbation component: (a) the 
ground state is mainly determined by 5, (2~) the 
other orbital states (- 1 l), I- 1)) are much higher 
concerning their energy (2 lo4 cm - ‘), (b) the un- 
paired electron occupies one of the orbital states 
(2a) or (2b) which are separated by spin-orbit 
interaction only, if axial symmetry will be assumed. 
Due to the magnitude of the spin-orbit coupling 
constant A of Tc*+ (1(Tc*+) = 850cm-1)2L case 

(b) would result in a relatively small separation of 
(2a) and (2b) and, therefore, in short electron 
spin-lattice relaxation times for (I) not allowing the 
observation of well-resolved EPR spectra at room 
temperature. Therefore, according to the experi- 
mental results the ground state must be a Kramers’ 
doublet which consists mainly of & (2~). The 
assumption of a “&,” ground state is also in 
agreement with the 99Tc hyperfme structure ob- 
served. 

An interpretation of the g” tensor components in 
terms of molecular orbital coefficients is extremely 
difficult for the present case because there are more 
unknown quantities (ordering of energy levels and 
energy separations between the levels giving im- 
portant contributions to the d components, the 
large number of MO coefficients to be considered) 
than experimentally obtained ones. A comparison 
of the experimental spin Hamiltonian parameters 
with those calculated using the MO coefficients and 
transition energies obtained from semiempirical 
MO calculations (preferably Extended Hiickel MO 
calculations) can be very helpful for these 
purposes. 22-24 However, good results are re- 
stricted to 3d metals; for 4d or 5d metals the 
discrepancies found are too large for a useful 
interpretation.25*26 Therefore, in the following 
only the hyperfine interactions will be analyzed 
which are mainly magnetic in character allowing us 
to draw conclusive statements about the MO of the 
unpaired electron. 

The 99Tc hfi can be used to estimate the degree 
of covalency of the equatorial (x, y) Tc-ligand 
bonds. Applying the formalism given by 
McGarvey.*’ 

Ali = - K - ; B*P + (~II - g,)P + ; (g, - g,)P 

(3a) 

A,(Tc) = - K + ; /I*P + ; (gL - g,)P (3b) 
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&iTc) = - K + km - ge)P, (34 “P shfs can be considered as being a good one 

where K is a measure of the Fermi contact inter- 
because of the magnitude of A,(P) much exceeding 

action and P = ( - )200 x 10m4 ~m-‘,~’ one ar- 
that of the experimental error. 

rives at a value of b’xO.77; K = - 141.1 
The predominantly isotropic character of the “P 

x 10-4cm-‘. fi2 is a measure of covalancy of the 
shfs tensor is not unexpected for the complex under 

equatorial Tc-ligand bonds in the MO of the 
study. The ‘% shfs tensors observed in a single- 

unpaired electron (contributions of the axial li- 
crystal study for the equatorial CN- ligands of the 

gands to this MO are expected to be small because 
d’ low-spin IL acceptor complex [Cr(CN),NO13- 

of symmetry considerations, therefore, they are 
the bonding properties of which should be closely 

neglected): 
related to those of TcCl,(NO)(PMe,Ph), show a 
similar behaviour. 29 However, the contribution 

VLVJ = B/4&J - IQ0 (4) of the C 2s orbitals to the MO of the unpaired 
electron-C, = O.l-is found to be larger than 

The value obtained for fi2 clearly indicates the that derived for the corresponding P 3s orbitals 
presence of covalent interactions between Tc and of (I) indicating more covalent interactions 
the equatorial ligands. in [Cr(CN),N013 -. Unfortunately, for 

Additional information about delocalization of [Mn(CN),NO]‘- which would be of most interest 
“unpaired spin density” can be obtained from for comparison purposes, 13C data are not 
ligand hyperfine interactions. In the spectra a available.‘O A comparison23 of the electronic 
well-resolved shfi due to the “P nuclei of the structures and the magnetic hyperfme interactions 
phosphine ligands was observed which is predom- analyzed for the d5 isoelectronic sequence of pen- 
inantly isotropic in character. From the isotropic tacyanonitrosyls from vanadium to iron indicates 
“P shfs the coefficient of the P 3s orbital “C,” in a decrease of spin delocalization as one moves 
the MO of the unpaired electron can be calculated. from left to right in the periodic table. 
Using eqn (5) and AJPL’c = (87c/ It should be noted, that in the parallel part of the 
3)g&3J?NIY3S(0)12 = 3395 x 10e4 cm-‘,2* C, is frozen solution EPR spectrum poorly resolved 
found to be 0.078. This corresponds to a spin hyperfine interactions due to the 35,37Cl nuclei and 
density of C,2 x 100 = 0.61% in the phosphorus 3s (less probably) the 14N nucleus of the NO ligand 
orbital. could be detected. Assuming the extent of electron 

A,,(PLp = A4,(P),‘, . C,2 (5) 
spin delocalization to the chlorine and the phos- 
phine ligands to be of a similar magnitude a value 

In a similar way by means of eqn (6) the 
of A,,(Cl) x 9 x 10e4 cm-’ will be expected. The 

anisotropic part of the 3’P shfi can be analyzed to 
actual isotropic 3J,37Cl splitting is smaller than the 

estimate the P 3p orbital contribution “C~” to the 
predicted one. Due to the less pronounced rr 

MO of the unpaired electron. 
acceptor properties of the Cl ligand with respect to 
PRR; this is not unexpected. A contribution of the 

AI’(P) - A,,(P) = ; g&VN( r - ‘)2p . C;. (6) 
dipolar part to the 35*37Cl shfs can be neglected 
because of its smallness. Considering the 14N shfs 

detected for [Mn(CN),N0]2-,30 the correspond- 
With [A,,(P) - A,(P)] = 3.0 x lO-4 cm-’ and ing isotropic value for (I) should not exceed 
&&?JY~(~-~)~~= 191.4 x 10-4cm-‘28 C, is 4 x 10-4cm-‘. This value is smaller than that 
found to be 0.125. C,’ and Cp2 can be used to estimated for A,(Cl), therefore, the 14N shfs is not 
estimate the hybridization degree “n2” of the P 3s expected to be resolved in the spectra of 
and 3p orbitals: C,Z/Cp2 = (1 - n2)/n2. A value of TcCl,(NO)(PMe,Ph),. Shfs interactions due to 
n2 = 0.72 is obtained which is close to what is 35,37C1 and/or 14N were also not observed in the 
expected for sp3 hybridization [n’(sp’) = 0.751. spectra obtained for [Tc(NO)C~,]~- and 
This value, however, can be considered as being a [Tc(NH,)~(NO)H~O]~+ recently reported.” 
rough estimation only because a correction con- More insight in the bonding situation of 
cerning the contribution of the dipolar term TcX3(NO)(PR3), complexes could be obtained if 
AdP) = g&$&/R3 (R = Tc-P bond length) has complexes with X = Br (the 79*S1Br shfs coupling 
not been made; although, assuming R z 230 pm a constants are expected to be larger by a factor 4 or 
value of Ad’ x 0.85 x 10e4 cm-’ will be calculated. 5 than the “q3’Cl splittings because, of the larger 
A more detailed consideration appears to be not nuclear magnetic moments of 79,8’Br) or dia- 
useful because of the magnitude of the experi- magnetically diluted single-crystals of (I) would be 
mental error which is k 1.0 x 10e4 cm-‘. In con- available. However, we did not succeed in pre- 
trast to this the C, value derived from the isotropic ; y narina TcBr,fNO)(PR,),. and sinale-crvstals of (I) _, ,, ,,_, _ _ . I 
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could not be grown because of the lack of a 
suitable host lattice. 
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Abstract-An attempt was made to estimate the net charges of a number of cy- 
clopentadienyl metal compounds on the basis of 19F NMR data for p- 
fluorophenylcyclopentadienyl metal compounds. The investigated compounds can be 
clearly divided into four groups according to the polarity of metal-cyclopentadienyl bond: 
covalent compounds (derivatives of Fe, Ru, OS, Rh and Pd) with a net charge on the 
q-CSHS ring in the range from - 0.19 to - 0.29, the so-called ionic compounds (derivatives 
of Li, Na and K) with a net charge on the ring - 0.64 + - 0.72, and compounds with an 
intermediate character of the bond (derivatives of Cu, Mg and Tl) with a net charge of 
- 0.44 + - 0.46; the net charge on the rings of cyclopentadienyl manganese tricarbonyl 
and -rhenium tricarbonyl is near to zero. When the effective charge on the ring is near 
- 0.44 the cyclopentadienyl metal compounds are able to dissociate into ions in 
solution. 

The problem of the net charges even in a such well 
studied molecule as ferrocene has for a long time 
been a subject of some controversy. According to 
various quantum-chemical calculations the values 
of the net charges vary largely not only in absolute 
values but in sign as well, from -0.64 to + 1.80 
(see data summarized in Ref. 1). 

In previous works we investigated m- and p- 
fluorophenylcyclopentadienyl compounds of tran- 
sition and non-transition metals by 19F NMR 
technique and estimated the electronic effects of 
the corresponding metal cyclopentadienyl groups 
as substituents in the benzene ring.2 We studied 
in detail the effect of alkali metal cation, the 
coordinating ability of the solvent, complexing 
agents (TMEDA, crown-ethers), and concen- 
tration on the equilibrium between tight and sol- 
vent separated ion pairs. On the basis of data 
obtained for LiC,H&H,F-m (-p) and 
NaC5H,C,H,F-p in hexamethylphosphoramide 
(HMPA) solution, electronic effect of the 
C,H,e-substituent as a “free ion” has been 
determined.2b 
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Our approach to estimating the net charges in 
cyclopentadienyl metal compounds on the basis of 
19F NMR data of p-fluorophenylcyclopentadienyl 
derivatives is based on a known linear dependence 
between calculated charge densities in 
fluorobenzenes and their ‘H, 13C and 19F NMR 
chemical shifts.3 Thus, there is a correlation 
between i3C chemical shifts of para-carbon atom in 
monosubstituted benzenes and total electron den- 
sity on the carbon atom,3a excellent correlation 
between 19F chemical shifts in p-fluorosubstituted 
benzenes and 13C chemical shifts of para carbon 
atom in substituted benzenes3’ and correlation 
between i9F chemical shifts and p-i3C-F chemical 
shifts in p-fluorosubstituted benzenes.‘” 

In this paper we attempt to estimate the 
metallcyclopentadienyl bond polarity, based on 
the 19F NMR data of respective fluorophenyl- 
cyclopentadienyl organometallic compounds. 

Therefore to plot a linear dependence of the net 
charges on fluorine screening in p- 
fluorophenylcyclopentadienyl derivatives of met- 
als, it is necessary to have data on charge distribu- 
tion at least in two such derivatives. The two 
simplest systems were chosen: “free” p- 
fluorophenylcyclopentaidenyl anion2b and its 
lithium derivative. 

*Author to whom correspondence should be ad- 
dressed. 

The choice of lithium cyclopentadienyl as one of 
the reference system is based on the assumption 
that the extent of charge separation in LiC5H, 
when going from common solvents (ethers, ace- 
tonitrile) to isolated molecule is only slightly 
changed. Such assumption is substantiated by the 

RESULTS AND DISCUSSION 
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following experimental data. The 19F chemical 
shifts in lithium p-fluorophenylcyclopentadienyl 
are independent of concentration and are prac- 
tically the same for such solvents as acetonitrile 
and THF,Zb that have different donor centers, 
different “donor number” and dielectric constants. 
The 13C chemical shifts of lithium cyclopentadienyl 
in these solvents, 103.8 ppm in CH,CN, 103.2 ppm 
in THF,4 and 103.59 ppm in 3: 1 mixture of 
dimethoxyethane-deuterobenzene5 practically 
coincide. The ‘J(‘%, ‘H) coupling constants of 
lithium cyclopentadienyl in these. solvents, 159.5, 
159.6 and 159.4 Hz respectively>’ are also 
practically the same. 

One more evidence follows from the analysis of 
‘LiNMR data6 according to which the ‘Li 
chemical shift of lithium cyclopentadienyl in diox- 
ane, THF, dimethoxyethane and diglyme is essen- 
tially constant, 8.35 + 8.68 ppm. In this respect 
lithium cyclopentadienyl differs from all other 
studied carbanions (1-phenylallyl, 1,3-di- 
phenylallyl, triphenylmethyl, indenyl, fluorenyl), 

tin calculations we used known data on electron 
affinity values, determined by minimum energy of the 
electron detachment from a negative ion (Table 2). 

for which the range of ‘Li chemical shifts in these 
solvents exceeds 8 ppm (from 0.66 to 8.99 ppm). 

To calculate the net charge in the lithium cy- 
clopentadienyl molecule we used eqn (l), obtained 
by Matcha and King’ for determining the 
effective charge transfer of atoms in alkali metal 
halides: 

f = 0.974448 - O.O0435(IP, - EA,). (1) 

Here IP, is the ionization potential of the metal 
and EA, represents the halogen electron affinity. 

First of all it was necessary to check the validity 
of eqn (1) for evaluating the net charges in or- 
ganometallic compounds for which quantum- 
chemical data is available. 

Table 1 lists the net charges for isolated mole- 
cules of organic derivatives of the alkai metals, 
calculated according to eqn (l).t The polarity of 
metal carbanion bond in benzyl, cyclopentadienyl 
and ethynyl compounds of alkali metals is higher 
than that of the metal-hydrogen atom bond in 
metal hydrides. Metal acetylides appear to be the 
most polar from all the listed compounds, being 
similar in polarity with alkali metal iodides.’ 

To our knowledge data on molecular orbital 
calculations of the net charges for organic deriva- 

Table 1. The effective charge (atomic units) on the metal atoms in alkali metal compoundsa 

Radical Li Na K Rb Cs 

H 

CH3 
'SHscH2 
CH2CHCH2 

NCCH2 

c5H5 

;zsH4 

CH30 

GR313C0 

(CR3)3CCH20 

'SH5' 
o-CH3C6H40 

o-C1C6H40 

y5S 

CH3S 

CD3S 

c2H5s 
n-C3H7S 

iso-C3H7S 

n-C4HgS 

tert-C4HgS 

n-C5HIIS 

0.54 0.56 

0.48 0.50 

0.55 0.58 

0.52 0.55 
0.62 0.65 

0.64 0.66 

0.63 0.65 

0.74 0.77 
0.62 0.64 

0.64 0.67 

0.65 0.67 

0.69 0.71 

0.69 0.71 

0.71 0.73 
0.70 0.72 

0.68 0.71 
0.64 0.67 

0.64 0.67 
0.65 0.67 
0.66 0.68 
0.66 0.68 
0.66 0.68 
0.66 0.69 

0.66 0.69 

0.64 0.65 0.68 

0.58 0.59 0.62 

0.65 0.66 0.69 

0.62 0.63 0.66 

0.72 0.74 0.76 

0.73 0.75 0.77 
0.72 0.74 0.76 

O.a4 0.85 0.88 

0.71 0.73 0.76 
0.74 0.76 0.78 

0.75 0.76 0.79 
0.79 0.80 o.a3 

0.79 0.80 0.83 
0.81 0.82 o.a5 
0.80 0.81 o.a4 
0.78 0.80 0.82 
0.74 0.75 0.78 
0.74 0.75 0.78 

0.75 0.76 0.79 
0.75 0.77 0.79 

0.75 0.77 0.80 
0.76 0.77 0.80 
0.76 0.77 0.80 

0.76 0.78 0.80 

a In calculations we used the values of ionization potentials 

of metals, listed in ref. (7). 
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Table 2. Electron affinity (EA) of radicals estimated by minimal energy of electron photodetachment 
from a negative ion 

Radical 
l?A 

References 
eV kcalhnol 

Ii 

CH3 
'sHsCH2 
CH,CHCFi, 

NCCH;, 

c5H5 
235H4 

CH30 

(CH&CO 

(CH,&,CC"20 

c6H50 
o-CH3C6H40 

o-C1C6H40 

c6H5F 
?iS 

CH3S 

CD35 

c2H5s 
n-C3+8 

iso-c3E+s 

n-C4HgS 

terf+C4HgS 

n-C5HIIS 

0.7539$‘.002 17.4 I3 
0.0~0.03 I&O.7 14 

,c 0.8&_0.06 Q 2O.otI.5 I5 
0.550+0.054 12.7~1.2 I6 
I.507~O.OIS 30.4+0.4 16 

I.786+_0.020 41.2 I7 
S I,67~0.04 c 38.5 18 

2.9+0.10 67.8 I9 
1.59+o.c4 36.720.9 20 
1.67~0.01 43.120.2 20 
1.9&O& 44.521.4 20 

L 2.36+_0.06 5 54.&_I.4 21 
a2.3&_0.06 C 54.4+_1.4 21 
C2.5&0.00 G 59.F_I.8 21 
C 2.4720.06 G 57.0+_1.4 21 

2.31+0.01 53.320.2 22 
1.861+0.004 42,91+0.09 22 
1.856+_0.006 42.&_0.14 22 
1.953~0.006 45.04+_0.14 22 
2.00+0.02 46.120.5 22 
2.02+0.02 46.6+0.5 22 
2.0320.02 46.kO.5 22 
2.07~0.02 47.720.5 22 
2.09+_0.02 48.220.5 22 

tives of Na, K, Rb and Cs are not available. The 
results of available calculations of the extent of 
charge separation in organolithium compounds 
are listed below. 

With methyllithium the following values of the 
net charges on Li atom have been estimated: 
+ 0.37,” + O.l4,8b + 0.35,& + 0.568d (ub 
initio), + 0.37& and + 0.45.8f The value 
+ 0.48 (Table 1) obtained by the eqn (1) is in a 
good agreement with the majority of theoretical 
data. The net charge + 0.74 on Li atom in eth- 
ynyllithium, evaluated by the equation (l), coin- 
cides with the calculated charges +0.74% and 
+ 0.789b (ab initio). In the case of allyllithium 
the calculated values of the effective charges on Li 
atom are +0.44,‘Op + 0.16’Ob (ub Eric), and 
+ 0.12’Oc as compared with +0.52 value found 
by eqn (1). Thus the values of net charges obtained 
by eqn (1) for various organolithium compounds 
are in agreement with the available theoretical 
data. 

On this basis we assumed the value - 0.64 
calculated by eqn (1) for the net charge of the ring 
in lithium cyclopentadienyl (this value corresponds 
to 19F chemical shift 11.1 ppm of lithium p- 
fluorophenylcyclopentadieny126) and the value 

- 1.0 corresponding to the fluorine chemical shift 
17.9 ppm of lithium (sodium) pduorophenyl- 
cyclopentadienyl in HMPA (“free” cyclo- 
pentadienyl anion).2b So we obtained the 
relationship (2) defining the dependence of a bond 
polarity of cyclopentadienyl metal compounds on 
fluorine chemical shift in corresponding p- 
fluorophenyl derivatives 

f = 0.05 - 0.053(6i9F) (2) 

where f is the net charge of cyclopentadienyl ring 
(in a.u.) and 619F denotes fluorine NMR chemical 
shift in ppm relative to fluorobenzene. 

In accordance with the relationship (2) the net 
charge of cyclopentadienyl ring in ferrocene is 
equal to - 0.26 and consequently the iron atom 
has partial charge of + 0.52 (Table 3). This value 
is in a good agreement with calculated + 0.682 [l I]. 
The net charges on Ru and OS atoms in ruthe- 
nocene and osmocene only slightly differ from the 
charge on the iron atom in ferrocene. 

As it is seen from Table 3 the data for metal- 
locenes of the iron subgroup are in a good agree- 
ment with the results obtained by Alexanyan et 
~1.” in studying the extent of charge separation 
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Table 3. Effective charges (atomic units) in cyclopentadienyl compounds of metals and 19F NMR 
chemical shifts in their p-fluorophenyl derivatives 

Compound 
xgF NMR chemical shiftsa Effective charges 

Solvent $(I%) Ref. Ring Metal 

~iC5H5 
NaC5H5 

LiC5H5 

NaC5H5 

Kc5H5 
Wc5H5)Br 
cu(c5H5>(“t2”) 
Wc5H5> 
“(c5H5)(c3H5) 

Fs(C5H5)2 

Ru(C5R5)2 

Os(C5H5)2 

Bh(NRD)(C,H,) 
Rh(cyclo-c/6/H8-I. 
(C5R5) 

Rh(COJJ)(C5H5) 

MC5"5)(CO)3 

Re(C5HS)(C0)3 

f Fe(C5H5)2 H]+ 

Ro(C5H5)2(NO)J 

‘3)- 

HMPA 

HMPA 

THF 

THF 

THF 

THF 
THF 

THF 

ccl4 

TBF 

'SH6 

C6R6 
cc14 

cc14 

cc14 

cc14 

cc14 

RRF30H 

CS2 

17.9 2b -I.Ob 

17.8 2b -I.Ob 

11.1 2b (-0.64)' +0.64 

12.3 2b -0.69 (-0.66)' +0.69 

12.7 2b -0.72 (-0.73)' +0.72 

7.8 2a -0.46 

7.5 2e -0.45 

7.4 2a -0.44 

4.6 2a -0.29 

4.0 2c -0.26 +0.52 

3.85 2' -0.25 +0.50 

3.76 2' -0.25 +0.50 

3.47 23 -0.23 

3.31 23 -0.23 

2.72 23 -0.19 

-0.04 2d -0.05 

-0.59 2d -0.02 

-0.3 24 -0.03 
-1.63 25 io.04 

a Recorded for - O.IM solutions in ppm relative to C5H5F, the 

positive sign indicates the shift into strong field. 

b Adopted on the basis of measurement of IgF NMR chemical shifts of 

p-fluorophenylcyclopentadienyl compounds of Li and Na2)17Li m 

chemical shifts of LiC5H5 6 13C NRR chemical shifts and 13C,IH , 

coupling constants in LiC5H5 and NaC5H54. 

' Calculated by equation (3). 

through analysis of absorption band intensities in 
vibrational spectra of sandwich compounds. The 
authors came to a conclusion that the bond polar- 
ity in all studied systems (bis-cyclopentadienyl 
derivatives of Mg, Ca, V, Cr, Mn, Fe, Co, Ni, Ru 
and OS) for both covalent compounds and com- 
pounds traditionally considered as ionic (deriva- 
tives of Mg, Ca and Mn) do not exceed 0.6. 
Unfortunately this technique does not permit a 
determination of the sign of the charge on the 
metal. 

(PEt,Ph), Mg(CSH,)Br and TICSH, occupy the 
intermediate position between the covalent deriva- 
tives of iron, ruthenium, osmium, rhodium and 
palladium on the one hand, and mostly ionic 
derivatives of alkali metals on the other hand; the 
net charge of the ring in these compounds is 
practically the same - 0.45, - 0.46 and - 0.44 
respectively. 

In the case of monocyclopentadienyl or- 
ganometallic compounds containing other ligands 
as well, our approach can only help to evaluate the 
net charge in the ring. As it is seen from Table 3 
the polarity of palladium-cyclopentadienyl and 
rhodium-cyclopentadienyl bonds in Pd(C,HJ 
(C,H,) and Rh(dien)(C,H,) complexes is closely 
similar to that in ferrocene, ruthenocene and os- 
mocene. The charge of the ring in cyclopentadienyl 
manganese tricarbonyl and -rhenium tricarbonyl is 
close to zero just as in iron protonated ferrocene 
and Mo(C,H,),(NO)I. 

The stereochemical approach used in our earlier 
work& (it consists in a comparative i3C NMR 
study of diastereotopy of cyclopentadienyl carbons 
in TlC,H,CH(Me)Ph, KC,H,CH(Me)Ph, and 
Fe(C,H,)C,H,CH(Me)Ph) reveals that the thallous 
compound in THF solution is predominantly in 
the form of tight ion pairs. Thus beginning with the 
net charge in the ring of - 0.44 the cy- 
clopentadienyl derivatives of metals may dissociate 
into ions in solutions. 

The net charge values obtained for cy- 
clopentadienyl compounds of metals are in a good 
agreement with the relative reactivity of these 
compounds and with their physical properties and 
calculated characteristics. 

The organometallic compounds Cu(C,H,) It should be noted that neither our conclusions 
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nor our quantitative appraisals are significantly 
changed when other reference points and other 
solvents are used to plot the straight line. The 
absolute value of the net charge of cy- 
clopentadienyl ring in ferrocene molecule accord- 
ing to the relationship obtained from the value of 
fluorine chemical shift of “free” anion and passing 
through zero (fluorobenzene), is only 0.04 less than 
the value 0.26 adopted in discussion. With re- 
lationship obtained from fluorine chemical shifts of 
“free” anion and LiC5H,CsH,F-p in acetonitrile 
this value is higher by 0.06. 

Thus, on the basis of 19F NMR data for p- 

fluorophenylcyclopentadienyl metal compounds 
an attempt was made to evaluate the net charges 
of a. number of cyclopentadienyl metal com- 
pounds. According to the polarity of 
metal-cyclopentadienyl bond the investigated 
compounds can be divided into four groups: cova- 
lent compounds (derivatives of Fe, Ru, OS, Rh and 
Pd) with the partial charge on CSH, ring in the 
range from - 0.19 to - 0.29; the so-called ionic 
compounds (derivatives of Li, Na and K) with a 
charge on the ring from - 0.64 to - 0.72, and 
compounds with an intermediate character of the 
bond (derivatives of Cu, Mg and Tl) with a charge 
on the ring close to - 0.45; the net charge of the 
ring in cyclopentadienyl manganese tricarbonyl 
and -rhenium tricarbonyl is near to zero. The 
cyclopentadienyl derivatives of metals may dis- 
sociate into ions in solutions when the effective 
charge on the ring is close to value of - 0.44. 
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Abstract-The solubility of hydrous U02 in sodium hydroxide solutions containing sodium 
dithionite and/or Zn metal powder as reductants has been measured. The results provide 
no firm evidence for any amphoteric behavior of U(IV) but do set an upper limit of 
K I 2 x 1O-23 for the hypothetical reaction: 

U4+(aq) + SH,OeU(OH); + 5H+. 

The results provide no evidence for such a reaction. 

The hydrolysis behavior of metal cations is a field 
about which a very large degree of uncertainty 
exists. In particular, much of the experimental 
data’ are highly questionable because of inade- 
quate or improper experimental technique, spar- 
city of data points, and wide scatter in the data. 
Often later authors have used such poor or limited 
experimental data to arrive at conclusions different 
from and often much beyond those that the origi- 
nal authors were willing to make. An example of 
this is the calculation of the formation constants of 
the lanthanide tetrahydroxo complexes’ from 
data on the solubility of the Ln(OH), in NaOH 
solutions in which some of the original workers 
indicated that the experimental results were not 
adequate for any calculation of species formed’ 
and from data of other workers that clearly does 
not show such a dependence of solubility on 
NaOH concentration or mean ionic activity” 
as to be able to conclude that the Ln(OH); ions 
are even being formed. 

The solubilities of the actinides at near neutral 
pH values are of particular importance to the 
geological disposal of nuclear waste. In particular, 
the solubility of tetravalent actinides is of im- 
portance under the reducing conditions expected in 
several of the proposed repository environments 
such as deep basalt or granite. Under these condi- 
tions, tetravalent species of U, Np and perhaps Pu 
become important. There has been a large effort 
exerted towards prediction of solubilities and mod- 
eling of actinide migration behaviour on the basis 

*Author to whom correspondence should be 
addressed. 

of hydrolysis and complex formation equilibria. 
Much of this equilibrium hydrolysis data has come 
from limited and poor experimental results or has 
been estimated by extrapolation from other hydro- 
lysis constants of the same metal ions by what 
might be considered reasonable but certainly un- 
proven methods. 

Specifically, with the tetravalent actinides, al- 
most all of the hydrolysis data for mononuclear 
species beyond the MOH3+ species is based on old 
and questionable work by Gayer and L&de? on 
the solubility of what they called uranium (IV) 
hydroxide [actually hydrous U(IV) oxide.6 
Hydrous U(IV)oxide, UO,(,,, is very easily air- 
oxidized, and their preparation and handling of the 
material leaves considerable doubts that they mea- 
sured U(IV) in solution at all. In addition, their 
solutions were settled for 3-5 days without 
filtration. (It is the present authors’ observation 
that centrifuging at 1500 G for up to 1 hr will not 
totally remove the Tyndall Effect from even fresh 
suspensions of crystalline UO,.) They measured U 
concentrations at six NaOH concentrations, and 
after discarding two data points that did not fit 
their conclusions, used only four points to arrive at 
a first power dependence on OH - concentration 
(0.14 to 0.48 M) and calculated an equilibrium 
constant for formation of H,UO;. Baes and 
Mesmer’ assumed this species to be U(OH)T 
instead of H,UO; and, making the totally er- 
roneous assumption that Gayer and Leider had 
used UO,(c) instead of amorphous hydrous UO, 
(referred to as “U(OH),” by gayer and Leider,5 
calculated the fifth hydrolysis constant of U(IV). 
Then, using measured values for the first hydro- 

941 
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lysis constant and the perhaps not completely 
unreasonable but certainly completely unproven 
assumption that the logarithms of the stepwise 
hydrolysis constants are linear with respect to the 
number of hydroxide ions, they calculated values 
for the formation constants of the U(OH):+, 
U(OH): , and U(OH),(aq) species. Actually such a 
concept could be very strongly questioned on 
several grounds such as for example the fact that 
there certainly does not appear to be a uniform 
progression in the hydrolysis of the actinide MS+ 
or M6+ ions where very strong hydrolysis to the 
MO: and MO:+ ions occurs with little apparent 
stability for less hydrolyzed species along with a 
much lower tendency to further hydrolysis. In fact, 
the tendency of pentavalent and hexavalent acti- 
nides to form 0x0 rather than hydroxo species, and 
the fact that the tetravalent actinides precipitate as 
hydrous oxides rather than hydroxides6 raises a 
question of whether complexes such as U(OH),(aq) 
and U(OH); exist at all. 

Langmuir’ repeated the same hydrolysis con- 
stant estimates for U(IV) made by Baes and 
Mesmer’ including the erroneous assumption 
that there was no free energy change in forming 
UO,(c) from the amorphous “U(OH)d” solid used 
by Gayer and Leider.5 He calculated free energies 
of formation for U(OH)$+, U(OH): , U(OH),(aq), 
and U(OH); . It is interesting that Langmuir made 
the opposite assumption further on in his paper’ 
to conclude that U02’am’, which is indeed the same 
as “U(OH),,” is at least 7.6 kcal/mole less stable 
than UO,(c) and may more likely be 12.8 kcal/mole 
less stable. These erroneous formation constants’ 
have been further used,” apparently without crit- 
ical review, to calculate the solubility of amor- 
phous I-JG,, as a function of pH. The preposterous 
conclusion, in terms of well-known U(IV) chem- 
istry, was reached and published8 that uranium 
solubility at low (1O-8o) oxygen fugacity would 
increase above about pH 4.5 reaching 1 g/L at pH 
9.8, and log/L at pH 10.8. Such conclusions 
appear to be the result of a total loss of contact 
with the reality of known actinide behaviour and a 
total preoccupation with the computer manipu- 
lation of formation constant data without regard 
to its validity. 

Others9-” have repeated similar estimates of 
U(IV) hydrolysis constants or free energies of 
formation often giving additionally estimates of 
entropies, extrapolating to other tetravalent acti- 
nides, or giving values as a function of ionic 
strength. Most of these values are the same or very 
near those reported by Baes and Mesmer’ and 
are based on the limited and questionable results of 
Gayer and Leider.s 

Tremaine et ~1.‘~ have made a careful attempt 
to measure the solubility of UO,(c) under non- 
oxidizing conditions at high pH. They used de- 
aereated and H2 saturated LiOH solutions (about 
0.003 and 0.04 M) in a flow apparatus with con- 
centration of U by ion exchange followed by 
neutron activation analysis. Their U solubilities 
were in the range of about 5 x 10e8 to 
1.7 x lo-‘M (seventy-fold lower than the values 
predicted for these OH - concentrations for 
UO,(am) by Gayer and Leider’s5 results). Their 
U analyses were apparently near their detection 
limit due to 18F interference which is directly 
proportional to the LiOH concentration. Also, 
they have shown I3 by X-ray photoelectron spec- 
tra that during their flow solubility runs below 
150”, oxidation of the UO, surface beyond the 
initial 0.3 U(VI)/U(IV) (corresponding to two 
monolayers of UO,) occurred up to at least 0.76 
U(VI)/U(IV). Their solutions apparently also con- 
tained somewhat less than 1% carbonate relative to 
hydroxide, and they showed based on literature 
stability constants, that at 10m8 M CO:- and 
1O-5 atm O2 the U(VI)/U(IV) ratio in solution 
should be 10’. Despite this, they have interpreted 
their results based on only two OH - concen- 
trations in terms of the predominant solution 
species being U(OH);. It is our opinion 
that they cannot possibly have measured U(IV) 
solubility as long as U(V1) solid is clearly present, 
and it is known that U(V1) has a solubility of 
2 10m3 A4 in LiOH solutions in this concentration 
rangel (as it also has in (C3H,)4NOH15 and 
(C4H9)4NOH’6 solutions). 

The present work reports results of a study of 
the solubility of amorphous, hydrous UO, under 
anoxic, reducing, alkaline conditions at 25”. So- 
dium dithionite and metallic zinc were used as 
reductants in this study. 

EXPERIMENTAL 

Reagents 
Water was in all cases deaerated by boiling 

following by thorough sparging at 25” with 
Ar( > 99.99%). A new bottle of reagent grade 
pellets of NaOH was opened in an Ar atmosphere, 
and a stock 10.5 M NaOH solution was prepared 
under Ar. An analysis showed 0.0152 M carbon- 
ate. A 7.5% excess of BaCl, was added, and the 
closed container was allowed to stand for two 
weeks under Ar to achieve complete precipitation 
and settling of the BaCO,. Sodium dithionite was 
from Sigma Chemical and a 1 A4 stock solution 
was prepared under Ar immediately before it was 
used to make up the first series of solubility 
solutions. 
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U(IV) stock solution was prepared by dissolving 
Hanford reactor grade uranium metal in 12 M HCl 
(initially with solution cooling but finally with 
heating to 1OOO). The hot solution was centrifuged 
while slow H2 evolution was still occurring from 
black residues. The solution (N 500 g U(IV)/L and 
,+ 2 M HCl) was then filtered through an 250 nm 
Millipore Solvinert filter and stored under Ar. 

General procedure 
All solutions were made up and handled in an 

Ar atmosphere, and .a11 solution containers were 
kept closed except for the minimum times neces- 
sary for makeup and sampling. Sodium hydroxide 
solutions (20cm3) were made by dilution of the 
stock solution, followed immediately by addition 
of reductant, and then of the U(IV) solution. The 
total U present was 0.25 mg/cm3, and by adding it 
as such a concentrated stock solution, its precip- 
itation and the neutralization of excess acid would 
be expected to consume only 0.005 M OH -, which 
is 10% of the lowest hydroxide concentration used. 
All the sealed containers of solution plus hydrous 
U02 were shaken vigorously for 13 or 16 days at 
room temperature (21 f 2”). At the end of this 
equilibration period, the still-sealed containers 
were centrifuged for 30 min at > 1000 G. Each 
container was then opened under Ar and the 
supernatant solution was quickly sampled by sy- 
ringe. A membrane filter was immediately attached 
to the syringe, and the solution forced slowly 
through the filter. The filters in all cases except the 
2 1OMNaOH solutions were Nuclepore 
Ultrafiiter@, Type F, No. lF7257, which has a 
20,000 molecular weight cutoff for globular pro- 
teins ( N 2 nm pore size), and is resistant to OH - 
solutions. Insufficient flow of 2 10 M NaOH 
could be obtained with this filter, and Millipore 
Solvinert@ filters UGWP with 250 nm pore size 
were used for these solutions. 

Uranium analysis 
Uranium analyses were made by laser-induced 

fluorescence using a Scintrex@ model UA-3 ura- 
nium analyzer with the known addition 
technique.“,** The samples were pretreated by 
addition of excess NaOCl (while still basic so that 
the dithionite would not decompose before it was 
oxidized) and were then acidified and, except for 
the samples containing only Zn as reductant, taken 
to dryness. The residues (principally Na salts) were 
taken up in dilute HNO, and analyzed. The sam- 
ples containing Zn only as reductant showed a high 
fluorescence before addition of the buffered com- 
plexant used in the method if they had been dried 
so were taken only to near dryness. The principal 
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purpose of the drying was to remove excess acid to 
avoid over-consuming the buffering capacity of the 
complexant. 

Known U standards were, after addition of 
NaOH, Na,S,O,, etc. taken through the above 
procedure with accurate recovery. These standards 
and those used in the known addition technique 
were prepared from NBS uranium metal standard. 
Reagent blanks corresponding approximately in 
composition to some of the samples yielding results 
below 10 - * A4 were run and gave approximately 
80% of the sample values (instrument scale read- 
ings were also very low for these) indicating that 
the true values for samples below 10 -r M are in all 
cases less than those shown. 

RESULTS AND DISCUSSION 

Tremaine, et aLI have estimated, based on 
earlier stability constant estimatesI using the 
Gayer and Leider’ data for U(OH);, that 
K = 3 x 10” for the reaction: 

U(OH); + CO:- + 9, + 3H + eUO,CO,(aq) 
+4H@. (1) 

A reasonable estimate for the carbonate concen- 
tration at their highest LiOH concentration 
(0.04 M) would be about 2 x 10e4 M. This would 
mean that an O2 fugacity of less than 10 -26 would 
be required to maintain a U(VI)/U(IV) ratio of one 
in solution. Any lower stability of U(OH); (as 
reflected by lower U(IV) solubility) would lower 
the required O2 fugacity by two orders of mag- 
nitude for each order of magnitude lower U(IV) 
solubility. This alone points to the impossibility of 
Gayer and Leider’s results being correct since they 
used no reductant for O2 removal at all. It is also 
extremely improbable that the H2 used by Trem- 
aine ef al.13 could be a kinetically sufficient 
reductant to achieve such low fugacities, especially 
at temperatures below 150°C. 

The dithionite ion is known to be a strong 
reductant with Ei = 1 .12Vi9 for the reaction: 

S,O!- + 40H-~?2S0:- + 2H,O + 2e-. (2) 

It is known that alkaline dithionite solution reacts 
with oxygen rather rapidly,” and it was 
found that when l-log U(VI)/L solutions in 
(C,H,),NOH were warmed with dithionite (or the 
related Rongolite), reduction and precipitation of 
U(IV) hydrous oxide occurred. Based on the above 
potential, it can be shown that the thermodynamic 
equilibrium oxygen fugacity in NaOH solutions 
above 0.01 M and containing 50% oxidized dith- 
ionite would be below lOe9O. Zinc metal is slightly 
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more reducing with Ei = 1.216V19 for the reac- 
tion: 

Zn+40H_PZnO:-+2H,O+2e- (3) 

and the ZnOz- ion is sufficiently stable[l9], with 
K = 1 x 10ez9 for: 

Zn(OH),PZnO:- + 2H+ (4) 

to maintain small amounts of Zn in solution and 
not form Zn(OH), at the OH - concentrations of 
interest here. Zn metal will also thermo- 
dynamically keep O2 fugacity below 10 -90 above 
0.01 M NaOH, but because it is a solid may not be 
kinetically adequate. Using the reductants dis- 
cussed above, solubility measurements were made 
in three series of solutions. The principal series was 
in dithionite solution while fewer measurements 
were made with zinc metal or zinc metal plus 
dithionite. 

Carbonate was removed from the stock 
10.5 A4 NaOH with BaCl, at an 0.0012 Mexcess. If 
activity coefficients are neglected (they should be 
greater than one in 10.5 M NaOH), a CO:- con- 
centration in this stock solution of 5 x 10e6 M is 
obtained based on the published” solubility 
product for BaCO,. The values for the individual 
solutions will vary with the dilution factor from 
this stock solution. 

Table 1 gives measured total uranium concen- 
trations in the dithionite containing solutions of 
NaOH in contact with hydrous UOz. The solu- 

Table 1. Measured U(IV) hydrous oxide solubility in 
NaOH-0.05 M Na,S,O, solutions 

NaOH Mel a,ri ty U Molarity 

0.045 3.6 x lo-* 

0.070 4 x 10-9 

0.095 5 x 10-9 

0.145 9 x 10-9 

0.295 8 x lo-’ 

0.50 7 x 10-9 

0.65 7 x 10-9 

0.80 8 x lo-’ 

1.00 2.4 x 1O-7 

2.00 2.5 x 10-8 

3.00 1.9 x 10-7 

5.0 6.7 x 1O-5 

7.0 1.3 x 10-5 

10.0 1.5 x 10-4 

bilities are shown in Figure 1 along with those of 
Gayer and LeiderS as a function of mean ionic 
activity of NaOH using activity coefficient data of 
Hamer and Wu.** The solid line corresponds to 
the formation constant reported by Gayer and 
Leider. Over the concentration range where the 
Gayer and Leider measurements were made, the 
values measured here are all lo3 to 104-fold lower 
than those of Gayer and Leider and all values are, 
as discussed in the experimental section, almost at 
the reagent blank level so they must be considered 
at the detection limit and are upper limits on the 
true solubility. Since they are upper limits, no 
significance can be placed on a possible slope in 
this region. At higher NaOH concentrations, there 
is greater than an order of magnitude scatter in the 
total U concentration data so again a slope cannot 
be determined. 

Table 2 gives measured total uranium concen- 
trations in NaOH solutions containing metallic 
zinc powder and hydrous U02. These results are 
also shown in Fig. 1 as a function of mean ionic 
activity of NaOH. The measured solubilities with 
Zn as a reductant are higher at low NaOH concen- 
trations and lower at high NaOH concentrations 
than those with dithionite as the reductant. It was 
observed that at 10 M NaOH, most of the sodium 
dithionite actually precipitated from solution. 
Also, because of the increasing stability of the 

. 

Fig. 1. Measured apparent solubilities of hydrous U(IV) 
oxide in sodium hydroxide solutions. Results of Gayer 
and Leider are from Ref. 5. Dithionate solutions were 
initially 0.05 M Na&O, and Zn suspensions were ini- 

tially 1.6 mg Zn/cm’. 
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Table 2. Measured U(W) hydrous oxide solubility in 
initially 1.6 mg Zn/cm3 suspensions in NaOH 

NrOH bl arl ty_ U bblarlty 

0.153 5.0 x 10-7 

0.55 1.64 x 10-7 

1.05 4.6 x lo-’ 

2.10 2.46 II 10-7 

5.2 1.81 x 10-7 

10.5 1.61 x 10-6 

ZnO:- ion relative to Zn(OH), or ZnO at high 
hydroxide concentrations, it might be expected 
that any coating initially present or forming on the 
Zn surface might be more readily removed at 
higher alkalinity making Zn kinetically more 
effective at the higher hydroxide concentrations. At 
lower ( < 1 M) NaOH concentration, the higher 
apparent solubilities with Zn reductant may be due 
to poorer kinetics of oxygen scavenging or might 
possibly be due to uranium complexing by ZnO:- 
ion. In any case, all values are much below those 
predicted by the results of Gayer and Leider.’ 

Table 3 gives measured total uranium concen- 
trations in NaOH solutions containing both dith- 
ionite and Zn metal powder. Despite the fact that 
the values in Table 3 are all at least two orders of 
magnitude lower than predicted by the results of 
Gayer and Leider, they are higher in all cases but 
one than the values for dithionite alone, and in all 
but one other case than values for Zn alone. The 
reason for this is not clear; the dithionite stock 
solution was 2 weeks old when used to make up the 
solutions used for the data of Table 3, whereas it 
was less than 1 hr old when used for make up of 
solutions in Table 1. Also, it was visually observed 
that the finer Zn particles dissolved during equi- 
libration in the Zn-only suspensions (Table 2), 
whereas they did not appear to react at all in the 
dithionite-zinc mixtures (Table 3) indicating pref- 
erential consumption of dithionite in the latter. 

Overall, it is much more probable that er- 
roneously high results rather than erroneously low 
results will be obtained in the solubility experi- 
ments described here. In all cases here, solubility 
was approached from the over-saturated side. As 
noted earlier, very low oxygen fugacities are ex- 
pected to be required to maintain U(IV) in these 
alkaline solutions, and since U(W) is much more 
soluble than U(IV), high values would be expected 
if incomplete oxygen scavenging occurred. In this 
regard, the higher observed solubilities in dith- 
ionate solutions above 1 M OH - may be due to 

Table 3. Measured U(W) hydrous oxide solubility in 
NaOH-0.05 M Na&O, solutions containing initially 

1.6 mg Zn/cm3 

NaOH Molari ty U blarity 

0.145 5.46 x 10-6 

0.50 7.98 x 10-7 

1.00 8.62 x 10-7 

2.00 2.26 x 10-6 

5.0 6.4 x 10-6 

poorer oxygen scavenging, U(W) reduction, or 
precipitation kinetics in these increasingly viscous 
solutions. It should also be noted that CO:- 
concentration is proportional to OH - concen- 
tration in these solutions, and carbonate complex- 
ing is expected to increase the stability of U(V1). 
Any-cross-contamination resulting from working 
in the same inert atmosphere chamber for solution 
makeup with very concentrated U solutions and 
for solution sampling and filtering would also yield 
an erroneously high result. 

The only way that low results could be expected 
would be if the analytical method did not respond 
to the total uranium present. All of the results 
given are based on more than one analysis (many 
on several with good agreement). In all cases, 
analysis was based on the technique of known 
addition whereby appropriate standards were ad- 
ded after the sample reading was obtained and a 
new reading measured. In addition, in many cases 
standards were added either to aliquots of samples 
which had not been pretreated or to NaOH- 
Na,!$O, solution, and these were taken through 
the entire procedure with excellent standard recov- 
ery. In order to show that soluble U was not 
removed by ion exchange or other reaction with 
the filter material, the solution shown in Table 1 as 
0.295 M NaOH was, after initial sampling for 
filtration, resealed, and was centrifuged at 
> 1000 G for 24 hr and a sample taken without 
filtering analyzed 1.3 x lOWEM U vs 8 x 10e9M 
(or background level) with filtering. Thus, it must 
be concluded that the solubility values of 
< lo-* A4 in the range 0.1 to 1 m NaOH in dith- 
ionite solution are real, and that the results of 
Gayer and Leider are at least four orders of 
magntiude too high. 

CONCLUSIONS 

Based on the above discussion, only the lowest 
measured U concentrations at a given NaOH 
concentration should be considered as an upper 
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limit for U(IV) solubility. The results do not 
provide solid evidence for any amphoteric behav- 
ior of U(IV) despite the measured solubility values 
being higher above 1 A4 NaOH. It is by no means 
certain that the measured U in any of these solu- 
tions was present as U(IV). The data presented 
indicate that the solubility of U(IV) hydrous oxide 
is at least four orders of magnitude lower than 
predicted by the results of Gayer and Leider,’ 

and that their equilibrium constant for the for- 
mation of U(OH);, if such indeed is a dominant 
species at all in this OH- concentration range, is 
at least four orders of magnitude too large. In 
other words, K I 1.7 x 1Om8 for the reaction: 

UO,(am) + 2H,O + OH - d U(OH); . (5) 

Using the conservative value of Langmuir’ for 
the free energy of formation of amorphous UOz 
and assuming that this applies to the 2-week old 
precipitated hydrous UOz used here, gives a limit 
for AGf 2 - 379.4 kcal/mole for U(OH); . Using 
AGr = - 126.9 kcal/mole for Ufaiy’, yields a 
value of K < 2 x 10 -23 for the reaction: 

U’+(aq) + SH,O@U(OH); + 5H+ (6) 

vs a value of lo-l6 reported by Baes and Mes- 
mer.’ Such a value yields a solubility of crys- 
talline UO, as U(IV) of < lo-l4 Mat 1 A4 NaOH. 
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Quantum chemical calculation of S,O, * -, SO,*- and SO, 5 by INDO/* method 
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Abstract-Electron density distribution on atomic bonds S-O and O-O in persulphate ion for two 
different -G-O- bond lengths - 1.5 and 2.OA using INDO/, method with parameters proposed by Pople 
on the BESM-6 computer have been calculated. 

The results of the calculations show that the electron density is lowest on -O-O- bond, which is in 
accordance with experimental data. The calculations based on the assumption that d,+ co lead to the 
conclusion that the homolytic cleavage of -0-G bond in S,O,*- ion is more probable. 

In spite of the wide application of peroxides there are not 
many works concerning the theoretical study of their elec- 
tronic structure. 

The initial works deal the simplest peroxidethe hydro- 
gen peroxide. Penney and Sutherland’ showed the non- 
symmetrical distribution of charges on the -UC%- bond. 
Amako and Griguers* had calculated the length of the 
X&G bond and the angle O-OH. 

Dialkyl peroxides and hydroperoxides were investigated 
by Ohkubo and Okado’ who showed the -O-O- bond to be 
little “populated”. They concluded that the peroxide bond 
may be attacked by nucleophilic agents. Similar data were 
received by Vanezawa, Kato and Yamamoto4 and by Silbert 
ef aLs The latter work carries the conclusion that olefins, 
which are xdonors, fill the lowest nonbonding orbitals of 
the -O-O- bond. Kucher and his colleagues- calculated 
the electronic structure of H,O,, organic peroxides anti the 
corresponding radicals to find a relationship between elec- 
tronic structure and reactivities. 

The electron density and other quantum chemical param- 
eters of benzoyl peroxide were calculated’0 and a 
“deficiency” of electrons was estimated in the -O-O- bond. 

The ion S,O,‘- has not been studied quantum chemically 
in spite of its wide application in many radical-chain 
reactions. 

According to Beylerian ” the passage of one or two 
electrons occurs from metal cations, having variable valence 
to the a bond when oxidizing with peroxides, particu- 
larly with persulphate. According to this hypothesis a 
complex is formed between S,O,*- and M”+ as a result of 
charge transfer from the cation to the -O-O- bond. 

The aim of the present work is to calculate the S,Os’- 
ion and to verify the reality of the existence of electron 
“deficiency” on the -O-O- bond in the S,O,*- ion. The 
calculation was carried out through the INDO/, method 
with parameters proposed by Poplen on the BESM-6 
computer. 

*Author to whom correspondence should be addressed. 

In this method the measure of the bond strength is the 
value bAa:13.r4 

where Pv are the bond orders between atomic orbitals with 
i, j numbers, and S, are the overlapping integrals of the 
orbitals with i, j numbers. 

The over-all indexes of bond energies in which the 
noneqiuivalence of different kinds of overlapping orbitals 
energy is considered,r5 is determined by the following for- 
mula: 

where Hg are matrix elements of frame Hamiltonian, P; and 
P& are matrix elements of the electron density with a and /l 
spins correspondingly. 

The geometrical parameters of S,0s2- ion were taken 
from Ref. 16. 

In the calculations of the electron density on -O-O- bond 
the length of this bond was varied: 1.5; 2.0 and cc A. The 
calculated data for the bond length d, = 1.5A, which 
corresponds to the crystal structure value of the ion S20s2 - , 
are listed in Table 1. 

The charge distribution on the atoms in the S20s2- ion 
at d_= 1.5A is illustrated on Fig. 1. 

From the results of Table 1 and Fig. 1 it is obvious that 
the electron density on -O-O- bond is minimum, the data 
concerning the bond strengths shows that the weakest is the 
W bond too, which breaks. 

Further calculations have been carried on for 
d - = 2.OA (see the data of Table 2). 

The charge distribution on the atoms in the S,0s2- ion 
atd,= 2.OA is illustrated on Fig. 2. 

From the data of Table 2 and Fig. 2 we conclude that 
when the length becomes 2.OA from 1.5A Efm# and b,, for 

Table I. The calculated data for the bonds A-B when d- = 1.5 A 
I 

A-B ‘ij ‘ij b AB %j 
R 

EA-B / 

s-o 1,1044 cl,3431 0,3789 To,5471 -0,6042 

o-o l 0,802O 0,3513 Of3099 -0,X63 -0,301l 

o-s 1,1044 0,3431 093789 -093471 a,6042 
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Table 2. The calculated data for the bonds A-B when doe = 2.0 8, 

A-B P 
U 

S 
id bA-B "u 

9 A-B 

s-o 1.1368 0,3431 0,390O -0,547l a,6219 

o-o 1.0238 0.2645 0,2708 -0,0899 -0,092o 

o-s 1,1368 0,343l 0.3900 -0,547l -0,6219 

I I I I I 

-0,504 -0,5t74 
n n 

-0,5f30\+0,7035 -O,f742 .4i742 

Fig. I. The charge distribution on the atoms in the S,O,*- 
ion at d- = 1.5A. 

-0.5ii7 -0,5117 

Fig. 2. The charge distribution on the atoms in the S20s2- 
ion at do, = 2.OA. 

X&G bond diminish. It confirms the proposition about the 
ease of -O-O- homolysis in S,O,2- ion. In the case when 
d- = 2.OA, S, = 0.2645 and for d- = I .5& 
S, = 0.3513. It is deduced, that when the overlapping is 
more the bond strength is more too. At 2.OA the electron 
density is more than when the -O-O- bond length is equal 
to 1.5A. 

It is probable that as a result of the increase in bond 
length the repulsion between oxygen atoms decreases and 
the formed “deficiency” is fullfilled owing to partly de- 
locahsation of both electrons in the S,O,*- ion. 

The rupture of 4)-G bond can lead to either the 
formation of SO,:, if the -O-O- bond ruptures homoly- 
tically, or SO,*-, if the rupture occurs heterolytically. 

The charge distribution on the atoms in SO,*- and S04: 
is illustrated on Fig. 3. 

The values of Es for SO,: and SOd2- are as follows:- 

E,(SO,:) = - 80.5426 au. 

Er(SO,‘-) = - 80.0606 au. 

The calculated results, which are shown on Fig. 3 and the 
values & of SO,; and SO,r - show, that E, for SO, T is less 
than for SOa - on one side, and the electrons are delocalised 
in the all system, on the other. 

Therefore the quantum chemical calculations show that 
there is a “deficiency” of the negative charge on the -GO- 
bond in the ion S,O,*- and it has been concluded that a 

_O,664d -46640 -0,4245 

,O 9 

(a) (6) 

Fig. 3. The charge distribution on the atoms in SO,*- (a) 
and SO,7 (b). 

nucleophilic attack on the -O-@ bond is theoretically 
possible. 
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with dodecatungstate as tetrahedral ligand 
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Abstract-Tetrabutylammonium salts of 12-heteropolytungstates with central metal ions in a 
tetrahedral oxygen environment, MWIZOa (M=Al, Zn), have been prepared and their spectroscopic 
data (IR, UV and MCD) presented. IR studies in acetonitrile solution suggest that the tetrahedral 
structure around AlO, moiety is largely distorted, whereas the ZnO, moiety retains excellent 
tetrahedral symmetry. 

Recently we have reported the syntheses and the spec- 
troscopic properties of tetrahedral transition-metal 
complexes of [MW,,O,]-type with dodecatungstate as 
tetrahedral ligand; M=Cu, Fe, Co and C0.i~~ As an 
additional work, we have prepared the [AlW,,O& and 
[ZnW,,0,0]6- anions as tetrabutylammonium salts. 
These compounds were first prepared by Brown and 
Mair,= but no spectroscopic data have yet been 
reported. As a continuity of structural studies of tet- 
rahedral complexes series of heteropolyanion, we have 
measured their IR spectra in a solid and in a solution, 
UV and MCD spectra and compared with the results of 
other tetrahedral complexes. 

EXPERIMENTAL 

Spectral measurements were performed by previously 
reported methods.‘,2 

H2[(C,H,),N],[ZnW,,0,]. Preparation of lZtungsto- 
zincate acid was performed by modification of the 
method of Brown and Mair[S]. Appropriate volume of 
nitric acid (1 mol dmm3) was added to Na2W0,.2H20 
(11.3 g, 3.4 x lo-* mol) dissolved in water (80 cm’), ad- 
justed to pH of about 5, and the solution kept at 
80-90°C with mechanical stirring, into which 
Zn(N0,),.6H,O (2.0 g, 6.7 x 10m3 mol) in water 
(140 cm3) was added slowly over 20 hr. The solution was 
cooled, concentrated to about 50 cm), set aside overnight 
and filtered. The filtrate was extracted with 
12N-sulphuric acid (2OOcm’) and diethyl ether 
(100 cm-‘). The lowest layer, containing ether-adduct of 
the product and metatungstic acid, was taken out, added 
to an equal volume of water, and the ether was removed 
by evaporation. The solution was evaporated to dryness 

*Author to whom correspondence should be ad- 
dressed. 

and dried several hours on a steam-bath. During the 
drying, metatungstic acid was converted to yellow tung- 
sten oxide, insoluble in water. The residual system was 
extracted with water and filtered. The process was 
repeated until no more yellow compound was formed. 
From the final aqueous solution repeated more than ten 
times, colourless solid 1Ztungstozincate acid was ob- 
tained. The solid was added to the aqueous solution 
containing excess tetrabutylammonium bromide, which 
has been acidified by nitric acid. The precipitate was 
washed thoroughly with water and recrystallized from 
acetonitrile. Yield 3.5 g (colourless). Found: C, 19.92; H, 
3.70; N, 1.46. Calc. for H2[(C4H9)4N14[ZnW,2040]: C, 
19.79; H, 3.76; N, 1.44%. 

H[(C,H9),N],[AIW,,O,]. 12-Tungstoaluminate acid 
was prepared and purified by modification of the method 
of Mair and Waugh.3 Appropriate volume of nitric 
acid (1 mol dm- ‘) was added to Na2W0.,.2H20 (28.0 g, 
8.5 x lo-* mol) dissolved in water (240 cm3), adjusted to 
pH of about 5.5, and the solution refluxed, and into 
which Al(NO,),*9H,O (5.0 g, 1.3 x lo-* mol) in water 
(200cm3) was added drop by drop over 20 hr. The 
solution was cooled, concentrated to about 50cm3, 
stored at 6°C overnight, and filtered. The filtrate was 
extracted with 12N-sulphuric acid and ether. By the 
similar work-up to the preceding preparation, colourless 
solid of 1Ztungstoaluminate acid was obtained (8.3 g) 
and converted to the tetrabutylammonium salt. It was 
washed thoroughly with water and recrystallized twice 
from acetonitrile. Found: C, 19.82; H, 3.88; N, 1.47. 
Calc. for H[(C4H9),Nl~[AlW,,0~]: C, 19.98; H, 3.77; N, 
1.46%. 

KG&J4N14Pi~~20~I and [(C4H9)4N13[PW,2041 were 

prepared by the usual methods. Found: C, 19.86; H, 
3.82; N, 1.51. Calc. for [(C.,H,),~rl,[SiW,,O~]: C, 19.99; 
H, 3.78; N, 1.46%. Found: C, 15.77; H, 3.10; N, 1.12%. 
Calc. for [(C,H,),w3[PW,,0,]: C, 15.99; H, 3.03; N, 
1.17%. 
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RESULTS AND DISCUSSION 

In the preparation of M=Zn and Al compounds, 
adjusting the pH of the starting solution with nitric acid 
significantly influenced the yields. However, the pH 
ranges allowed are relatively wide and the yields com- 
paratively high, e.g. in comparison with the preparation 
of M=Cu compound.’ Free acids have many solvated 
water molecules and to dry completely is difficult. When 
the tetrabutylammonium is employed as a counter cat- 
ion, isolation and treatment become convenient and 
solvation can be avoided. 

IR spectra. The IR spectrum of the metal-oxygen 
stretching region in [ZnW,,OJ- anion (Fig. 1) mea- 
sured by a KBr disk shows three prominent bands, 
v(W-0, terminal) at 94Ocm-‘, v(W-O-W, octahedral 
edge-sharing) at 870 cm ‘, overlapped band of vJ(F,) by 
Zn-0 stretching motion in a tetrahedral ZnO, and 
v(W-O-W, octahedral corner-sharing) at 770 cm-‘, and 
one small band; vq(F2) by 0-Zn-0 angle bending motion 
in ZnO, unit at 440 cm ‘. The overlapping of vJ(Fz) and 
v(W-O-W, corner-sharing) bands has been also ob- 
served in the cases of [MW,,O,] compounds with 
M=Cu(II), Fe(III), Co(H) and Co(II1). Because of its 
triply degenerate mode for perfect T, symmetry, the 
spectral shape of v,(F,) band directly reflects whether the 
symmetry of a ZnO, moiety is regular Td or not. For 
such a discrimination, the spectrum of a solution rather 

than of a solid is preferable, since the effects of crystal 
packing and/or environment are eliminated. The IR 
spectrum recorded in acetonitrile solution shows that the 
overlapped band at 770 cm- ’ is slightly separated and 
the vq(F2) band retains symmetrical envelope without 
significant splitting. Thus, the ZnO, moiety can be 
expected to have regular tetrahedral symmetry. 

On the other hand, the IR spectrum of [AIW,zOJ- 
anion in the solid (Fig. 2) is composed of four prominent 
bands and one doubly split band; the former are vOy-0, 
terminal) at 955 cm - ‘, v(w-O-W, octahedral edge- 
sharing) at 885 cm - I, which has a small shoulder at 
925 cn-‘, v(W-@W, octahedral corner-sharing) and 
v3(F2) by Al-0 stretching motion in AlO, unit, which 
appear at 810 and 770 cm- ‘, respectively, or vice versa, 
and the latter v,(F,) by O-AI-O bending motion in the 
AIO, unit at 475 cm ‘. The separation of v(W-O-W, 
corner-sharing) and v3(F,) bands in the solid-state spec- 
trum has also appeared in the [MW,,O,] with M=Si and 
P, but not M=Cu(II), Fe(III), Co(I1) and Co(II1). The 
spectrum measured in acetonitrile solution, as a whole, 
appears to be sharpened and shows the following char- 
acteristics; (1) vq band is doubly split as in the solid-state 
spectrum, (2) both v(W-CrW, comer-sharing) and vj, 
with broadened envelope in the solid-state spectrum, are 
split, and (3) the small shoulder at 925 cm- ’ accom- 

J l 

__-- -__ 

1000 800 600 400 cm-’ 

Fig. 1. IR spectra of tetrabutylammonium salt of 
[ZnW,,OJ- anion in a solid (KBr disk) and in ace- 

solution 
0-W) 

t 
, ’ I 1 

1000 800 600 400 cm” 

Fig. 2. IR spectra of tetrabutylammonium salt of 
[A1W,,040]5- anion in a solid (KBr disk) and in ace- 

tonitrile solution. tonitrile solution. 



panied with the v(W-O-W, edge-sharing) is also ob- 
served. 

The splitting of v,(F,) and v,(F,) bands show the 
lowering of symmetry in the tetrahedral AlO, moiety. 
Since the vj and vq modes are essentially independent of 
each other, the degeneracy of them in only one mode will 
be possibly split by the distortion of symmetry around 
the MO, unit. This has been observed in the M=Si and 
P compounds. However, since the vj and v, bands in the 
M=Al compound are simultaneously split, the distortion 
of AlO, moiety may be different from those of SiO,, and 
PO4 units. The shoulder or splitting components of 
comer- and edge-sharing bands of WO-W stretching 
may reflect that the symmetry of W,,040 skeleton is also 
lowered. 

Recently Akitt and Farthing have investigated the 
course of preparation of [AlW,2040]5- using *‘Al-NMR 
technique and discussed all species formed during the 
preparation.’ They pointed out from the appearance of 
two *‘Al resonances in the spectrum of final product that 
the preparation seemed to produce two 1: 12 anions, and 
they suggested the possibilities of its cause as follows; 
structural difference leading to distortion of the sym- 
metry around the AlO, unit, protonation of the anion to 
give a [HjAlW,2040]2-, replacement of counter cation by 
H30+, and a combination of these possibilities. Our 
results explicitly supported the possibility of the struc- 
tural difference. 

UV and MCD spectra. UV and MCD spectra in 
acetonitrile solution of four tetrabutylammonium salts, 
~W,,O,] with M=Al, Zn, Si and P, are shown in Figs. 
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Fig. 3. UV and MCD spectra of tetrabutylammonium 
salts of [MW,,O,] anions in acetonitrile solution; full 

line for M=Al and dotted line for M=Zn. 
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Fig. 4. W and MCD spectra of tetrabutylammonium 
salts of [MW,,O,] anions in acetonitrile SOhtiOn; full 

line for M=Si and dotted line for M=P. 

3 and 4. Absorption bands at 37-38 x 10’ cm -’ are due 
to the charge transfer transition within dodecatungstate 
lattice and are commonly observed in the dodeca- 
tungstate compounds, whether the central atom is a 
transition metal or not. The intensities of the Zn and Al 
compounds (c 3.41 x lo4 and 3.75 x 104, respectively) 
are relatively small in comparison with those of Si and 
P compounds (6 5.08 x lo4 and 5.24 x 104, respectively). 
MCD spectra in the UV region show apparently two 
positive and one negative components, where the nega- 
tive one appears near the position of absorption max- 
imum and exists between two positive ones. The positive 
component of high frequency region in the Zn com- 
pound has not been measured, because of spectral noise, 
but such a component will probably exist. This MCD 
pattern is characteristic of the dodecatungstates and can 
be distinguished from that of dodecamolybdates, which 
is composed of only two positive components. The 
intensity of each component changes with central atom, 
especially those of Zn compound are very small. This 
may be related to the strong interaction between central 
Zn ion and dodecatungstate lattice, the excellent T, 
symmetry of the ZnO, moiety, and/or a combination of 
them. The W-O charge transfer band, observed as one 
absorption, has been further resolved and found to be 
significantly influenced by the central metal. 
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Abstract - Copper(I1) acetate reacts with N-(2-ethanethlol)salicylidenelmine 

forming an ONNO chelate of a,a '-(diethylenedisulphide)-N,N'-diealicylideneimine 

with an uncoordinated disulphlde. This copper(I1) complex can also be obtained 

in higher yield if the thiol is first oxidized to disulphide with iodine. The 

geometry about copper(X) is distorted from planar to a flattened tetrahedron. 

In the presence of copper fans, thiols are rapidly oxidized to disulphides with 

the simultaneous reduction of copper to the monovalent state. Nevertheless, in view of 

the fact that blue copper proteins have a thiolato ligand directly bonded to 

copper (II) , 1,2 Interest remains high in exploring synthetic routes to such model 

complexes. Despite considerable effort toward this goal, there still remain very few well 

documented examples of a synthetic compound having such a coordinate linkage.3 any 

literature examples of compounds prepared from the interaction of thiols and copper 

salts cannot be treated as valid biomimetic examples of blue copper proteins because the 

products have been only poorly characterized. In many cases the complexes have copper in 

a monovalent or mixed valence state, and only in a few cases is copper divalent. One such 

example is the complex N-(2-thiophenolato)-R-salicylideneimine pyridine copper( 

Using this compound as a guideline we have explored the possibility of preparing an 

analogous copper(X) complex having an aliphatic thiolato ligand. We have thus used the 

compound N-(2-ethanethiol)-sallcylidenelmine for complexation with cupric ion. 
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EXPERIMENTAL 

on a Gary 17 spectrophotometer. EPR measurements 

Reagents were used as supplied. 

The compound N-(2-ethanethiol)salicylideneimine was prepared 

2-aminoethanethiol hydrochloride (2.50 g, 0.022 mol) in the minimum 

This solution was then added to potassium acetate (5.89 g) which 

minimum volume of .ethanol. After filtration of potassium chloride, 

g, 0.024 mol) was added to the filtrate, and the solution warmed 

by first dissolving 

quantity of methanol. 

was dissolved in the 

salicylaldehyde (2.51 

for lo-15 min.5 The 

Electronic spectra were measured 

were made on a Varian E3 spectrometer. 

resulting solution of N-(2-ethanethiol)salicylideneimine was added to copper acetate (2.45 

g, 0.012 mol) dissolved in hot methanol. The precipitate which formed was extracted with 

hot. pyridine, and the complex precipitated as a green powder by addition of hexane or 

diethyl ether. The filtered solid was washed with a little methanol then diethyl ether. 

Yield 1.4 g, 28%. Found: C, 51.23, 51.32; H. 4.35, 4.31; N, 6.77, 6.96; S, 15.56. Calc. 

for C18H18CuN202S2: C, 51.23; H, 4.30; N. 6.64; S, 15.20%. 

Alternatively the complex may be prepared by allowing the warm solution of 

N-(2-ethanethiol)salicylideneimine (0.024 mol) to cool, and then adding iodine crystals 

followed by copper acetate. Benzene and water were added as necessary to keep the 

solution homogeneous. Iodine addition was continued until there remained a faint purple 

colouration in the benzene layer. A dilute aqueous solution of sodium thiosulphate was 

then added to remove excess iodine, and the organic product extracted with benzene. The 

benzene solvent was removed ,by rotary evaporation and the residue containing 

o,o'(diethylenedisulphide)-N,N'-disalicylideneimine (0.012 mol) was dissolved in a 

methanol-acetone mixture. This solution was added to a solution of copper acetate (3.8 g, 

0.019 mol) in hot methanol, and the green solid product filtered. Yield 3.6 g, 71%. The 

product is identical with that prepared from N-(2-ethanethiol)salicylideneimine. 

RESULTS AND DISCUSSION 

The compound N-(2-ethanethiol)salicylideneimine is a potential .tridentate ligand 

which can be used to prepare thiolato complexes of metals such as nickel(II).5 Reaction 

of this compound with copper(I1) acetate yields a green complex in rather low yield. The 

electronic spectrum of this complex as a solution in pyridine shows absorption6 at 10,700 

-1 
( c55), 14,900 -' cm cm ( E llO), 21,300 cm-l ( c 260), along with two intense ligand 

centred charge transfer bands at 27.000 cm 
-1 -1 

and 34,240 cm . The solid state EPR 



spectrum at 293K and 77K shows a 

2.090(3). a reasonable position for 

be prepared in high yield from the 
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broad line of width 104 f 5 gauss centred at g = 

gl in copper(I1) complexes.6 Since this complex can 

disulfide it is very unlikely that the structure of 

this complex has a thiolato copper bond. The low yield of complex when prepared from 

N-(Z-ethanethiol)salicylideneimine [28X, based on CU(OAC)~.H~OI is a consequence of the 

thiol group being oxidized to disulphide. with reduction of cupric ion to the cuprous 

state. The oxidation product, o,o '-(diethylenedisulflde)-N,N'-disalicylideneimine, is a 

tetradentate ONNO ligand. Verification of this ligand structure has been made by prior 

oxidation of N-(2-ethanethiol)salicylideneimine to a,a'-(diethylenedisulfide)-N,N'- 

disalicylideneimine with Iodine. followsd by its use to prepare the identical copper(X) 

complex in higher yield 

the scheme. 

2 

(71% based on disulphide ligand). These reactions are shown in 

c/ 'OH HO' - 

Molecular models suggest that conformational strain about the diethylenedisulphide 

backbone of the ligand makes a planar coordination geometry about copper unfavourable, and 

that a tetrahedral distortion would be sterically preferable. Comparison of the 

electronic spectrum of this new complex with other copper(I1) sallcylidenelmine complexes 

supports this contention. Increasing the steric bulk of the N-alkyl substituent causes a 

distortion from planar (R = IT-Pr) to flattened tetrahedral (R - t-Bu). 7.8 This change is 

reflected in a progressive shift of the d-d electronic bands to lower energy as the 

copper(X) coordination geometry distorts from planar. Comparison of the electronic 

spectrum of this new complex with that for R = z-Pr. which has x 
max 

= 17,000 cm-1 (E llO), 

or for R = t_-Bu, with Amax - 8,500 (E 20). 13,400 (E 260). 20,800 (el,SOO), supports a 

structure with a distortion from planarity approaching that found for the g-butyl 

substituted complex. 9,10,11 
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ABSTRACT 

The polyhedron edge-bonding or -antibonding characteristics of the nondegenerate tenth 

and eleventh MO's of Djh tricapped trigonal prismatic %atcin homonuclear clusters like BgCl9, 

BgHg2-, Geg2-, Sng 3- and Big5+ can be used to rationalize the edge lengths in such clusters. 

Skeletal bonding is strongest, and the clusters are nearest to spherical, when there are 20 

skeletal bonding electrons present, as in the cases of BgHg2- and Geg2'. Species with one or 

two more or fewer electrons have expanded structures based on longer and thinner trigonal 

prisms. 

INTRODUCTION 

Most close borane-type clusters like the anions B,H,*- and carboranes C2Bn_2Hn 

(n = 5 + 12) have (n + 1) skeletal electron pairs to hold their n atoms together. However, 

species in which the (n + ll'th and (n + 2)'th MO's (the HOMO and LUMO of B,H,*-1 are non- 

degenerate can in principle suffer loss or gain of one or two electrons without a change of 

symmetry from that of the close shape appropriate for (n + 11 pairs.' The D2d dodecahedral 

shape Of B8H8 *- ** the Dlh tricapped trigonal prismatic shape of B9H9 *- *, and the Cpv 

octadecahedral shape of BIIHII *- 3, are all compatible with n, in + 11 or (n + 2) skeletal 

electron pairs, the strongest bonding (and so most compact shape) being when there are (n + 11 

pairs. We have elsewhere1 pointed out in preliminary form that the differences between B8Clg4 

and B8H8 *-,* or between B9C1g5 and BgH9 2- 2 , are consistent with the B-B bonding or antibonding 

characteristics of the HOMO's of B8H8*- 6 and BgHg*-.* Our emphasis in that earlier paper was 

on 8-atom clusters. Here, we illustrate and develop our argument with particular reference to 

g-atom clusters, and consider how it can be extended to allow clusters of one element to be 

compared with those of another element of different atomic radius. 

FRONTIER ORBITMS OF D3,, TRICAPPED TRIGONM PRISMATIC CLUSTERS. 

Molecular orbital treatments of BgH9*- * and of related clusters M9*- (where M = a Group 

IV element such as Ge, Sn or Pbl'-' have shown that there is a significant energy gap between 

the tenth and eleventh MD's, the former (the HOMO) being of aI2 symmetry and predominantly 

bonding in character, the latter (the LUMO) being of an2 synsaetry and predominantly 

antibonding in character. The combinations of p atomic orbitals (tangentially orientated with 

respect to the pseudo-spherical cluster surface) that contribute to these MD's are shown in 

the Figure, from which it is apparent that while the HOMO is bonding for edges of types g and 

h, and antibonding for edges of type f, the LUMD is precisely the reverse, bonding for edges 

of type f, but antibonding for edges of types g and h. Adding one or two electrons to Dgh 

BgHg2- or related clusters, or taking one or two electrons away from such a system, is 

expected to cause the same type of distortion if the D3h symmetry is retained. Edges Of 

type f (which surround the triangular prism faces) are expected to shorten, while those of 
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HMD-a’2 skeleton LIMO-a** 

Figure. 4h tricapped trigonakprismatlc skeleton of the g-atom clu;terr BgClg. 

C2B7Hg, sng3- and Big , ulth the frontier orbttals of ggttg -. 

Table. Polyhedral edge 1efIgthS in ~0me %h g-atom tricapped t.dgOnal prismatic clusters 

with from eighteen to twenty-two skeletal electrons 

Species Skeletal Edge Lengths (pm) Ref. 

electrons f g h f/g 

B9C’9 18 180 208 175 0.87 5 

BgHg2- 20 188 181 171 1.04 2 

CPB "9 

Ge9 $- 

20 197 177 170* 1.11 13 

20 267 295** 256 0.91** 10 

.Sng3- 21 306 330 294 0.93 11 

Big5+ 22 324 374 309 0.87 12 

* 
Distance to cappfng boron; h for capping carbon is 161 pm. 

** This anion is very distorted, nfth one long bond of type g - see text. 



Notes 965 

types g (the prism length) and h (the links to the capping atoms) are expected to lengthen. 

The effect is to convert the pseudo-spherical ten electron pair system into an ellipsoidal 

system elongated along the 3-fold axis. 

IWTERATMC DISTANCES IN %,, TRICAPPED TKIGoI(AL PRISMTIC CLUSTERS 

The interatomic distances in a series of homonuclear D3h trfcapped trfgOna1 prismatic 

clusters2*5s10-12 , and in the related C2, symmetry carborane C2B9H11, l3 are listed in the 

Table. The first two entries, BgC1g5 and BgHg2- 2, show precisely the difference expected-- 

the trigonal prism of the former is longer and narrower than that of the latter. The data for 

the carborane C2B7H9,13 in which the carbon atoms occupy capping positions, when compared with 

those for BgHg2-, show that the main effect of the carbon atoms is to drain electronic charge 

from the prism ends, lengthening the edges of type f and so making the prism even fatter. 

Comparison with clusters of elements other than boron is facilitated by calculating the 

ratio of the prism edge parameters f/g. Since f is expected to shorten and g to lengthen as 

electrons are added or removed, this ratio provides a more sensitive guide to the effect of 

changing the electron numbers,' than the interatomic distances themselves do and allows 

comparisons to be made between the boron systems just considered and related metal clusters 

containing larger atoms. At present, there is unfortunately a dearth of information on the 

structures of close anionic clusters t$2' (M = Ge, Sn or Pb).7s8 Though these anions are 

believed to feature in the solution chemistry of alkali metal alloys of these metals,7 the 

anions M94-, with nfdo capped square antiprismatic structures, have been much more thoroughly 

structurally characterized. The one dnfon Mg2' that has been structurally characterized is 

Geg2- lo , and it has Cpv symmetry, one edge of the trfgonal prism (type g) being 30 pm longer 

than the other two. The reason for this distortion from the ideal D3h geometry is not clear, 

but a consequence is that the ratio of edge lengths f/g is much lower than might have been 

expected for a system that is believed to contain ten skeletal bond pairs (the charge on the 

anion was inferred from the shape and from the number of cations present). 

The remaining two clusters in the Table, the odd electron system Sng 3- 11 and the eleven 

pair cluster Big5+ l2 both have low values of f/g as expected for species with elongated 

narrow trigonal prisms, the degree of distortion fran the 'ideal' geometry being greatest, 

again as expected, for Big5+, which contains two antibonding electrons, whereas Sng3- contains 

only one. 

With the exception of Geg2-, which is anyway very distorted from Dgh s-try, these 9- 

atom D3h clusters thus show the sensitivity of shape to electron numbers that is expected from 

simple frontier orbital considerations. Structural characterfsation of further examples, 

particularly close systems Mg2- (M = Ge, Sn or Pb), and related 19 electron clusters if these 

can be prepared, would help test the generality of the arguments outlined here. 

We thank SERC for support, Prof. J. D. Corbett for comments and details of the structure 

of Sng3-, and the University of Notre Dame (where this note was written) for the generous 

facilities offered to KW as a visiting professor. 
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Abstract: The dihaptoiminoacyI complex [Fe(C0)2 (PMe3)2(q2-CMe=N-CMe3)]+ I- was 
obtained by reaction of [Fe(CO)z(PMes)zMeI] and tertbutylisocyanide. The stru- 
cture of the complex was determined by an X-ray structure analysis. 

Isocyanides are structurally similar and isoelectronic with carbon monoxide; 

therefore an understanding of iso- 

cyanide insertion'may help our un- 

derstanding of CO insertion2. Mo- 
reover, isocyanide insertion is 

not an equilibrium reaction and 
can give polyinsertion3. When the- 
re is a choice within one molecu- 

le, isocyanide insertion prevails 
over CO insertion, though its cal- 
culated activation energy is high- 

er than for CO ingertion4.This can 

be explained by acid catalysis'! 
Another reason may be the action 
of the metal, which acts as an a- 
cid toward the nitrogen atom to 
stabilize the dihaptostructure as 
an insertion intermediate. Two ex- 

amples of dihaptoiminoacyl comple- 
xes are described in the literatu- 

5 re . We here describe the prepara- 
tion of a complex of iron (II) 
showing this structure (Scheme 1). 

The reaction of [Fe(C0)2(PMe3)2MeI] (1) with tert-butylisocyanide in bense- 

ne (molar ratio l/l) quickly yields [Fe(CO)(PMe3)2(CNCMe,)(COMe)I] (2), which 
ionizes to the complex [Fe(CO),(PMe3)2(CNCMe3)Me]+ I- - - (3);(3) reaches an equi- 
librium with the dihaptoiminoacyl complex 

[Fe(CO)2(PMe3),(q2-CMe=NCMe3)]+ I- (4). With 
an excess of tert-butylisocyanide the reacti- 

on proceeds t: the complex [Fe(CO)(PMe3)2(CN- 

CMe3)2(COMe)] I- (5). The complexes (3) and 

(4) cannot be isolated because equilibrium 

between them is established in the solid sta- 

te, too; on the other hand the complex (4a) 
can be precipitated from a tetrahydrofurans 
solution of (3a) and (4a) obtained by exchan- 
ge with NaBPh4in methanol; The elemental ana- 
lyses of the complexes (4a) and (5) are in a- 
greement with the proposed formulation. 

(4a) crystallizes in the monoclinic system 
with a = 29.832(4), b = 12.174(3), c = 10.650 
(3) A, B= 91.45(2)', U = 3866.6 i3, D,= 1.045 

g.cmm3 , Z = 4, space group P2,/n. Intensity 
data were measured with a Philips PW 1100 dif- 
fractometer, using MoKa radiation, p=4.7 cm-? 

967 
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The structure was solved by direct method and refined by full matrix least 
squares method to R = 0.075 for 1628 observed reflections and 149 parameters. 8 

The molecular structure of complex (4a) is shown in Fig. 1. 
In addition to the Fe-PMeg and Fe-CO groups, an iminoacyl (Me-C=N-CMe3)gro- 

up bonded to the metal atom is observed. Relevant internuclear distances and 
angles are: 
1.496(19);; 

Fe-C8 = 1,940(13)A; Fe-N = 2.007(10)A; Cg-N = 1.211(14)i; Cg-Cl0 = 

N-Cl1 = 1.523(16)A; CIO-Cg-N = 139.1(13); Cg-N-C11 = 137.4(12); 
Cg-Fe-N = 35.7(4). The increase of the angles Clc-Cg-N and Cg-N-C,, with refe- 
rence to a normal q'-iminoacyl structure5ap6 and the similar bond distances 

Fe-N and Fe-C8 indicate a dihaptoiminoacyl structure as found in the previously 
described complexes5. 

1 
The structures of the complexes (3), (4) and (5) are supported by i.r. and 

H n.m.r. spectra (Tab. 1). 

Comvk” v co V 
COW 

v cn ‘G M. ‘COM. 

In particular complex (4) shows 

two i.r. CO stretchings, no i.r. band 
in the range 2100-2200 cm-'(CrN stret- 

things) or in the range 1500-1600 cm-' 

(C=N stretchings). The band at 1750 

cm-'is assigned to the C=N of the v2- 

14) mar*, ,rsso,s, 1750,flll 
J ‘a4’t’ 

dihaptoiminoacyl structure.A compari- 
.,,:z.a =p. son with the band observed in the o- 

I51 lSW,S, 15oxS) 2115 ,.,, 21w., I 55,., ther two dihapto compl_elx;t (YcN' 1654 

a: be”,.“* *OIYtio”: s . ,trono,m: madl”m‘or Ihe ,.r. spoc,rwn; Cm-1,8b and YcN= 1660 cm ’ ), indicate 

that this band is strongly influenced 

by the dihapto structure. 
The shift is to a higher frequency with respect to the C=N stretching. This 

trend is opposite to that observed in the dihaptoacyl complexes7 and corres- 
ponds to the effect observed on the double bond of the cyclopropene derivati- 

8 ves . Since the structure of cyclopropene and dihaptoiminoacyl metal are very 
similar, the strengthening of the double bond may be due to the partial sp hy- 
bridization on the C and N atoms, observed in cyclopropene 8 and to the quater- 

nary iminium salt :C=Nk structure, for which a shif'l to higher frequencies 
9 of the C=N stretching is observed . 
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Refutation of the synthesis of tetrakis(cyclopentadienyl)cerium~) 

G. B. DEACON,* T. D. TUONG and D. G. VINCEt 
Chemistry Department, Monash University, Clayton, Victoria 3168, Australia 

(Received 1 February 1983; accepted 24 February 1983) 

Abstract-Reaction of sodium cyclopentadienide with dipyridinium hexachlorocerate(IV) in tetra- 
hydrofuran yields tris(cyclopentadienyl)cerium(III) and not tetrakis(cyclopentadienyl)cerium(IV). 

The synthesis of tetrakis(cyclopentadienyl)cerium(IV) by 
reaction of (pyH),[CeCI,] with sodium cyclopentadienide 
has been reported.’ 

W-MCeC161 + 4Na(GW-, 

(C,H,),Ce + 4NaCI + 2(pyH)Cl. (1) 

It has also been claimed that the same reagents (different 
stoichiometry) and reaction of (C,H,),Ce with 
(pyH),[CeCI,] yield tris(cyclopentadienyI)cerium(IV) 
chloride,2 from which a range of (C,H,),CeX (e.g. 
X = alkyl or aryl,3 alkoxide,4 BH,r compounds 
have been derived. Tetrakis(cyclopentadienyl)cerium 
(IV) was reported to be stable to water and dilute 
acids,’ by contrast with organolanthanides in more 
stable oxidation states.6.7 The compound was said to 
be “chemically stable” but the stability to air was not 
specifically mentioned.’ The occurrence of (1) is sur- 
prising in view of the formation of tris- 
(cyclopentadienyl)cerium(III) from cerium tetrafluoride 
and (C=,H,),Mg,’ but receives some support from the 
preparation of (C,H,),Ce(OPr? from Ce(Oh’), and 
(CsH,),Mg.9 However, the properties of 
(C,H,),Ce(OPr‘) from this source (colour, volatility, IR 
absorptions)’ differ from those of the same compound 
prepared by alcoholysis of (C,H,),Ce or (C,H,)3CeC1,4 
and it is not easy to reconcile cleavage of (CrH,),Ce by 
isopropano14 with stability to water and dilute acids.’ 
These contradictions and inconsistencies have led us to 
reinvestigate the reported synthesis’ of tetra- 
kis(cyclopentadienyl)cerium(IV). 

EXPERIMENTAL 

Reactions were carried out under purified (with BASF 
3/l 1 oxygen-removal catalyst and molecular sieves) ni- 
trogen in Schlenk assemblies, and solids were handled 
under purified nitrogen in Vacuum Atmospheres HE 
43-2 or CSIRO dry boxes. Tetrahydrofuran and petro- 

*Author to whom correspondence should be ad- 
dressed. 

tPresent address: Nobel Group, ICI Australia Oper- 
ations Pty. Ltd., Deer Park, Victoria, 3023, Australia. 

leum ether were purified as described previously.” 
Dipyridinium hexachlorocerate(IV)” and solutions of 
sodium cyclopentadienide in tetrahydrofuran12 (stan- 
dardized by acidolysis) were prepared by published 
methods. Infrared spectra of compounds as Nujol mulls 
were recorded with Jasco IRA-l or Perkin-Elmer 257 or 
180 spectrophotometers. The magnetic moment was 
determined at room temperature by the Gouy method 
for a sample sealed under nitrogen. 

Reaction of dipyridinium hexachlorocerate(IV) with so- 
dium cyclopentadienide 

A solution of sodium cyclopentadienide (25 mmol) in 
tetrahydrofuran (19 cm3) was added to a suspension of 
dipyridinium hexachlorocerate(IV) (5.06 mmol) in tet- 
rahydrofuran (120 cm’) under purified nitrogen at room 
temperature. The mixture turned dark brown within 
1.5 min and brown-black in 34 min. After heating 
under reflux for 3 hr, a white precipitate and yellow 
solution were obtained, and no change was observed 
during further heating (16 hr). Filtration and evapo- 
ration to dryness (pyridine evolved with the volatiles) 
gave a dirty-yellow precipitate with an infrared spectrum 
in agreement with that of a sample of tris- 
(cyclopentadienyl)(tetrahydrofuran)cerium(III) (prepar- 
ed by the thallous cyclopentadienide transmetallation 
route),13 which was largely insoluble in petroleum 
ether (see reported behaviour of (C,H,),Ce’). Sub- 
limination (210-235”C, lo-’ mm) gave tris- 
(cyclopentadienyl)cerium(III) [47x; IR identical with 

from 
;C,H;z;hI)], 

sublimination of authentic 
not decomposed at 36o”C, lit.12 m.p. 

435”C, ~1 = 2.30 BM, lit.12 p = 2.46BM, with the 
known’* violent air sensitivity. 

RESULTS AND DISCUSSION 

Reaction of dipyridinium hexachlorocerate(IV) with 
sodium cyclopentadienide (mole ratio 1: 5) in refluxing 
tetrahydrofuran gave the highly air-sensitive tris- 
(cyclopentadienyl)cerium(III) [reaction (2)], 

2(pyH),[CeCl,] + 12Na(C,H,)+ 

2(C,H,),Ce + (C,H,), + 4C,H, + 12NaCI + 4py (2) 
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and not the reported’ tetrakis(cyclopentadienyl)ce- 
rium(IV) [reaction (l)]. Although a longer reaction time 
(19 hr) was used than that reported (lO-12hr),’ the 
appearance of the reaction mixture was unchanged from 
3+ 19 hr. The evolution of pyridine [see eqn (2)] is hardly 
surprising, since sodium cyclopentadienide is a strong 
base and the pyridinium ion an acid. 

Apart from refutation of the synthesis of (C,H,),Ce, 
the present results also cast doubts on reported prepara- 
tions of tris(cyclopentadienyl)cerium(IV) compounds 
(e.g. [2-51) especially those derived from (CSH,).,Ce.2*4 
Published syntheses of tetra(fluorenyl)cerium(IV)‘4 
and dicycloheptatrienylcerium(IV) dichlorideis by the 
same workers also could not be repeated.’ 
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Organotransition Metal Chemistry: Applications to 
Organic Synthesis. Stephen G. Davies, Pergamon 
Press, Oxford, 1982, pp. xv and 411 

Organic compounds of the main Group elements have 
been employed in organic synthesis for at least a century. 
The more recent development of organotransition metal 
chemistry as a coherent discipline is now pointing the 
way to the exploitation of these compounds in a wide 
range of versatile organic transformations. Coordination 
of an unsaturated ligand to a transition metal often 
significantly modifies the reactivity of the ligand. Are- 
netricarbonyl chromium complexes, for example, are 
activated to attack by nucleophiles compared with the 
free arenes, so that a sequence of reactions involving 
complex formation, addition of a carbanion followed by 
oxidative removal of the transition metal permits nucleo- 
philic substitution of an arene. Free alkenes normally 
react by electrophilic addition. q2-alkene di- 
carbonylcyclopentadienyliron cations, however, add nu- 
cleophiles, and the resulting substituted alkyl group can 
readily be. removed from the metal in a variety of ways. 
An important feature of reactions especially valuable in 
synthesis of organotransition metal complexes is the 
high degree of regio- and stereoselectivity with which 
they often proceed. 

Dr. Davies is a young organic chemist who is actively 
engaged in research on organotransition metal com- 
pounds and heir applications in organic synthesis, and 
is therefore J ell qualified to write a book on the subject. 
He begins w&h a useful general introduction considering 

the structures of organotransition metal complexes and 
the bonding within them. For a system to be. useful in 
synthesis, complex formation and subsequent removal of 
the metal function must proceed readily and in high 
yield. Such processes are covered clearly and system- 
atically. The versatility and range of the methods already 
available to the organic chemist are brought out by 
chapters on organometallics as protecting groups, as 
electrophiles and nucleophiles, in coupling and cy- 
clisation reactions and in isomerisation of olefins and 
acetylenes. Organotransition metal reagents can be em- 
ployed either stoicheiometrically or as catalysts. Exam- 
ples of the latter method include catalysed oxidation, 
hydrogenation and carbonylation of alkenes and of 
other unsaturated organic compounds. The use of chiral 
complexes in effecting asymmetric syntheses is also 
covered. 

This book is recommended. As the author states in the 
Preface, coverage cannot be comprehensive. The work, 
however, provides a clear and wide ranging account of 
the possibilities and potential of this exciting new area 
of chemistry. It could be read with profit by organic and 
organometallic chemists, and by postgraduate and ad- 
vanced undergraduate students. The price however, will 
probably prevent purchase by the latter group. The book 
is reproduced directly from the typescript. The index ’ 
could be more comprehensive, although this is counter- 
acted by the systematic organisation of the subject 
matter. 

PAUL POWELL 
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CHEMISTRY OF SUBSTITUTED SULPHURIC ACIDS - XVII. 
COMPLEXES OF V(III), Cr(III), MI@) AND 

Fe@) METHYLSULPHATES 
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Department of Chemistry, Panjab University, Chandigarh 160 014, India 

(Received 19 April 1982; accepted 1 March 1983) 

Abstract-V(III), Cr(III), Mn(I1) and Fe(H) methylsulphates form stable donor-acceptor 
complexes with nitrogen donors. 1: 1 and 1: 2 complexes with bipyridyl have been prepared 
in respect of trivalent salts and 1: 2 and 1: 4 metal : base complexes have been obtained in 
respect of divalent metal salts with bipyridyl and pyridine respectively. Electronic spectra 
suggest an octahedral geometry around metal ions. IR spectra of the anhydrous metal 
methylsulphates have been studied and assigned. The changes in the IR spectra of the 
methylsulphate group in different stereochemical situations have been observed. 

Paul et a1.14 have prepared and characterized a few 
transition and non-transition metal methyl- 
sulphates. Johnson et al5 reported the complexes 
of some divalent transition metal methsulphates. 
The preparation and characterisation of the com- 
plexes of the methylsulphates of title metal ions is 
being reported now. 

EXPERIMENTAL 

Vanadium(III), chromium(II1) and manganese- 
(II) methylsulphates were prepared as described 
earlier.’ Iron(I1) methylsulphate was obtained in 
the same way by solvolyzing FeC12 with anhydrous 
CH3S03H. Anhydrous methylsulphuric acid was 
prepared conductometrically.2 

tal analyses. The IR spectra were run as nujol mulls 
on IR 62 1. The electronic spectra of the solids were 
recorded as nujol mulls by the transmittance 
method on DMR-21 at I.I.T. Madras. The elec- 
tronic spectra of the pyridine complexes of V(II1) 
could not be recorded as they did not offer mulls 
of sufhcient consistency. The magnetic moments 
were obtained by Gouy’s method at room tem- 
perature. Allowance for diamagnetic corrections 
has been made in all cases. The solution spectra 
were recorded on a Beckman DB recording spec- 
trophotometer. In Table 1 are recorded the mag- 
netic moments, colour and analytical data of the 
compounds. 

DISCUSSION 

973 

The bipyridyl complexes were prepared by shak- 
ing a stoichiometric amount of the reactants in 
methanol. The contents of the reaction mixture 
were concentrated and the complex precipitated 
and washed with solvent ether. The complexes of 
divalent metal methylsulphates with pyridine were 
obtained by dissolving the anhydrous salt in excess 
base and then metathesizing with solvent ether. 
The pyridine complexes of trivalent metal methyl- 
sulphates were prepared in an analogous manner 
except that no precipitating/washing solvent was 
used; instead the excess base was pumped off by 
prolonged evacuation at 70°C. All the compounds 
were ascertained for their composition by elemen- 

The divalent and trivalent transition metal 
methylsulphates have an octahedral M[O,] chro- 
mophore.’ This is explained on the basis of the 
presence of bridging CH,SO, groups in these com- 
pounds. Recent investigations6 on some bi- 
functional titanium(IV) compounds suggest that 
the CH,SO, group is an excellent bridging group. 

The coordination number, stereochemistry, etc., 
of the complexes, in question, have been deduced 
on the basis of electronic and IR spectral data. 

*Author to whom correspondence should be ad- 
dressed. 

Electronic spectra and magnetic moments. The 
complex, V(CH3S03)3. 2Bipy has bands at 16.0 and 
18.7 kK(v,) and a band at 30.3 kK (v3) whereas 
V(CH3S03)3. Bipy has bands at 14.9 (v,) and 25.0 
and 28.6 kK (v3). The splitting of v, or v3 bands is 
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Table 1. Analytical data of V(III), Cr(III), Mn(I1) and Fe(I1) methylsulphates and their complexes 

Compound Colour Kff. (B-M* ) 

2. 

3. 

4. 

5. 
6. 

7. 
a. 

9. 
10. 

11. 

12. 

13. 

14. 

Yellowlsh- 
Green 
Green 

Jade-green 

Violet 

Dark green 

GlXWl 

Light green 

Light green 

Ylite 

Wlite 

Light pink 

Light grey 

Pale yellow 

Cherry red 

2.68 15.73G5.18) 

2.57 9.09( 8.90) 

2.69 10.73C10.36) 

2.47 7.77( 7.87) 

3.73 15.88c15.43) 

4.21 9.74( 9.06) 

3.90 10.26C10.55) 

3.67 7.78( 8.01) 

5.46 22.24t22.45) 

5.63 9.533( 9.80) 

6.19 9.73( 9.87) 

4.90 22.4lC22.76) 

5.65 10.12( 9.96) 

6.10 10.53(10.13) 

7.14( 7.32) 

5.61( 5.69) 

8.88( E!.64) 

7.16( 7.31) 

5.70( 5.67) 
8.53( 8.62) 

9.82( 9.98) 

10.01(10.05) 

9.'+8( 9.56) 

9.91~10.03) 

29.02C28.57) 

16.48(16.75) 

19.09(15.51) 

14.37C14.61) 

27.76t28.49) 

16.33Cl6.72) 

20.00Cl9.47) 

14.28C14.79) 

26.88C26.12) 

12.06U1.41) 

11.24C11.49) 

25.89C26.02) 

11.98(11.39) 

11.23t11.47) 

ascribable to the presence of low symmetry ligand 
fields in these compounds. The position of these 
bands is indicative of octahedral vanadium(II1) 
species.’ In as much as bipyridyl is a bidentate 
donor, it may be concluded that the 1: 2 complex 
has a V[02N4] chromophore and the 1: 1 complex, 
V[O,Nd chromophore. A bridging methylsulphate 
provides the fourth oxygen atom in the latter case. 
The proposition of an ionic CH,SO,- group seems 
obligatory in the case of the bis(bipyridy1) com- 
plex. Unfortunately, due to the insolubility of these 
compounds in conventional organic solvents, no 
conductometric investigations could be carried out 
to ascertain the existence of ionic groups. 

The electronic spectra of the chromic complexes 
reveal the following bands: Cr(CH$03)j. 2Bipy: 
14.7 and 16.0 (vi) and 22.2 kK (Q); Cr(CH,S03)3. 
Bipy: 15.9 (vl) and 21.7 kK (vq); Cr(CH,SO& .3Py: 
15.7 and 16.3 (v,), 22.2 (vz) and 30.8 kK (vr). The 
vj band in the case of the first two complexes seems 
to have been lost under the envelope of charge 
transfer bands. The proposition of octahedral 
chromophores seems obligatory in the light of 
these observations. 

The electronic spectra of the complexes of man- 
ganese(I1) exhibit the following bands: Mn- 
(CH,SO,), .4Py: 13.3, 15.6 and 20.0 kK and 
Mn(CH,SO& .2Bipy: 13.8, 15.0,20.0 and 28.6 kK, 
but these bands are not revealing in that the band 
intensities could not be measured and hence no 
assignments could be made. 

Iron(H) methylsulphate which has been pre- 

pared and characterized during the course of 
present studies, has two bands at 6.9 and 9.3 kK, 
arising out of the splitting of the SE, excited state 
due to Jahn-Teller distortion.’ The pyridine com- 
plex has bands at 8.9 and 12.5 kK whereas the 
bipyridyl complex has bands at 8.5 and 11 .O kK. 
The position of these bands consigns a coordi- 
nation number of six to the ferrous compounds. 
The red colour of the bipyridyl complex seems to 
arise because of charge transfer bands occuring in 
the high energy region of the visible spectrum. 
Thus the solution spectrum of this complex in 
ethylenecarbonate (in which it does not furnish 
ionizable CH,SO, groups) reveal three intense 
bands at 19.5, 20.5 and 28.6 kK of intensity 2980, 
2250 and 1950 Lmole-‘cm-’ respectively. These 
are recognised as metal+ligand CT. bands. On 
the basis of simplified energy level diagram de- 
picting metal tzs and ligand K* orbitals,’ a 10 Dq 
value of 9.1 kK is approximated for the mixed 
ligand field which is well within the range of the 
10 Dq values of similar systems. 

The magnetic moments (obtained at room tem- 
perature) of all the compounds are in compliance 
with those expected from high-spin systems. 

IR spectra 
The CH,SO, group can act as monodentate, 

tridentate or a bidentate ligand. In view of this, it 
is necessary to foresee the changes in vibrational 
spectrum of the methylsulphate group in different 
stereochemical dispositions. 
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Table 2. IR spectra of transition metal methylsulphates and some of their complexes (cm-‘) 
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Assignments 
compounds+ 

(8) la 3a ya lra 7a 2b 6b lob 14b 
Assignments 

(b) 

SO3 rock 

(V-O) str. 430 425 

SO3 sym. bend 525 530 

SO3 asym. bend 570 570 

S-CH3 str. 785 
so3 sym. str. 1030 

so3 asym. str. 1270 

770 
1000 

1130 
1260 

s;g 
325 
340 

540 

780 

1050 

1200 

375 210 
t 

c 5 230 

% 
320 31q 
360 

335 

430 

530 510 510 

545 535 520 

535 

780 780 770 

1050 1010 1020 

1140 1130 1140 
1250 

1250 

210 210 
220 230 

320 340 

360 350 

510 510 

530 520 

570 530 

780 770 

1030 1030 

1130 1150 

1260 1240 

(M-N) Str. 

340 S-CH3 wag 

350 

380 

510 

532 

550 

780 

1060 

1165 

1240 

S-CA3 torsion 

(M-0) str. 

(s-o**, wag. 

G02) rock 

(SO21 bend 

S-CR3 str. 

(S-O**) str. 

(SO21 sym. str. 

(SOP) asym. str. 

* Numbers refer to the serial number of the compounds in Table 1. 

** Coordinating oxygen atom of the methylsulpbate group. 
t These band positions are for (M-N) str. 

(a) The symmetry of an isolated CH,S03 group 
is lowered from C,, to C, if it is acting as a 
unidentate ligand. This lowering in symmetry is 
expected to bring about perceptible changes in the 
vibrational spectrum of the methylsulphate ion. 
Thus the three E modes, viz., SO, (asym. str.), 
SO,(asym. bend) and !%C(wag), may split to give 
rise to six bands.’ 

(b) A tridentate CH,SO, group has C3, sym- 
metry which implies that it will have the vibra- 
tional spectrum similar to that of the free ion. 

(c) Although a bridging methylsulphate group 
has a larger number of bands than the possibility 
(b) above, but the presence of a bridging group 
should be acknowledged, only if other supple- 
mentary data’ are available. 

It may be possible, therefore, to use, to some 
extent, IR spectrum of CH,S03 group for a diag- 
nosis of its mode of coordination. The IR spectra 
of the anhydrous methylsulphates of the title ions 
have not been studied previously and are being 
assigned now (Table 2). It is noteworthy that the 
bivalent salts have just six fundamentals (3A + 3E) 

ascribable to a C3” symmetry (b) for the CH,S03 
group. A similar situation has been observed by 
Johnson et al. (Zoc.cit.). IR spectra of a few repre- 
sentative complexes are also tabulated. The assign- 
ments marked (b) in Table 2 are based on the 
assumption of monodentate CH,S03 groups. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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Abstract-The kinetics of decomposition of solid complexes of bis(dibenzoylmethanato) oxovana- 
dium(IV) with pyridine and several methyl, dimethyl and aminopyridines has been studied using 
differential scanning calorimetry. Activation energies have been determined and, in general show an 
increase with increasing basicity of the ligands. A linear relationship exists between pK, values of the bases 
and the temperatures for the decomposition, except for the complexes obtained with 4 aminopyridine and 
4 methylpyridine. These complexes are less stable than expected from the basicity of the hgands. These 
observations are discussed in terms of the nature of the metal-tigand bond. 

The use of thermal methods of analysis as a technique 
for studying bonding and structure of coordination 
compounds has increased greatly in the last few 
years.’ Most of the thermal studies have been limited 
to a determination of temperatures appropriate for 
drying or ignition for analysis, but some of the more 
recent ones have yielded a considerable volume of 
kinetic and thermodynamic data for reactions in solid 
stateTa 

Bowman and Rogers’ and House et CZ~.‘~*” have 
determined the correlation between the stability of the 
various transition-metal complexes with pyridine and 
substituted pyridines with the ligand basicity and 
steric factors. They found that thermal stability in- 
creased with ligand basicity and that steric effects 
influenced stability in a predictable manner, i.e. when 
methyl groups blocked the co-ordinating position, the 
stability decreased. 

Wendlant” reported a decreasing trend in thermal 
stability as the ligand on copper(I1) sulphate changed 
from ethylenediamine to 1,Zpropanediamine and to 
1,3-propanediamine. 

To determine the decomposition reactions and the 
thermal parameters associated with them complexes 
of bis(dibenzoylmethanato) oxovanadium(IV) with 
pyridine and several substituted pyridines, were pre- 
pared in the present work. We were also interested in 
determining the relationship between the basicity of 
the ligands and the temperatures and activation ener- 
gies of decomposition of the solid complexes. 

EXPERIMENTAL 
(a) Materials. Vanadium(W) oxide sulphate, di- 

benzoylmethane (dbm), pyridine, 3-methylpyridine, 
Cmethylpyridine, 3,5_dimethylpyridine, 3-aminopyridine 
and 4aminopyridine were Merck commercial products. The 
solvents used to prepare the complexes were Carlo Erba or 
Merck. 

(b) Analytical procedures. Elemental analyses were per- 
formed with a Perkin-Elmer model 240 B. Vanadium was 
determined by Atomic Absorption with a Perkin-Elmer 
model 430 Atomic Absorption Spectrophotometer after de- 

*Author to whom correspondence should be addressed. 

composing the complexes with concentrated HNO, and 
concentrate H,SO, mixture (1: 1). 

The analytical data for the complexes are shown in Table 
1. 

(c) Methods. Thermal measurements were performed us- 
ing a Mettler HE-20 thermobalance and a Mettler T.A. 3ooO 
system with a Differential Scanning Calorimeter model DSC 
20, samples of about 5mg being used so as to render 
insignificant the degree of temperature non-uniformity 
within the sample. Ahuninium pan was used under a dry 
nitrogen atmosphere. The scanning rate used was Z”C/min, 
and the instrument calibration was checked periodically with 
standard samples of indium. In all cases several runs were 
made and the results are shown, in Table 2. 

(d) Preparation of complexes. The complexes of pyridine 
(Py), 3-methylpyridine (3-MP), Cmethylpyridine (4MP), 
3,5_dimenthylpyridine (3,5-DMP), 3 aminopyridine (3-AP) 
and 4 aminopyridine (4-AP) with bis(dibenzoylmethano) 
oxovanadium(IV), VO(dbm)z, were prepared as follows: 

VO(C,H,CCKH = CC&C&), 
Bis(dibenzoylmethano) oxovanadium(IV), (VO(dbm)3 

was prepared from a warm ethanol solution (15 cm’) of 
0.886 g (3.95 mmol) of dibenzoylmethane which was mixed 
with a warm solution of 0.5 g (I .97 mmol) of vanadyl sul- 
phate in water (10 cm’) and ethanol (5 cm)) with stirring. 
Lastly, NaOH 2N is added drop by drop till reaching 
pH = 5. Green solid was formed, which was filtered in wcuo, 
washed with ethanol and water and recrystallized from 
cloroform-ether solution. Green crystals were obtained and 
dried over P,O,. Yield: 79%. 

Vo(Cd-WO-CH = CG-WQ (C,H,N) 
This adduct can be prepared by two ways: 
(a) A solution of 0.5 g (1.97 mmol) of vanadyl sulphate in 

a mixture of water (5 cm’) and ethanol (3 cm)) was prepared. 
Another solution of 0.886g (3.95 mmol) of di- 
benzoylmethane in ethanol (15 cm)) was prepared. This solu- 
tion was added to the first with vigorous stirring. Lastly, 
1 cm3 of pyridine was added to the resulting solution and a 
brown solid was formed after ca. 24 hr at room temperature. 
This solid was filtered in vacua, washed with water and 
ethanol mixture (1: 1) and dried over P,Or. Yield: 86%. 

(b) VO(dbm), previously synthesized was dissolved in a 
ethanol solution of pyridine (1 cm3) with heating. After co. 
24 hr at room temperature, a brown solid was formed which 
was separated by filtration in vucuo and washed repeatedly 
with a water-ethanol mixture, (1: I), so that one obtains a 
brown power which was dried over Pro,. Yield: 83%. 

A similar preparation was real&d for the corresponding 
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Table 1. Analytical data 

COMPOUND 
8 CALCULATED % FOUND 

C H N V C H N V 

VO(dbm)2 70.17 

VO(dbm)2.Py 70.94 

VO(dbm)2,3-MP 71.28 

VO(dbmj2,4-MP 71.28 

VO(dbm)2,3,5-DMP 71.61 

VO(dbm)2,3-AP 68.89 

VO(dbmJ2,4-A? 68.89 

4.28 __-- 

4.56 2.36 

4.78 2.31 

4.78 2.31 

5.00 

4.59 

4.59 

2.25 

4.59 

4.59 

9.88 69.94 

8.61 71.10 

8.41 70.94 

8.41 71.68 

8.25 71.86 

8.35 68.97 

8.35 69.15 

4.13 ____ 9.59 

4.60 2.38 8.69 

4.86 2.29 8.37 

4.80 2.35 8.55 

5.20 2.27 8.66 

4.62 4.65 8.59 

4.67 4.63 8.50 

complexes with 3-MP, 4-MP, 3,5-DMP, 3-AP and 4-AP as 
ligands. 

DISCUSSION 
The primary objectives of the present study were to 

determine the nature of the decomposition relations 

L..l....l....l....1....~....~.’ 
2.45 2.50 2.55 ?.EO 2.E5 2.70 

II-r- lo3 
Fig. 1. Arrhenius plot of log(dH/df) vs l/T for VO(dbm), 

3-MP. 

for a series of complexes of VO(dbm)* with pyridine 
and substituted pyridines, and to investigate the re- 
lationship between the basicity of the ligands and the 
kinetics of decomposition of the solid complexes. 

The analytical data in Table 1 show that all the 
complexes obtained contain one molecule of ligand. 
The formula which most closely fits the analyses is 
VO(dbm)*L, where L is pyridine or a substituted pyri- 
dine. 

The DSC curves corresponding to the decom- 
position of the complexes showed only a single endo- 
thermic peak. The mass loss accompanying the endo- 
thermic transition corresponded to the loss of pyridine 
or a substituted pyridine in all cases with the residue 
being VO(dbm)z. Data for the thermal parameters and 
mass loss determinations are shown in Table 2. 

The peak temperature.that corresponded to the loss 
of the molecule of ligand: 

VO(dbm),L+VO(dbm), + L 

was used in the correlations. This temperature is un- 
derlined in the Table 2. 

The activation energies were estimated by the 
method of Thomas and Clarke.13 A plot of log dH/dr 
vs l/T, Fig. 1, obtained from DSC data, was indeed 
found to be linear for a = 0.025 to a = 0.211 (see 
Table 2). 

When the decomposition proceeds in the linear 
region over the range of temperature scanned by a 
calorimeter, the use of equation: 

-log k = -log(+/dr)(l/A) 

=+ 
c.4 ~ -1ogc 

2.303RT 
(1) 

(k = rate constant; A = total area of DSC peak) to 
compute rate constants is justified. Moreover, the 
activation energy derived from Arrhenius plots repre- 
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-2.5 

x 

t-3.0 

I 

-3.5 
I.... 1 . . ..I.... 

2.5C 2.55 2.FO 

1/T lo3 

towards the proton. It may be assumed, then, that the 
pK, of the l&and provides a measure of the ability of 
the ligand to form d bonds to metal ions’4915 In 
general, as can be seen from the data in Table 2, the 
greater the basicity and the higher the temperature to 
produce the loss of the ligand. The outstanding 
exceptions are the 4-AP and 4-MP complexes which 
will be discussed later. 

The plot of pK, vs decomposition temperature 
presented in Fig. 3, shows that, except for the 4-AP 
and 4-MP complexes, a very satisfactory correlation 
was obtained. It is obvious from this figure that 
temperature is linearly related to the basicity for the 
ligands not containing a substituent group in the 4 
position. It is also readily apparent that the ligands 
with a methyl and an amino group in the 4 position 
has a pronounced effect on the stability of the solid 
oxovanadium(IV) complexes. This effect is not 
reflected by the basicity of the ligand and can be due 
to the existence of the resonance structures of the 
types: 

Fig. 4. Resonance forms. 

Fig. 2. Arrhenius plot constructed from DSC data using 
equation (1) to VO(dbm), 3-MP complex. 

sents the true activation energy for interfacial reac- 
tion. Figure 2 shows the Arrhenius plots constructed 
from DSC data using the equation (1) for VO(dbm), 
(3-MP). 

Pyridine and the substituted pyridines used in this 
study, excluding 4 aminepyridine, provide only a 
relatively narrow range of basicities, but the effects on 
the kinetics of decomposition of solid complexes are 
quite large. Substituted pyridines and pyridine, listed 
in order of decreasing base strength, were: 

4-AP > 3-AP > 3.5DMP > 4-MP > 3-MP > Py. 

The pK, value reflects the basicity of the ligand 

When the pyridine ring contains a methyl and an 
amino group in the 4 position, the complexes ob- 
tained with these ligands are less stable and decom- 
pose more easily than those not containing a substit- 
uent group in the 4 position. Since the basicity toward 
the proton is a reliable measure of the u bonding and 
electrostatic effects, one can say that there must be a 
significant difference in the tendency to form 
metal-ligand x bonds when a methyl or an amino 
group are in the 4 position of a pyridine ring and 
however the complexes containing 4-MP and 4-AP as 
ligand appear to be less stable than expected from the 
basicity of the ligand. 

In general, the greater basicity the higher activation 
energy for the decomposition of the complexes (Table 
2). The three complexes that appear not to follow this 
pattern are those of 4-AP, 4-MP and 3,5-DMP, 

5.0 5.5 f.0 t.5 7.0 1.5 8.0 a.5 9.0 

PKb 
Fig. 3. Temperature for decomposition of the Vanadium oxo-complexes function of pK,. Points l-6 

correspond to complexes of Py, 3-MP, 4-MP, 3,5-DMP, 3-AP and 4A.P respectively, 
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which present lower values of activation energy than 
expected from the basicity of the ligands. The expla- 
nation of this hehaviour may he due to the existence 
of resonance forms, as we have seen previously to the 
complexes with 4-AP and 4-MP as ligand, and the 
steric factors or inductive effect exercised by the 
methyl groups to the complex with 3,5-DMP as 
ligand. 
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Abstract-Hypophosphite ion is oxidised by Au(II1) in aqueous hydrochloric acid to give phosphorus 
acid and Au(I). The kinetics of the reaction has been studied spectrophotometrically in the UV region 
at different temperatures. The oxidation of hypophosphorous acid is first order with respect to both 
Au(II1) and substrate. Hydrogen ion has no effect on the rate in acid media (0.15-l .O) M. The energy and 
entropy of activations are 128 + 3.0 kJ mol- ’ and 135.8 f 6.5 JK- ’ mol- ’ respectively. The results are 
interpreted in terms of the probable formation of intermediate Au(I1). 

The kinetics of the oxidation of H,PO; by various 
metal ion oxidants in acidic and alkaline media have 
been published.14 Au(II1) compounds which are toxic 
in nature were used earlierS in the treatment of tuber- 
culosis. However, the toxic nature of the treatment 
was reduced by using hypophosphite as an antidote. 
The mechanism of oxidation of hypophosphite ion by 
Au(II1) has not received attention. Au(II1) as an 
oxidant is of interest because it may behave as an one 
equivalent or a two equivalent oxidant in the reaction 
with hypophosphite ion. Since Au(II1) chloride is 
unstable with respect to substitution6 in alkaline aque- 
ous medium, the reaction has been studied in hydro- 
chloric acid solution over a wide range of experi- 
mental conditions. 

EXPERIMENTAL 
Reagents. The materials employed were of highest purity 

available. Sodium hypophosphite (NaH,PG,) was of E. 
Merck grade. Chloroauxic acid (Johnson-Matthey) was 
used to prepare solutions of Au(II1). The concentration of 
Au(II1) was determined gravimetrically’ and the solution 
was stored in the dark and used under subdued lighting 
conditions. Hydrochloric acid was prepared by dilution of 
(B.D.H.) AnalaR grade stock solution and was analysed by 
titration tith NaOH. Lithium chloride, sodium chloride 
and potassium chloride were (B.D.H.) AnalaR grade mate- 
rials. All the solutions were made in doubly distilled water. 

Absorption spectra of Au(II1) solution. The absorption 
spectrum of Au(II1) solution in 0.1-2.0 M hydrochloric acid 
in the concentration range (0.25-1.5) x 10m4M was 
recorded in the UV region. The spectral pattern remained 
unaltered with changes in the concentration of Au(II1). The 
spectra showed two very strong bands in the ultraviolet 
region* (227 nm, 6=35,750 and 315nm, E =5400 
M- ’ cm- ‘). Beer’s law has been found to be valid in the 
concentration range studied. 

Kinetic measurements. The reaction was carried out under 
pseudo-first order conditions, i.e. at high concentration of 
hypophosphite ion compared to that of Au(II1) concen- 
trations. The rates were determined by following the de- 
crease in the optical density of Au(II1) at 315 nm in a 
Perkin-Elmer (Hitachi 200) spectrophotometer equipped 
with thennostated holders. Other reactants and products of 
the reaction had negligible absorption at this wavelength. 
The reactants were separately equilibrated to temperature, 

*Author to whom correspondence should be addressed. 

mixed externally and immediately transferred into a cell of 
path length 1 cm. There is an initial period of disturbance 
at the beginning of the reaction after which the reaction 
obeyed good first order kinetics (Fig. 1). Pseudo-first order 
rate constant (k,d was determined from the slope of linear 
portion of logarithm (optical density) vs time plot. The rate 
constants obtained from different determinations were 
within rt 5% of each other. 

RESULTS 

Stoichiometry and product analysis: Au(II1) was 
mixed with a large excess of hypophosphite ions and 
kept for 2 hr at [H +] = 1 .O M. Analysis’ of unreacted 
reductant indicated the following stoichiometry. 

Au(II1) + H,PO, + H,O+Au(I) + HSP03 + 2H + . (1) 

Phosphite ion was identified by thin layer 
chromatography’0 on silica gel G (E. Merck) using the 

time (min) - 

Fig. 1. Typical pseudo-first order plots for the oxidation of 
hypophosphite ion by Au(II1) in HCl solution. 
[Au(III)] = 1.0 x 10e4 M, [HI+ = 1.0 M, Temp = 50°C and 
[H,PG,)= (1) 0.5 x 10-2, (2) 1.0 x 10-2, (3) 2.0 x 10-2, 

(4) 3.0 x 10-2, (5) 4.0 x lo-*, (6) 5.0 x 10-2M. 
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mixture of methanol, ammonia, trichloroacetic acid and temperature of (0.125 - 1.25) x lo-‘M, 2.0 x 
and water as the solvent system. A control TLC lo- * M, 1.0 M and 35°C respectively. This indi- 
experiment was also done together with hypo- cates that pseudo-first order rate constant is indepen- 
phosphite, phosphite and phosphate from which it dent of initial Au(II1) concentration. Several other 
was confumed that hypophosphite ion was converted experiments were also carried out at constant acidity 
only to the phosphite stage (&value = 0.74 and lit. Rf and Au(II1) concentrations but varying concen- 
value4b = 0.75). There is no evidence of a redox reac- trations of the substrate. The rate of reaction was 
tion between the H3F’OS and Au(II1) under the condi- found to increase with increase in substrate concen- 
tion of the experiment. However when Au(II1) was in tration (Table 1). The plots of /c,,~ against [substrate] 
large excess to that of the substrate and the reaction are linear at different temperatures passing through 
mixture was stored for several hours, further ox- the origin indicating that order with respect to sub- 
idation of phosphorous acid occurred leading to the strate is unity (Fig. 2) and kinetic evidence for 1:l 
formation of phosphoric acid. Gold metal is some- complex formation is insignificant. The oxidation of 
times generated6 by further reduction of Au(I) by hypophosphite ion was also studied in hydrochloric 
excess of reductant and/or by the disproportionation acid medium (0.15-1.0) M. The ionic strength was 
at lower acidities (c 0.2 M). However, we have no held constant at 1.0 M by the addition of sodium 
evidence for the formation of gold metal during 2 hr chloride. Hydrogen ion has no effect on the rate of 
in [H+] = l.OM. reaction. 

Test with vinyl compound. A solution of Au(II1) 
(1 cm3, 1 x 10m3 M) was added to a solution contain- 
ing substrate solution (2cm’, 1.0 x 10-l M), HCl 
(5 cm’, 2.0 M) and acrylamide (2 cm3, 40% w/v) and 
the total volume was adjusted to 10 cm3. The addition 
of a large volume of methanol gave a suspension 
indicating that the reaction of Au(II1) and hypo- 
phosphite ion in acid medium induces the poly- 
merization of acrylamide whereas neither Au(II1) nor 
hypophosphorous acid alone induces appreciable 
polymerization. 

Effects of reactant concentration. The reaction was 
studied at different Au(II1) concentrations. The aver- 
age pseudo-first order rate constants are (3.04 f 
0.12) x 10-4sec-’ at [Au(III)], [H,PO,], [H+] 

Effect of salts. The influence of addition of three 
different salts such as lithium chloride, sodium chlo- 
ride and potassium chloride was investigated. The 
reaction was studied at [H,F’OJ, [Au@)] and [H+] 
of 1.0 x 10-2, 1.0 x 10m4 and l.OM respectively 
where salt concentrations were varied between the 
limits (0.2-1.0) M. The reaction rate is independent of 
added salt-concentrations. The present observation is 
similar to that obtained by Moodley and Nicol’* in the 
oxidation of Pt(I1) by Au(II1) and suggests that the 
path involving higher chlorocomplex of Au(II1) is not 
significant. Moreover, participation of aqua and hy- 
droxo complexes like AuCI,(H,O) and AuCl,(OH) - 
are unlikelyI since in those cases the rate would have 
decreased with the increase in both hydrogen and 

Table 1. Effect of hypophospbite ion concentration on pseudo-first order rate constants at [Au(W)] and 
[H +] of 1.0 x IO-’ and 1.0 M respectively and at different temperatures 

Temp. “C [Substrate] x 102 M k,,b. x ltisec-’ k -.--CL- 
[substrate] 

x l@M-‘se-’ 

45 

50 

35 0.5 0.65 1.30 
1.0 1.23 1.23 
2.0 3.04 1.52 
3.0 3.66 1.22 
4.0 6.22 1.56 
5.0 1.05 1.41 

40 0.5 1.61 3.22 
1.0 3.25 3.25 
2.0 6.12 3.06 
3.0 9.82 3.27 
4.0 12.5 3.13 
5.0 15.6 3.11 

0.5 3.25 6.50 
1.0 6.43 6.43 
2.0 12.5 6.25 
3.0 18.1 6.03 
4.0 24.8 6.21 
5.0 31.7 6.31 

0.5 7.82 15.6 
1.0 14.9 14.9 
2.0 26.9 13.45 
3.0 42.6 14.2 
4.0 55.3 13.8 
5.0 70.0 14.0 
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solution (K2 = 1.0 + 0.1) as follows.‘2*‘4*‘s 
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H AuCl, 2 H+ +AuCl;. (5) 

In the present study hydrogen ion has no effect on the 
rate of reaction. So even if both dissociated and 
undissociated species are present, they appear to have 
the same kinetic properties. It is suggested that the 
reacting oxidising species attacks the undissociated 
molecule of the substrate. The reaction between a 
metal ion and a ligand usually prefers a complex 
formation rather than second order mechanismI and 
the energy of activation of the former process is 
smaller than that of the simple second order mech- 
anism. In the oxidation of hypophosphorous acid by 

[Hap&j x lOa - 

Fig. 2. Variation of pseudo-first order rate constants 
with substrate concentrations at different temperatures. 
Plots of k* against substrate concentrations. 
[Au(III)]= 1.0 x 10m4Mand [H+]= l.OM (1) 35”, (2)40”, 

some metal ions,&’ it has been shown that the inter- 
mediate complex is formed between the active form of 
the substrate and the oxidising agent 

fast 

(3) 45”, (4) WC. 

H,PO,(active) + Oxidant(ox) + H,PO,.Ox 
SIOW 

+ Reaction Product. 

chloride ion concentrations as shown below 

AuCh- + H,O G= AuCl,(H,O) + Cl - (2) 

AuCl,(H,O) + AuCl,(OH) - + H + . (3) 

Activation parameters. The second order rate con- 
stants (Q at different temperatures were calculated. 
The values of kr are (1.37 *0.2) x 10e2, 
(3.17~O.ll)x 10-2, (6.3 k.O.25) x 1O-2 and 
(14.35 f 1.5) x 10-2(M-’ set-‘) at 35, 40, 45 and 
50°C respectively. The energy of activation was calcu- 
lated from log k2 vs l/T plot and has been found to be 
128+2.0kJmol-‘.ThevalueofAS* hasbeencal- 
culated to be 135.8 + 6.5 JK-‘mol-‘. 

Hypophosphite ion is oxidised to phosphorous acid 
stage in acid solution and further oxidation of phos- 
phorous acid was very slow under the conditions of 
experiment. The addition of ammonium molybdate to 
the reaction mixture failed to precipitate ammonium 
phosphomolybdate just after the kinetic experiment 
indicating the absence of phosphate ion. This has 
been wntirmed from the TLC experiment which 
again indicated that phosphorous acid is the product 
of oxidation. Hypophosphorous acid oxidations are 
character&d by equilibria involving active and inac- 
tive forms2*3*” and the active form is known to be a 
better electron donor than the normal form of the 
substrate. Hypophosphorous acid which ion&es ac- 
cording to the equilibria. 

DISCUSSION 

On the other hand, in the oxidation of hypo- 
phosphorous acid by hexachloroiridate(IV)” kinetic 
evidence failed to give an indication of the formation 
of an intermediate complex between hypo- 
phosphorous acid and Ir(IV). Likewise, complex for- 
mation between hypophosphorous acid and Au(II1) 
has not been observed in the present study and the 
rate is strictly proportional both to hypophosphorous 
acid and Au(III) concentrations. This is supported by 
the high energy of activation obtained in this study as 
compared to the earlier studies where 1:l intermediate 
complexes were formed between metal ion and hypo- 
phosphorous acid prior to electron transfer.‘s3s4 How- 
ever, Au(III) may be reudced in either one electron 
change or by two electron change in the slow step. The 
observed polymerization in acrylamide is strongly 
indicative of free radical intermediates in the present 
study. It is, therefore, suggested that the initial reac- 
tion of active form of hypophosphorous acid with 
Au(II1) takes place producing free radicals thereby 
reducing Au(II1) into Au(I1). The evidence for the 
existence of Au(I1) as a reaction intermediate has also 
been shown in earlier studies.‘2*‘4*‘7 The free radical 
further reacts with another Au(II1) and by fast step (8) 
gives phosphorous acid. Au(I1) undergoes dis- 
proportionation and gives Au(II1) and Au(I). The 
reaction takes place as follows where step (6) is slow 
and all other steps are fast. 

HW2-- ?H+ +H,PO, (4) 

has a dissociation constant (K’) of 1.0 x 10-l. This 
will remain in the undissociated form in the presence 
of sufhcient acid (N 1 .O M). Again HAuCI, remains in 
equilibrium with H + and A&l; in hydrochloric acid 

H H + 

10 
HO-P :+Au(III)+ HO-p. + Au(R) 

I 
OH I 4 OH (6) 

i I 

+ 
(HO@? 

+ Au(I1) + H + (7) 
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[(HO),P:] + + Hz0 ---) H,PO, + H + (8) 

2Au(II) + Au(II1) + Au(I). (9) 

Thus the following two electron mechanism (step 10) 
may be ignored in the present reaction. 

H 

HO-’ n 
slow 

P : + Au(II1) ---, [(HO),P: ‘1 + + Au(I) + H + . 

I 
OH (10) 

In the photolysis” of tetrachloroaurate(III)-oxalate 
system in aqueous acidic solution AuCl; and Au(O) 
were obtained from AuCQ, whereas in the thermal 
decomposition of tetrachloroaurate(III)-oxalate sys- 
tem only AuCl,- was obtained.‘g According to a 
number of authorszO colloidal gold was formed when 
HAuCl, was exposed to UV light or sunlight and its 
formation was enhanced when the irradiation was 
carried out in the presence of reducing species for a 
long time. Regardless of which mechanism (6) or (10) 
is correct one piece of information is obtained with 
certainity that in hydrochloric acid solution further 
reduction of Au(I) does not occur under kinetic 
conditions and in this respect the present result is in 
agreement with that reported earlier by Moodley and 
Nicol.” 
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Abstract-The low temperature *H NMR spectra in d-chloroform of the ternary com- 
plexes bis-(&quinolinato) tin(IV) dichloride, bis-(57 dichloro-8-quinolinato) tin(IV) di- 
chloride, and bis-(2 methyl-5,7-dichloro-8-quinolinato) tin(IV) dichloride have been 
obtained. The spectra showed that for the three complexes, only two configurations were 
appreciably populated, their free energy differences being equal to 0.28, 0.08 and 
- 0.04 kcal/mol respectively. The proton chemical shifts, the ‘H-‘H coupling constants 
and some of the ‘H-*19Sn coupling constants have been obtained for each complex in the 
two configurations. An approximate computation of chemical shifts, including aromatic 
ring magnetic anisotropies and electric effects from polar groups, allowed the identification 
of the two configurations as the cis-cis-trans and the cis-trans-cis (with respect to Cl, N 
and 0 atoms), the former being the more populated one. 

Some structural studies on solutions of organo- 
tin(IV) substituted 8-quinolinols can be found in 
the literature.‘” Nevertheless, complexes of this 
type not involving metal-carbon bonds have re- 
ceived much less attention, mainly due to their low 
solubilities.4s 5 With the use of high field NMR 
spectrometers, the sensitivity problems are greatly 
reduced, and the pattern of NMR lines simplified, 
so it is now possible to extend structural studies to 
this type of complexes. 

Recently, a detailed study on the complexation 
of tin(IV) by 8-quinolinol and its derivatives has 
been reported,6 and we have considered it inter- 
esting to investigate further the structure of these 
complexes by proton NMR. 

In this paper, we report the low temperature 
‘H NMR spectra in d-chloroform of the ternary 

*Author to whom correspondence should he ad- 
dressed. 
Poly Vol. 2, No. 143-B 
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complexes, bis-(8-quinolinato) tin(IV) dichloride 
(C12SnQ2), bis-(5,7-dichloro-8-quinolinato) tin(IV) 
dichloride (C12Sn(CQ)2) and bis-(2-methyl-5,7- 
dichloro-8-quinolinato) tin(IV) dichloride 
(C12Sn(MQ)2). From their analyses, the chemical 
shifts and the ‘H-‘H and ‘H-‘i9Sn coupling con- 
stants were obtained. With the help of an approx- 
imate computation of chemical shifts, the different 
configurations that coexist in solution were also 
identified. 

EXPERIMENTAL 

Preparation of complexes 
Details of the synthesis and purification of the 

complexes were reported previously.6 

Proton NMR spectra 
They were recorded at 360 MHz in the Fourier 

mode on a Bruker WM-360 pulse spectrometer. 
D-chloroform of the highest degree of deuteration 
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available (99.98%, Stohler Isotope Inc.) was used 
to reduce the dynamic range problem originated by 
the residual signal from the protonated solvent. 
Saturated solutions corresponding to 3.0, 5.1 and 
0.5 mM respectively, flip angles of 70”, 16 K of 
memory, 10000 scans and a relaxation delay be- 
tween pulses of 2 set were used. When needed, 
digital filtering of the free induction decay was used 
to improve signal to noise ratio (line broadening 
factor of 1 Hz). Alternatively, the Gauss-Lorentz 
multiplication was used to enhance resolution in 
some spectra. The chemical shifts were measured 
with respect to the chloroform signal, and assigned 
a value of 7.300 ppm. Low temperature spectra 
(- 30°C) were obtained with the standard Bruker 
accessory by flushing the sample with cool N2 gas. 
The temperature was calibrated with a methanol 
thermometer’ and the precision of the regulator 
was f 05°C. 

O&r nuclei NMR spectra 
The NMR spectra of nuclei other than proton 

could give supplementary information on the 
structure of the complexes, so attempts were made 
to obtain ‘%Z and “‘Sn spectra. A 13C NMR 
spectrum of the most soluble complex (C12SnQ2) 
was obtained on an overnight accumulation, but 
the poor signal to noise ratio prevented any de- 
tailed study. Although the “‘Sn nucleus is a more 
sensitive one, its larger line width precludes the 
obtaining of spectra at these very low concen- 
trations. In fact, our attempts to obtain a ‘19Sn low 
temperature NOE suppressed NMR spectrum of 
the above mentioned complex were not successful. 

Calculation of shieldings 
The effect of the anisotropy of one 8quinoline 

ring on the shieldings of the five protons of the 
other ring in the five configurations of the complex 
has been calculated by the method of Johnson- 
Bovey.’ A FORTRAN program written in our 
laboratory that, from a known geometry (bond 
lengths and angles), calculates the shieldings origi- 
nated by a phenyl ring on selected atoms, has been 
used. In the absence of aromaticity values for the 
8quinoline ring, the approach of two phenyl rings 
of additive effects was employed. An approximate 
geometry for the cis-cis-trans configuration was 
obtained from the dimethyl bis(%quinolinato) 
tin(IV);’ for the other configurations the geometry 
of the 8-quinoline ring was maintained, and right 
angles around the tin atom were used. 

The polar Sn-CI bonds can only affect the 
shielding of very close protons, and the effects will 
depend on the relative orientation of the Sri-Cl and 
C-H bonds. An inspection of a molecular model 

showed that this effect can be of importance for the 
proton H2 in the cis-trans-cis configuration, and 
less important although noticeable for the proton 
H7 in the cis-cis-tram configuration. For other 
protons within the molecule the effects are very 
small, and in addition they tend to cancel each 
other in most cases. The shieldings were computed 
by the method of Buckingham,” with the approx- 
imate geometries already mentioned and 
p(Sn-Cl) = 3.5 D taken from the (CH,),SnCl.” 

Shieldings of appreciable intensity due to Van 
der Waals dispersions,12*‘3 could arise only from 
atoms very close to each other. The two H2 
protons in the trans-cis-cis configuration were the 
only potential candidates, and its effect if any, is to 
decrease their shieldings. However, any attempt to 
evaluate Van der Waals effects in this molecule 
remains speculative, because the lack of a precise 
knowledge of both the polarizability a of the C-H2 
bond, and the distance between the two H2 pro- 
tons, that directly affect the computed shieldings. 
Other through-space effects like magnetic aniso- 
tropies and electric moments involving the N and 
0 atoms will not produce noticeable shieldings on 
any proton because of the large distances involved. 

RESULTS AND DISCUSSION 

Proton NMR spectra 
The 360 MHz ‘H NMR spectra at low tempera- 

ture of the three complexes are shown in Fig. 1; 
the spectra of the free ligands were also obtained 
and the centres of the multiplets are indicated in the 
figure. Some of the free ligand spectra at 100 MHz 
in d,-dimethylsulphoxide, and at 220 MHz in 
d-chloroform have been reported previously.4* I4 

Three features are readily recognized on these 
spectra. First, two set of signals of unequal in- 
tensity are observed for each complex showing that 
two configurations are present. Second, satellite 
lines appear at both sides of every line, correspond- 
ing to the couplings of protons to the tin atom; the 
coupling constants are not large enough to dis- 
tinguish between ‘H-**‘Sn and 1H-“9Sn couplings. 
Due to the poor signal to noise ratio, tin-proton 
couplings are observed only for two of the com- 
plexes (Tables 1 and 2). Third, only minor intensity 
lines from impurities of the free ligands appear in 
the spectra, except for the Cl,Sn(MQ), complex 
that partially decomposes when dissolved unless an 
excess of free MQ is added.6 In the NMR spectrum 
of this last complex three additional very low 
intensity lines appear in the region 2.83.6ppm, 
that must correspond to the methyl groups of the 
other three less populated configurations of the 
complex. At 360 MHz the spectra are nearly first 
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Table 1. Proton chemical shifts (6, ppm from Cl&H) and ‘H-‘H and ‘H-L’9Sn coupling constants 
(J, Hz) of the two configurations of the Cl,SnQ, complex, 3.0 mM in C&CD, - 30°C (360 MHz) 

Free Configuration I Configuration II 

ligPd 6 A6* J(+-I-llgSnj+* 6 A6 J&-l-11'S!?) 

HZ 8.826 9.510 .68 32.8 8.736 -.09 18.5 

H3 7.489 1.918 .43 11.8 7.542 .05 10.8 

H4 8.207 8.739 .53 -- 8.460 .25 -- 

H5 7.382 7.419 .04 -- 7.378 .OO -- 

H6 7.503 7.681 .18 -- 7.744 .24 8.2 

H7 7.224 7.197 .03 -- 7.591 .37 -- 

'23 4.3 4.8 4.9 

J24 1.4 1.0 1.3 

J34 8.4 8.3 8.3 

'56 8.3 8.2 8.3 

J57 0.9 _- _- 

J67 7.6 7.8 7.4 

Intensity 0.36 0.64 

* 

** 
A6=&-6 (free Iigand). 6 (C13CH)=7.300 ppm. 
Some of the 'H-"9s" c ouplings 
lines and to the solvent Desk. 

could not be obtained due to overlapping of 

Table 2. Proton chemical shifts (6, ppm from Cl,CH) and ‘H-‘H and ‘H-L’9Sn coupling constants 
(J, Hz) of the two configurations of the Cl,Sn(CQ), complex, 5.1 mM in C&d, - 30°C (360 MHz) 

I-Yee 
1 igand 

Configuration I Configuration II 

6 6 A6* J+H-119,) 6 A6 J(++-11gSn) 

H2 8.922 9.581 .66 33.2 8.788 -.13 20.6 

H3 7.703 8.053 .35 12.3 7.721 .02 10.0 

H4 8.541 9.067 .53 7.3 8.784 .24 7.9 

H6 7.608 7.832 .22 6.2 7.881 .27 7.1 

'23 4.3 4.9 5.0 

'24 1.7 -- -_ 

534 8.8 8.4 8.3 

Intensity 0.46 0.54 

* A&=6-6 (free 1 igand). 6 (C13CH)=7.300 ppm. 
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order, so they can be straightforwardly analyzed, 3J(‘19Sn-‘H) coup ’ g lin s in a given configuration are 
the chemical shifts and coupling constants being very similar, in the two complexes, which indicates 
shown in Tables l-3. that the dihedral angle Sn-C-C-H is maintained. 

As a general rule, the NMR lines of the com- 
plexes are shifted downfield with respect to the 
lines of the free ligands, with the only exception of 
the proton H2 in the more populated 
configuration. In addition to other effects, the 
coordination of chloride atoms to the tin atom 
could contribute appreciably to this general 
downfield shift, as the same effect has been re- 
ported in the 13C spectra of chloroderivatives of 
alkyltin compounds. I5 The ‘H-‘H coupling con- 
stants are very similar in the two configurations of 
each complex, and these in turn are very close to 
the coupling constants of the free ligands, although 
slight differences beyond the experimental error are 
detected, in particular for the Jr3 coupling. 

Stereochemistry 

Tin-proton coupling constants for protons H2 
and H3 are of the same order of magnitude as 
those reported for aryltin compounds.16 In both 
complexes, Cl&Q2 and Cl,Sn(CQ)2, the 
‘J(‘19Sn-‘H) couplings for protons H2 and H3 were 
smaller in the more populated configuration, thus 
reflecting a variation in the dihedral angle 
Sn-C-C-H. Although a Karplus type relationship 
between the dihedral angle and the vicinal 
‘19Sn-13C coupling constant has been established,” 
an analogous relationship for the 3J(“9Sn-1H) is 
not yet available, so that the variation cannot be 
evaluated quantitatively. Conversely, the 

These hexacoordinated complexes of the type 
M(L-L’)2X2 can exist in five different con- 
figurations18 in solution, enantiomers being indis- 
tinguishable from the NMR point of view. The 
cis-cis-cis (with respect to Cl, N and 0 atoms) 
configuration has no symmetry (point group Cl), 
the two 8-quinoline rings are not equivalent and it 
should give two set of NMR signals of identical 
intensity. In the other four configurations, cis- 
truns-cis (C,), cis-cis-truns (C,), truns-cis-cis (C,,) 
and trans-truns-truns (C,,), the two 8-quinoline 
rings are equivalent and only one set of NMR 
signals are expected for each configuration. As 
only two sets of unequal intensity signals are 
observed for the three complexes, the presence of 
the cis-cis-cis configuration can be definitively 
discarded, and only two of the remaining four 
possible configurations are appreciably populated 
and coexist in solution. To identify them a more 
detailed analysis of the experimental chemical 
shifts is required. 

The lines in the NMR spectra of the complexes 
are shifted with respect to their positions in the free 
ligand. Two types of effect contribute to these 
shifts. The first effect is the change in the shielding 
of the protons due to the coordination of the 
8-quinoline ring and the chloride to the tin atom 
(“through bond” shifts). The second effect is the 
change in the shieldings due to the proximity of 
anisotropic groups (“through-space” shifts). The 
net result of these two contributions is the shift we 
measure in the spectrum. As “through-bonds” 
shieldings are difficult to evaluate u priori, no 
values obtained in similar tin(W) complexes being 
available, the “through space” shieldings cannot 
be obtained by the differences in frequency be- 
tween “coordinated” and “free” S-quinoline ring 
protons. However, it is reasonable to suppose that 
these “coordination shifts” are of similar mag- 
nitude for the five different configurations of a 
given complex so, if chemical shift differences 
between configurations are considered, only 
through space effects do have influence. These 
effects can be approximately evaluated, and the 
comparison between observed and computed 
differences of chemicals shifts will provide a means 
to identify the configurations that coexist in solu- 
tion. 

Table 3. Proton chemical shifts (6, ppm from Cl,CH) 
and ‘H-‘H coupling constants (J, Hz) of the two 
configurations of the CI,Sn(MQ), complex, 0.5 mM and 

- 30°C (360 MHz) 

Free 
ligand 

Configuration I Configuration II 

6 6 A6* 6 A6 

H3 7.462 7.772 .31 7.486 .02 

H4 8.401 8.843 .44 8.589 .19 

H6 7.553 7.822 .27 7.784 -23 

CH3 2.803 3.561 .76 2.991 .19 

J34 
8.5 8.6 8.7 

Intensity 0.52 0.48 

l A6=6-6 (free iigand) . 6(Cl3CH)=7.300 ppm. 

Table 4 shows the shieldings computed for the 
five protons of the 8-quinoline ring, in the five 
configurations of the Cl,SnQ, complex (details are 
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given in the experimental part). The computed 
differences of shieldings among all possible pairs of 
configurations are shown in Table 5, that also 
includes the comparison with the experimental 
differences obtained from the NMR spectra. Four 
of the six pairs can be readily excluded and in the 
remaining two, the cis-cis-tram configuration is 
included, so its presence is definitively confirmed. 
It can be seen that the agreement of the pair 
cis-cis-tram and cis-tram-h is very good, so the 
presence of the cis-trans-cis as the second 
configuration is strongly favoured. Although the 
agreement of the pair tram -cis -cis and cis -cis -trans 

is considerably worse, it cannot be completely 
excluded on the basis of this calculation alone, due 
to the approximate character of both the geometry 
and the calculation of shieldings. Two additional 
reasons support the absence of the trans-cis-cis 
configuration. First, the experimental differences 
of shieldings between the two configurations are 
very similar for the three complexes we studied 
here, which indicates that the configurations that 
coexist in solution are the same in the three cases. 
In the case of the Cl,Sn(MQ), complex, it is very 
unlikely that the trans-cis-cis configuration could 
be appreciably populated, because of steric hin- 

Table 4. Computed shieldings (ring anisotropies and polar groups effects) of the five configurations 
of the Cl,SnQ, complex 

Table 5. 
C&Q2 

Shielding* o (ppm) 

No. Configuration H2 Ii3 H4 HS HG H7 

1 cis-cis-cis -.17 -.ll -.lO -.05 .Ol .09 
1.20 .40 .12 .02 -.03 -.os 

2 cis-trans-cis -.12 -.06 -.06 -.04 -.Ol .03 
I-.35) 

3 cis-cis-trans .31 -42 .26 .lO -.02 -.15 
C-.07) 

4 trans-trans-trans -.21 -.08 -.06 -.05 -.06 -.12 

5 trans-cis-cis -.49 -.14 -.07 -.05 -.05 -.09 

* 
Negative signs denote diminution of shielding. Numbers in parenthesis 

are the only appreciable shieldings originated by nearby Cl-S” polar 
bonds, calculated by the method of Buckingham”. Ring anisotropy 
shieldings were calculated following Johnson-Bovei’, with approximate 
geometries. 

Computed chemical shift differences among all possible pairs of configurations of the 
complex and comparison with the experimental differences obtained for the three 

complexes 

A&* ab 

(computed) 

a b 

3 2 

4 2 

2 5 

3 4 

3 5 

4 5 

Chemical shift differences (ppm) 

H2 H3 Ii4 H5 H6 H7 

.78 .48 .32 .14 -.Ol -.25 

.26 -.02 .oo -.Ol -.05 -.15 

.02 .08 .Ol .Ol -04 -12 

.52 .50 -32 .15 .04 -.lO 

.80 .56 .33 .15 -.03 -.13 

.28 .06 .Ol .oo -.Ol -.03 

l * C12SnQ2 .77 .38 .28 -04 -.06 -.34 
A6 

I-II 
(experimental) C12Sn(CQ)2 .79 .33 .28 -- -.05 -- 

C12Sn(MQ)2 .57 .29 -25 -- .04 -- 
(mMw1) 

* A6 
a<%-'b' 

where o’s are computed shielding5 and a and b refer to the 
num er,ng of configurations, both shown in Table IV. 

** 
A6I_I =6(config.I)-6(config.I1); I and II refer to the two configurations 
of Ta g les I-III. 



Proton NMR spectra and structure 

drance of the methyl groups. Second, it has been 
reported on other tin(W) dichloride complexes’9~20 
that the cis halogen configuration is favoured 
against the trans. 

From all the reasons discussed we conclude that 
the three complexes studied here adopt the same 
two configurations in solution, the cis-cis-truns 
and the cis-trans-cis, the former being the more 
populated one. Free energy differences between 
them, obtained through the relationship*’ 
AGO = - RT In (p&i) where p,/p, is the popu- 
lation ratio measured in the NMR spectra, were 
0.28,0.08 and - 0.04 kcal/mol respectively. As the 
temperature is raised, the two configurations begin 
to exchange more rapidly thus originating a broad- 
ening and shifting of lines in the NMR spectrum. 
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Abstract-The ESCA characterization of three similar new amorphous addition complexes 
of tin dichloride with tetradentate aromatic Schiff bases has been carried out. The results 
support the previously proposed ionic structure. 

The solid state structure of addition products is 
generally an interesting problem, since their vari- 
ous properties are strictly related to it. 

In this paper we present a peculiar case of solid 
state influence on the complexing properties of 
similar compounds. 

The syntheses and characterization of our inter- 
est new addition complexes l-3 of SnCl, with 
aromatic Schiff bases L,-L3 has been reported in a 
previous paper.’ 

L1: n=2 2 (SnC12)2L1 

L2; n=4 3 (SnC12)2L2 

L3; n=6 & (SnC12J2L3 

r 

Elemental analysis, IR, Mass Spectrometry and 
Conductance Measurements indicate the presence 
of 1:2 (ligand: SnCl,) adducts, with an ionic type 
structure. 

The nature of the chemical structure of these 
compounds was to be checked in the solid state, 
being the most important previously used tech- 
niques operating in the gas-phase (MS) and in 
solution (Conductance measurements). 

As references compounds uncomplexed poly- 
meric systems 4-6 have been used. 

EXPERIMENTAL 

Compounds l-3 and polymers 4-6 have been 
prepared following the procedure described in 
literature.‘*2 

The Esca spectra were obtained with a 
KRATOS ES-300 electron Spectrometer. The 
measurements were performed with AlKul,2 photon 
source. The vacuum in the analysis chamber was 
better than lo-‘Torr. The samples were stable in 

4 :n=2 

*Author to whom correspondence should be ad- . k:n=4 

dressed. h: n = 6 
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vacuum. Each sample was introduced into the 
Spectrometer both as powder stripped onto an 
Indium strip as well as powder pellets obtained 
under reduced pressure (rotary pump) and at- 
tached to a Ni-Cr wire with a silver glue. 

The N 1 s, 0 Is, S, 3d,,z and Cl 2p peaks were 
monitored at different times of irradiation in order 
to detect eventual reduction processes. No sign of 
reduction was found for powder pellets. 

RESULTS AND DISCUSSION 

The Binding Energies (B.E.) of the main peaks 
of the compounds l-6 are reported in Table 1. 

The B.E. values of Sn 3d,,, peak and its sepa- 
ration from Cl 2p and C 1s peaks are in the range 
of values reported for Sn (II) and Sn (IV) ions.g 
However, we found that the Sn B.E.‘s’ are lower 
than expected for Sn (II) chelates. This fact sug- 
gests that a higher electron density is present on the 
Sn ions. 

The internal distances and the relative abun- 
dances of Sn 3d and Cl 2p peaks remain constant 
for all the adducts. 

It is worth noting that while the Sn 3d peaks 
have a F.W.H.M. of 2.0-2.1 eV in accordance with 
the presence of one kind of Sn ion, the ClzP peaks 
are instead broad and somewhat different in shape 
with respect to the characteristic Cl doublet. 

This fact suggests that more than one chlorine 
ion could be present.’ The Sri///œ ratio is about the 
same for the adducts 1 and 3 whereas in the case 
of adduct 2 it is slightly lower indicating, probably, 
a greater difficulty of the ligand to complex with 
SnCl, in this case. 

There is no evidence of structure effects on the 
Sn and Cl B.E.‘s or peak shapes on going from 1 
to 3 adducts. 

The C 1s bands are asymmetric in shape being a 
convolution of two peaks which should be sepa- 
rated of about 1.6 eV in energy. 

In accordance with the literature,3*4 the peak of 
lower energy (and higher intensity in our spectra) 
could be attributed to the aromatic carbons 
(284.8 eV) and in the same region is expected to fall 
the peak arising from the -CH,- groups non- 
bonded to the nitrogens. 

The peak at higher B.E. (and lower intensity in 
our spectra) is attributed to the C=N groups. In 
fact the B.E. values observed are almost the same 
to those reported in the literature.%’ 

To this class of carbon atoms are also belonging 
the CH,-N, groups. 

The C 1s bands show an intensity decrease of the 
unresolved component at higher B.E. on going 
from 1 to 3 adducts. This is in accordance with the 
relative weight increase of the -CH,- groups for 
compounds 2 and 3. The comparison with the 
corresponding polymers 4-6 shows that the com- 
plexation induces only minor variations in the 
features of C 1s bands for the compounds 2 (show- 
ing a small increasing in F.W.H.M. of the peak) 
and 3 (showing a more marked asymmetry) with 
respect to 5 and 6 polymers. The compound 1 does 
not show any difference with respect to 4. 

The complexation is found instead to affect 
strongly the 0 1s and N 1s spectral features. 

The N 1s peaks (Fig. 1) are very large and 
asymmetric in shape. The reference compounds 
4-6 show on the contrary a symmetric and nar- 
rower shape. The observed increasing of 
F.W.H.M. are of about 0.8-1.1 eV on going from 
4-6 to l-3 compounds. In general the centroid of 
the whole N 1s band in the l-3 compounds is 
shifted by 0.7-1.3 eV from compound 1 to 3. 

The N 1s bands seem to be constituted by two 
distinct peaks (in various relative ratios) with 
about the same internal shift for all the adducts 
(Table 1). 

The peak at lower B.E. is attributed to the 
non-complexed nitrogen atoms (as confirmed by 

Table 1.” 

Compound 01s 
Nls Sn3rl5 c12p3 

2 2 

1 532.8 531.5 400.2 398.8 486.8 198.6 

0 532.5 531.1 400.2 398.9 486.6 198.5 

d 532.8 531.4 400.2 398.7 486.8 198.7 

4 532.3 - ) 398.7 

2 532.5 - 398.9 

6 532.4 - 398.9 

a The values are referred to a Cls bond (B.E. 284.8) according to references 6-7. 
WV 
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(a) 

e! 

(b) & 

Fig. 1. N 1s peaks of adducts l(a), 2(h), 3(c). 

the very close value of the uncomplexed polymers 
4-6) while the peak at higher B.E. to the com- 
plexed nitrogen atoms. In fact, the B.E. values are 
comparable with those observed for Schiff base 
metal complexes. 6,7 The positive chemical shift for 
N 1 s is found consistent with a decrease in electron 
density on the nitrogen site upon coordination to 
the metal. 

in which the oxygen sites are almost completely 
complexed, while the nitrogen sites are more or less 
complexed in connection with the different molec- 
ular structure, probably due to the different steric 
hindrance. In fact, the length of the aliphatic chain 
seems to influence the availability of the nitrogens 
for the complexation. 

The compound 1 shows an almost non-bonded 
nitrogen; on the contrary in compounds 2 and 3 
the nitrogen is in prevalence bonded. 

The 0 1s peaks of compounds l-3 show a 
symmetric shape and a homogeneous B.E. shift 
towards lower values, with respect to the reference 
compounds 4-6. A slight increase of F.W.H.M. 
can be seen when considering compounds l-3 with 
respect to 4-6 (2.5-2.8 eV vs 2.0-2.3 eV). This fact 
could be explained with the existence of a lower 
intensity component corresponding to the no 
bonded oxygen in compounds 4-6 and of a higher 
intensity component shifted of 1.3-l .4 eV at lower 
B.E. values. 

The fact that the nitrogen sites are less com- 
plexed in adduct 1 with respect to 2 and 3 could be 
connected to the experimental. finding that during 
the synthesis of such adducts the precipitation is 
immediate for compounds 2 and 3 while it occurs 
after some minutes in the case of compound 1.’ 

Since in the tin (II) chemistry there is no evi- 
dence for the formation of SnCld2- anion we feel 
that both SnCl,- and Cl- are present, as suggested 
also by the broad Cl,, peaks.* 

Acknowledgement-We thank Italian Public Instruction 
Minister for financial support. 
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Ah&act-Copper(I1) complexes with 2-amino-5-picoline N-oxide (2amSPicO = L), 
CuL,X,(X = ClO.,, BF4, and N03), C&X2 (X = Cl, Br) and CuLX, (X = Cl) have been 
isolated and characterized using spectral methods (i.e. IR, UV-vis and ESR). Coordination 
occurs via the N-oxide oxygen exclusively with the amine functional group showing only 
slight tendency to involve itself in hydrogen bonding to the anions. The halide complexes 
involve the halide ions in the coordination spheres while the polyatomic anions are not 
bound directly to copper. The latter compounds have monomeric, 4-coordinate CuO, 
chromophores while the former solids are apparently polymeric. Evidence for N-oxide 
bridging ligands in the CuLX, solids and halogen bridging in the CuLX, solid is presented. 

2-alkylaminipyridine N-oxides have been shown to 
bond to Cu(I1) primarily as monodentate ligands 
via the N-oxide oxygen.’ In contrast, 
2-dialkylaminopyridine N-oxides coordinate most 
commonly as bidentate ligands involving the amine 
group as well.2 Previous workers3 have reported the 
preparation and the infrared spectra of a number 
of transition metal complexes of the unsubstituted 
2-aminopyridine N-oxide. Because of my interest 
in 2-substituted pyridine N-oxide complexes, addi- 
tional copper complexes of this ligand were pre- 
pared and characterized by a variety of spectral 
methods4 Recently a similar study with the ligand 
2-amino-4-picoline N-oxide has been 
communicated’ and there were significant 
differences in the complexes of this methyl substi- 
tuted ligand compared to 2-aminopyridine N- 
oxide (2amPyO). A study of the metal ion com- 
plexes of the various 2-amino-picoline N-oxides 
was therefore initiated, and the Cu(I1) complexes 
of 2-amino-5-picoline N-oxide (2amSPicO) are re- 
ported here. Comparisons between these new 
Cu(I1) solids and the previously reported ones are 
included. It is believed that this is the first report 
on metal ion complexes of 2amSPicO. 

EXPERIMENTAL 

The 2amSPicO was prepared by oxidizing 
2-amino-5-picoline (Aldrich) with m-chloro- 
peroxybenzoic acid Aldrich in acetone‘j. The prep- 
aration and characterization of the complexes were 
performed in an analogous manner to previous 
studies from this laboratory.‘~2*4*5 

RESULTS AND DISCUSSION 

The unique solids isolated with 2amSPicO and 
the various Cu(I1) salts are shown in Table 1 along 
with their colours, decomposition temperatures 
and some elemental analyses. Compounds of 
analogous stoichiometry and colour were isolated 
with 2am4PicO except for the nitrate. However, as 
opposed to 2am4Pic0, solids analogous to 
Cu(2am4PicO)2(C10,)2 and Cu(2am4PicO)Br2 
have not been achieved despite repeated attempts. 
Molar conductivity values obtained from aceto- 
nitrile solutions are also included in Table 1. 
Complexes with polyatomic anions are 1 : 2 elec- 
trolytes and the halide solids are non-electrolytes.7 
Based on the similarity of colour to previously 
studied compounds, the complexes isolated with 
4 : 1 ligand to Cu(I1) mole ratios would be expected 
to have the four ligands bound via the N-oxide 
oxygens to give CuO, chromophores. The remain- 
ing complexes may involve bidentate ligand bond- 
ing, participation of the anion in the coordination 
sphere, polynuclear complex formation or some 
combination of these. The results of the solid state 
spectral studies are shown in Tables 2(IR), 
3(electronic) and 4(ESR). 

The two stretching modes associated with the 
amine function are found at higher frequencies 
than for the previous ligand indicating that this 
amino group is considerably less involved in 
intermoleculap hydrogen bonding. However, the 
spectra of the complexes formed from the 
perchlorate and tetrafluoroborate salts show both 
bands shifted to substantially higher energies 
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Table 1. Colours, decomposition temperatures, partial elemental analyses and molar conduc- 
tivities for the various copper(B) complexes of 2-amino-5-picoline N-oxide(L) 

Compound Color Dec. Pt ('Cl 0 Calcd % Found Aa(ohm-'$ 
mol ) 

C H C H 

cuL4(c104)2 green >250 38.0 4.3 37.2 4.2 242 

CuL4(BF4)2 230 39.3 4.4 39.2 5.0 234 
green 

CuL4(ND312 green 210 42.1 4.7 41.4 4.7 236 

CuL*C12 brown 178 37.7 4.2 38.1 4.7 24 

CuLC12 red brown 196 27.8 3.1 28.5 3.5 21 

CuL2Br2 red brown 172 30.6 3.4 29.6 3.7 57 

a. ca. 10m3 M solutions in CH3CN. 

confirming, not only non-coordination of the comparable energies to the previous complexes.‘,4* 5 
amine group, but also indicating little, if any, The relatively high energy for vNo compared to an 
hydrogen bonding of this function to the poly- unsubstituted ring (i.e. vNo = 1243 cn-’ for pyri- 
atomic anions. Since coordinated amines generally dine N-oxide”) may arise from steric effects in the 
have their bands at much lower energies (e.g. solid caused by the weakly hydrogen bonding 
v,(NH,) = 3250 cm-’ when complexed to CUE), amine group as well as the methyl group in the 
the lower energies of these bands for the remaining 5-position. 8No assignments are omitted from Ta- 
compounds are more likely due to an association ble 2 since this band is not much shifted in the 
with the anions as was suggested for analogous spectra of the complexes from its 838 cm- ’ posi- 
solids in previous studies.4’S tion in the ligand spectrum. 

For 2amPy04 and 2am4PicO’ the vNo band was 
assigned to strong bands at 1195 and 1191 cm-‘, 
respectively, but this region of the spectrum of the 
free 2amSPicO is devoid of any bands. At higher 
energy there is a band of medium intensity located 
at 1245 cn- ’ while a band at 1270 cm -’ is assigna- 
ble to 6CH (in plane)‘O. In the spectra of the metal 
complexes vNc is assigned to a weak band at 

At this point the various spectral results of 
Tables 2-4 will be discussed for the different 
compounds (or pairs of compounds). 

CuL4(C104), and CuL,(BF,),. Both the ESR and 
the electronic spectra of these two compounds 
suggest that they have nearly identical Cu(II) 
centres and that the anions are not coordinated to 
the Cu(I1). Confirming this is the presence of a 

Table 2. IR band assignments for 2amSPicO and its copper(I1) complexes 

Compound UaW2) Ys(NH2) 'NO* "cue yc"x 

L=Zam5PicO 3410m 329ow 1245sh 

CuL4 K104) 2 

CuL4(BF412 

CuL4(ND312 

3476111 

3488m 

3423w,b 

3354m 12oow 409s 

3379m 1192w 408s 

3310w.b 121ow 407s 

CuL2C12 3400w,b 327Ow,b 12OOw 407w 292sh 
372s 283m 

274sh 

CuLC12 3400m 3302111 121Ow 410w 322m 
302s 
2881~ 

CuL2Br2 

'see text 

3412m 
3392sh 

3282~ 1195u 411w 260m 
3240sh 380~ 230s 
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Table 3. Electronic band assignments (kK) for the various copper(I1) complexes of 
2-amino-S-picoline N-oxide(L) 

1001 

Compound O(n) + Cu(d) X-J Cu(d) d-d 

CUL4 (ClO4) * 23.15 16.05,14.29sh 

CuL4 (BF4) 2 23.04 15.92,14.29sh 

CuL4 W3) 2 23.25 15.92,13.B9sh 

CuL2C12 23.25 19.61sh 12.66 

CuLC12 23.42 19.18 17.64sh,9.33 

CuL2Br2 23.42 18.52 10.42 

Table 4. Electron spin resonance parameters for the copper(I1) complexes of 
2-amino-5-picoline N-oxide(L) 

Compound Temp. S,, (S,) SJ(S*‘Sl) S ave 

cuL4(c104)2 RT 2.243 2.052 2.116 
77K 2.237 2.053 2.114 

CUL~(BF~)~ RT 2.243 2.054 2.117 
77K 2.237 2.054 2.115 

CuL4 (NO31 2 RT 2.247 2.058 2.121 
77K 2.246 2.056 2.119 

CuL2C12 RT 2.112 
77K 2.222’ 2.101 

CuLc12 RT 2.045 2.238,2.185 2.156 
77K 2.044 2.234.2.181 2.153 

CuL2Br2 RT giso 
=2.115 2.115 

77K giso =2.091+ 2.091 

‘AU=155G 

+hyperfine and/or superhyperfine lines present 

relatively broad band at 1065 cm -’ and a sharp 
band at 618 cm-i in the spectrum of the 
perchlorate solid and similarly shaped bands at 
1015 and 519cm-* in the spectrum of the 
tetrafluoroborate solid with the two pairs of bands 
assignable to v3 and v, of approximately tetra- 
hedral AX, species. 

The vcUo modes for these two solids are lower in 
energy than that assigned in the analogous com- 
plexes of 2am4RicO (i.e. 415-420 cm -I)’ but 
slightly higher than the 405 cm-’ found for 
2amPy0.4 The higher energy of the two methyl 
substituted ligands is probably due to the greater 
electron density these substituents contribute to the 
ring. The 4-position being more favourable for this 
donation to the ring nitrogen must cause the higher 
values for vcuo in the complexes of 2am4RicO. 
Another factor which could cause this higher en- 

ergy is the greater steric hindrance provided by the 
methyl substituents to the axial coordination of the 
polyatomic anions. 

As opposed to the orthorhombic powder spec- 
trum of the analogous complexes for 2am4Pic05 
the ESR spectra of these solids are the typical axial 
type associated with a dx2_+ ground state. The 
value of gl for these complexes is slightly lower 
than was found for the analogous 2amPy0 com- 
plexes lending support to the stronger planar 
bonding suggested from the Cu-0 stretching fre- 
quencies. Therefore, the 5-methyl group while ste- 
rically hindering anions from interacting with the 
Cu(I1) centre due to the “propeller-like” positions 
of the ringsi does not cause significant distortion 
of the CuO, plane due to interactions between 
Cu(I1) centres in the powder. 

Solution electronic and ESR spectra indicate a 
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change of species in this matrix when compared to 
the powder spectra. For example, 10e3 M aceto- 
nitrile solutions show a symmetrical d-d band at 
cu. 15.0 kK. This shift to lower energy is probably 
caused by the axial addition of solvent molecules. 
On long standing the solution ESR spectra show a 
variety of Cu(I1) centres. But immediate freezing of 
a methanol solution of the tetrafluoroborate salt 
yielded a spectrum whose principal species has 
811 = 2.248, g, = 2.055 and g,, = 2.119. Addi- 
tionally, Ai, is cu. 175 G and is indicative of a very 
strong planar bonding of the four oxygen atoms. 
The similarity of the various g-values to the values 
found in the powder spectrum confirms this strong 
planar bonding in the powder and suggests little 
interaction between neighbouring centres. 

While the 2amPy0 showed only a broad fea- 
tureless d-d envelope,4 the complexes of 
2am4Pic05 and these solids show a low energy 
shoulder. Resolution of the shoulder suggests that 
these complexes have less tetragonal distortion (i.e. 
are closer to 4-coordinate).13 Coupling the energy 
of the shoulder to gll and the energy of the main 
band to g, allows the calculation of orbital reduc- 
tion factors, k*, and employing the equations used 
by previous authorsI yields values of 0.71 for both 
k, and kli. This value indicates that little n-bonding 
is involved in the metal-ligand bonds. 

In Table 5 pertinent spectral information is 
collected for the CuO, chromophores prepared 
with Cu(ClO,), and the various 2-aminopyridine 
N-oxides. The larger alkyl substituents on N ap- 
pear to strengthen the bonding to Cu(I1) based on 
higher energies for vdd and lower values of 811. This 

X. WEST 

is probably due to greater steric hindrance which 
prevents interactions of the Cu(I1) centre with the 
perchlorate anions or ligands on neighbouring Cu 
centres. Substitution on the ring may have a similar 
effect but other 2-aminopicoline N-oxide com- 
plexes and, 2-aminolutidine N-oxides, need to be 
studied. 

Cu(L),(NO&. With 2am4PicO a nitrate solid of 
suitable purity was not obtained’ whereas 
CuL3(NO& and CuL,(NO,), were isolated with 
2amPyy04 so that, comparisons for this nitrate 
solid are limited to the perchlorate and 
tetrafluoroborate solids of this study. The data for 
the three compounds in Tables 3 and 4 suggest 
little difference in their nature and, therefore, ionic 
character for the nitrate ions. Confirming this is the 
assignment of the following bands (cm - ‘) associ- 
ated with ionic nitrate:15 v, = 1018 m, v2 = 819 s, 
v3 = 1351 s and v4 = 722 m. Further, a single weak 
band is observed at 1752 cm-’ which is assignable 
to v1 + v4 of ionic nitrate.‘s*‘6 

CuL,Cl, and CuL,Br,. Analogous compounds 
with similar colours were isolated with 2am4Pic0.5 
The non-electrolytic character in acetonitrile sug- 
gests coordination of both halogen atoms. It 
should be noted that the energies of the vN_n bands 
in these complexes are consistent with non- 
coordination of the amine function. For CuL,Br, 
the extra shoulders on the vNH bands may be 
indicative of some structural differences in Cu(I1) 
centres in the lattice which is caused by steric 
effects. 

Additionally, both vcUo and vcux for each com- 
pound have at least two bands assignable to them 

Table 5. Spectral information of copper(I1) complexes of 2-aminopyridine N-oxides and 
2-arninopicoline N-oxides (CuO, chromophores) 

Compounda “NO(cm-‘) “cuo(cla-l) ‘dd(kK) g,, &” Ref 

~cu(2ampYo)21 (c104)2 1198 406 16.75 2.254 2.123 4 

tcw4 K104)21 1189 405 15.63 2.239 2.115 la 

(CW4 (C104)21 1188 400 16.31 2.242 2.114 lb 

WP), (c104)21 1182 390 16.67 2.240 2.112 lc 

lCu(IV4 K104)21 1190 409 16.95 2.229 2.113 Id 

1199 

[Cu(2am5PicO)2](C104)2 1194 

416 16.72, 2.190b 2.119 5 
14.08sh 

409 16.05, 2.243 2.116 present 
14.79sh work 

b. bigbest g-value of ~a orthorhombic spectrum 

a. M = 2-methylamiaopyridiae N-oxide 
E = 2ctbytiaopyridiae N-oxide 
P = 2-propyltiaopyridiae N-oxide 

Ip = 2-isopropylamiaopyridiae N-oxide 
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which indicates a possible mixture of species. Very 
recently a single crystal X-ray study of the chloride 
solid with 2-methylaminopyridine N-oxide has 
been reported” and it was found, upon re- 
crystallization from a mixture of methanol and 
triethylorthoformate, to have a dimer structure. 
Briefly, the two copper atoms are bridged by two 
N-oxide ligands and each Cu(I1) has one mono- 
dentate N-oxide ligand and one chloride ligand 
completing its planar portion. A second chloro 
ligand is in an axial position yielding a distorted 
square pyramid and the two pyramids are related 
by an inversion centre. However, this material 
yielded a weak monomer signal with resolved 811 
feature suggesting that the diamagnetic dimer was 
serving as host for a monomeric impurity. 

The ESR signal for this chloro complex also 
shows a resolved feature while the bromo solid has 
an isotropic spectrum at both temperatures with 
clear resolution of hypertine (or superhyperlme) 
features over most of the isotropic line. Neither 
sample shows any features in the (g N 4) where the 
AM = 2 transitions of dimers are observed. How- 
ever, the observance of the resolved gll, as well as 
the fact that the spectra are a factor of more than 
100 times less intense than those complexes formed 
from Cu(I1) salts with polyatomic anions, suggest 
that these features are due to a monomeric im- 
purity. Therefore, the ESR spectra are a measure 
of the monomer while the remaining spectral stud- 
ies deal with the more concentrated dimer. In the 
IR spectrum of CuL,Br, the additional bands 
found for the N-H stretching frequencies could be 
due to a monomeric species. 

Immediate freezing of the chloro complex dis- 
solved in methanol yields a mixture of species. The 
principal species present has parameters of 
gll = 2.301, g, = 2.063 and g,, = 2.146 with 
Al = 148 G which do not agree with the powder 
values. However, these values are not inconsistent 
with the 4-coordinate CuOQ monomer which 
would be formed by symmetrical dissociation of a 
dimer analogous to the Pavkovic and Wille 
structure.” 

Other infrared bands that might be expected to 
be observed at two different energies if the dimer 
structure of these complexes is analogous to that 
found by Pavkovic and Wille” are the following: 

“NO, “cue and “CuCI* While two different bands are 
expected for the vNo mode because of bridging and 
non-bridging N-oxide ligands, the weakness of the 
bands in the spectra makes the assignment to 
various types of N-oxide ligands unattractive. 
However, both the Cu-0 and Cu-X stretching 
frequencies have multiple bands and the lower 
band assigned to vcUo is likely due to a bridging 
Poly Vol. 2, No. 10-C 

N-oxide. Additionally, the energies of the Cu-X 
stretching modes are consistent with terminal 
rather than bridging halogens suggesting a N-oxide 
dimer rather than a halogen bridged one.” 

Cu(2amSPicO)Cl,. While there are certainly 
a number of dimers of the (CuL,XJ, stoichi- 
ometry, I9 there have also been a large number of 
polymeric species of the stoichiometry CuLX, re- 
ported. In some cases these species include a 
solvent molecule in their coordination to reach a 
5-coordinate centre at each Cu(II)“, while in other 
cases a chain of dimers, often one-dimensional, has 
been found.21 With this in mind it should be 
pointed out that again for this compound there is 
no indication of amine coordination based on the 
IR spectrum of the solid and the solid can be 
expected to be polymeric. 

Analogous compounds formed from 2am4Pic05 
and copper(I1) chloride or bromide were consid- 
ered to have halogen bridges with the remaining 
halogen and the N-oxide ligand completing a 
distorted tetrahedral environment for the Cu(I1) 
centres. Inspection of the bands assigned to vcUc, 
shows that the bands are higher in energy than is 
usually assigned to a bridging halogen (i.e. 
250 cm - ‘).‘8* 22 However, for bridged tetrahedral 
centres the vcUc, bands would be expected to be 
higher in energy than for those bridging Cu(I1) 
centres of higher coordination number. For exam- 
ple, vcucl for chloro ligands bridging tetrahedral 
centres have been reported by one group2’ to be in 
the range 260-270 cm-’ and by other authorsz4 as 
high as 275-282 cm-‘. Additionally, Cu,C1,2- ions 
with different cations have been studied extensively 
and it has been shown that distortion of the Cu(I1) 
ions from square planar toward tetrahedral, which 
is caused by increases in cation size, causes an 
increase in CuCl (bridging) frequency.25 Therefore, 
a structure analogous to that proposed for the 
2am4PicO complexes’ would be possible with the 
band at 288 cm-’ assigned to the bridging Cu-Cl 
stretching mode and the other bands due to termi- 

nal vcUcl. Since these bands are at higher energy 
than was found for the previous complexes,5 
greater distortion towards tetrahedral symmetry 
would be expected for the present complex. Consis- 
tent with this is the low energy of the main d-d 
transition at 9.33 kK. 

The ESR spectrum is essentially that of a “re- 
versed” monomer which is thought for six- 
coordinate Cu(I1) to be due to a dzz ground state 
or more commonly to tetragonally elongated com- 
plexes with adjacent Cu(I1) centres aligned at right 
angles to each other with strong exchange inter- 
actions.26 However, once again the ESR signal in 
the g = 2 region is quite weak and is likely due to 
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a monomeric impurity of lower coordination num- 
ber than six. 

An immediate freezing of a methanolic solution 
of this solid gives g, = 2.332, g, = 2.095, g, = 2.070 
and g,, = 2.166 with A, cu. 115 G. While this 
species has a “typical” dxz_yz ground state spec- 
trum, its average g-value is not greatly different 
from the 2.153 of the solid at the same tem- 
perature. It may be that the spectra are representa- 
tive of the same species, but lacking the strong 
exchange interactions in the solution.26 Compared 
to the previous chloro species in this study, 
Cu(2am5PicO)C12 is either more tetrahedrally dis- 
torted or has a larger coordination number. 

In conclusion, the ligand does not function as a 
bidentate group in any of the complexes, and the 
solids isolated from copper halide salts appear to 
yield dimeric products with monomeric impurities. 
Additionally, it has been found that the methyl 
group in the 5-position does not significantly alter 
the stereochemistry of the complexes when com- 
pared to the 2amPy04 and in contrast to the 
findings for 2am4Pic0.5 
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3. 
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Abstract-Yellow and colourless complexes of molybdophosphate were investigated by the 
use of laser Raman spectroscopy. Two kinds of yellow molybdophosphates were identified 
in the weakly acidic solutions: 12-molybdophosphoric and 1 1-molybdophosphoric acid 
which are in equilibrium in solution at pH l-2. When excess phosphate is present, the 
colourless molybdophosphate is formed. This complex exists in the solutions of pH 4-l 
under the condition of excess phosphate ([P]/[Mo] > 2). This complex was confirmed to 
be P,Mo,O$- and is so stable that the yellow molybdophosphate is converted into the 
colourless by excess phosphate. 

Heteropolymolybdate anion plays an important 
role in analytical chemistry. Most reliable method 
for the analysis of such elements P, Si, As and Ge 
is based on the formation of polynuclear hetero- 
polymolybdate complexes.1-4 The formation pro- 
cess of heteropoly acid has been studied by various 
methods.- The condition, the acidity below pH 1 
and the excess molybdate, were frequently re- 
quested for the determination of micro amounts of 
phosphorus.“’ The basic idea to establish the 
optimum condition applied for the chemical anal- 
ysis has still not been completely understood. 
Javier ef al. showed that on the basis of kinetic 
data the formation mechanism of molyb- 
dophosphoric acid was related, at the initial stage, 
to the interaction between phosphate and Mo(V1) 
followed by polymerization to form lZmolybdo- 
phosphoric acid. I3 But its formation mechanisms 
from isopolymolybdate is not fully understood. 
The purpose of the present study is to find out 
some species of molybdophosphate complexes and 
to clarify the formation mechanism of lZmoly- 
bdophosphoric acid in the aqueous solution by the 
use of laser Raman spectroscopy. 

EXPERIMENTAL 

Reagent and apparatus 
Polynuclear molybdophosphate complexes were 

produced by means of the mixed solutions of 

*Author to whom correspondence should be ad- 
dressed. 

phosphate and molybdate. The acid used for the 
preparation of the solution is hydrochloric acid 
because both perchloric and sulphuric acid inter- 
fere with the measurements of Raman spectra of 
polynuclear molybdate complex. Raman spectra 
were measured with a JASCO R750 triple mono- 
chromator and JASCO R800, using 514.5 nm (Ar+ 
laser) as the excitation source. In order to measure 
quantitatively the intensity of Raman lines, an 
internal standard of sodium nitrate was used. The 
Raman lines to be observed were calibrated with 
those of indene.r4 

RESULTS AND DISCUSSION 
(a) Yellow molybdophosphate complexes 

Acidification of the mixed solutions of phos- 
phate and molybdate leads to the formation of 
some molybdophosphate complexes from col- 
ourless to yellow colour. Yellow 12-molybdophos- 
phoric acid is mostly useful in analytical chemistry. 
But the formation behaviour of molyb- 
dophosphate complexes has not been well under- 
stood because of complexity. The spec- 
trophotometric investigation does not tell much 
about the configurational information of the chem- 
ical species in the aqueous solution. Raman mea- 
surements were attempted to obtain the acidic 
condition for the formation of lZmolybdophos- 
phoric acid. Figure 1 shows three kinds of Raman 
spectra: (1) solid 1Zmolybdophosphoric acid, (2) 
the dissolved aqueous solution of lZmolybdo- 
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phosphoric acid, and (3) the acidified mixed solu- 
tions of phosphate and molybdate ([p] = 1.0 x 
lo-* M, [MO] = 1.2 x 10-l M). Raman spectrum 
of 12-molybdophosphoric acid solution(2) is anal- 
ogous to that of solid 1Zmolybdophosphoric 
acid(l), but is different in the intensity of the peak 
at 996cm-’ and 975 cm-‘. The intensity of the 
peak at 996 cm-’ in the solution is lower than that 
of the solid one, and the intensity of the peak at 
975 cm-’ is higher than that of solid 
1Zmolybdophosphoric acid. This implies that 
12-molybdophosphoric acid to be dissolved under- 
goes a little change in the solution. Although 
Raman spectra of the acidified mixed solutions 
vary with the acidity as shown in Fig. 1 (3), Raman 
spectra of the mixed solutions of pH 1.17-0.5 M 
HCl are similar to that of 1Zmolybdophosphoric 
acid solution(2). Hence 1Zmolybdophosphoric 
acid can also be produced in these acidic mixed 
solutions. 

The authors focussed carefully the v, line of 
molybdate observed over 900-l 000 cm - ‘. Raman 
spectra of the acidified 30 solutions (pH 6.52-2 M 
HCl) of molybdophosphate were normalized by 
the use of an internal standard (0.08 M NaNO,). 
Concerning the mixed solutions of pH 6.52-5.15, 
influence of acidity on Raman spectra is similar to 
the case of the solutions of molybdate alone.15 
Namely the peak at 897cm-’ due to MOO,*- 
species decreases with acidification, whereas the 
peak at 940 cm - ’ due to Mo,Ozr species increases. 
The interaction between phosphate and molybdate 
does not appear to be prominent, but careful 
observation allows us to find fine changes on 
Raman spectra of the mixed solution. The Raman 
line broadening (at 940 cm-‘) becomes eminent. 
These are much broader than those obtained from 
isopolymolybdate alone. l5 This must be due to the 
superposition of molybdophosphate complex and 
heptamolybdate Mo,O& . This is also described in 
the next section of colourless molybdophosphate 
complexes. 

Further acidification of the mixed solutions 
leads to the shift of the peak to the much higher 
wavenumber, and the mixed solutions become 
faint yellow. Then the peak at 975 cm-’ appears 
and its intensity increases in the solutions of pH 
4.59-2.27 (Z = 1.48-1.70). On further acidifica- 
tion, the peak at 975 err-’ decreases, and the peak 
at 996 cm-’ appears. The increase of the intensity 
at 996cm-’ is based on the formation of 
1Zmolybdophosphoric acid.16*” These mixed solu- 
tions exhibit characteristic yellow colour. Raman 
spectra indicate two species of yellow coloured 
molybdophosphate are main complexes in these 
solutions. One species at 996cm-’ is 

1000 830 600 400 200 

Wavenumber , cm-’ 

Fig. 1. Raman spectra of 1Zmolybdophosphoric acid in 
the solutions and the solid state. (1) Solid lZmolyb- 
dophosphoric acid. (2) The dissolved aqueous solution 
of 1Zmolyhdophosphoric acid. (3) The acidic mixed 
solutions of phosphate and molybdate ([PI = 1.0 x 
10m2M, Fro] = 1.2 x 10-l M), (a) pH 1.46, (b)pH 1.01, 

(c) 1 M HCl. 

1Zmolybdophosphoric acid. Another species has 
the peak at 975 cm- ‘. In order to clarify the latter 
species, two precipitates of tetraethylammonium 
salt were obtained from the solutions of pH 2.1 
and pH 1 by addition of tetraethylammonium 
chloride solution. The results of elementary anal- 
ysis for these precipitates are given in Table 1. The 
precipitate from pH 1 is 1Zmolybdophosphate 
salt, as expected. The precipitate from pH 2.1 is 
not 9-molybdophosphate, which is known to be 
P,Mo,,O&- in the solid,” but 1 l-molybdophos- 
phate. Thus the species at 975 cm-’ is considered 
to be 1 1-molybdophosphoric acid. When the mixed 
solutions of phosphate and molybdate are 
acidified, 1Zmolybdophosphoric acid is produced 
via the formation of ll-molybdophosphoric acid. 
1Zmolybdophosphoric acid is equilibrated with 
1 1-molybdophosphoric acid in the mixed solutions 
of pH 1.99-l.O5(Z = 1.72-2.06). lZmolybdo- 
phosphoric acid decomposes above 2 M acidity to 
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Table 1. Elementary analysis of tetraethylammonium 
molybdophosphate obtained from the solutions of pH 

2.1 and pH 1 

precipitate from pH 1 

[(C2H5)4N13P~,2”40 

Calcd Found 
C L ! 

';A; % 1yl; % 

1:90 1:95 
I;0 5:::: 52.33 1.39 

Precipitate from pH 2.1 

Calcd Found 
c 13.92 % % 

L 2.90 2.03 ';A: 2:12 
ho 5;::; 49.97 1.43 

Calcd Found 
C 16.18 % 14.03 % 
H 3.37 3.04 
N 2.36 2.12 
ko 4:::; 49.97 1.43 

transform to cationic molybdate species, whose 
intense Raman line appears at 953 cm-‘. 

(b) E@ct of phosphate concentration and colourless 
molybdophosphate complex 

The concentration of phosphate is also im- 
portant in the formation of molybdophosphate 
complexes. The present author” and HoriZo 
pointed out that excess phosphate leads to the 
formation of colourless or pale yellow molyb- 
dophosphate. This would be attributed to the 
transformation into the lower polymerized molyb- 
dophosphate species. The authors investigated the 
influence of phosphate concentration on Raman 
spectra of pH 1 molybdate solutions. The increase 
of phosphate concentration results in the increase 
of the intensity at 996 cn- ’ and the decrease of the 
intensity at 955 cm- *. This clearly indicates that 
the phosphate added reacts with the poly- 
nuclear molybdate species” Mo,,O& to produce 
12-molybdophosphoric acid. The polynuclear mo- 
lybdate species having the peak at 955 cm-’ is 
closely correlated to the formation of lZmolyb- 
dophosphoric acid. The further increase in the 
concentration of 

Pod3 - + Mo,,O:; + 2H + # PMo,,O& + H,O 

phosphate, however, brings about the decrease of The question is raised what isopolymolybdate 
the intensity at 996cn-’ and the increase at species is mainly concerned to the formation of 
970 cm-‘. This implies that the excess phosphate each molybdophosphate complex. In our previous 
produces 1 I-molybdophosphate. The further addi- works,” the formation of some isopolymolybdate 
tion of excess phosphate induces the peak at species was clarified by the use of Raman spec- 
945 cm-’ accompanying the disappearance of the troscopy. The formation curves of each iso- 
peak at 970 cm-‘. The colouration of these mixed polymolybdate and molybdophosphate are plotted 
solutions becomes colourless via pale yellow. Col- against Z value of the solution in Fig. 2. It can be 
ourless molybdophosphate can be stable and pre- seen that the formation of P,Mo,O:~-, PMo,,O:; 

sent in the mixed solutions of the wide pH range. 
Only one species of colourless molybdophosphate 
having the peak at 945 cm-’ is present in the mixed 
solutions of pH 4-l. As previously described [sec- 
tion (a)], Raman spectra of molybdophosphate 
change variously with the acidity in the solutions. 
But the excess phosphate results in no shift of the 
peak at 945 cm - ’ in the mixed solutions of pH 4-l. 
This colourless molybdophosphate was confirmed 
to be P,Mo,O& species by the elementary analysis 
of tetraethylammonium salt obtained from pH 3. 
Found: C, 15.03; H, 3.81; N, 2.17; P, 4.76; MO, 
37.49. Calcd for [(C,H,),N~H,P,MO~O~~*~H,O: C, 
14.98; H, 4.37; N, 2.18; P, 4.83; MO, 37.43. The 
existence of this species P,Mo,O$~- in the solution 
is also supported from the appearance of the break 
point at [Mo]/[P] x 2.5 in the plots, where the 
intensity at 945 cm-’ is plotted against phosphate 
concentration. Therefore it is assumed that excess 
phosphate brings about the following equilibria. 

llPMo,,O&- + PO; - P 12PMo,,O$-- 

SPMo,,O:; + 17PO43 - + 1 lP,Mo,O;;. 

As seen in the above description, there are two 
significant factors affecting the formation of mo- 
lybdophosphate complexes in the aqueous solu- 
tion. One is phosphate concentration, and another 
is acidity in the aqueous solution. When excess 
phosphate ([P]/[Mo] > 2) is present in the mixed 
solution of phosphate and molybdate, the species 
of P,Mo,O& exists mainly in the solution of wide 
pH range (pH 4-l). The species of P,Mo,O&- is so 
stable that the addition of excess phosphate can 
transform 12-molybdophosphoric acid formed 
into 1 1-molybdophosphoric acid or colourless 
P,Mo,O$;. But in the presence of equivalent 
amounts of phosphate ([Mo]/[P] = 12), the species 
of molybdophosphate complex varies with the 
acidity in the solution. Two kinds of species as the 
yellow molybdophosphoric acid are present in the 
solutions above Z = 1.5. The formation of 
1Zmolybdophosphoric acid is predominant in the 
solution of Z = 2.0 and 1 1-molybdophosphoric 
acid predominantly forms in the solution of 
z= 1.7. 
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and PMo,,O:; is correlated with the species of 
Mo,Ok , Mo,O;; and Mo,,O:; 
(MO&;), respectively. 

2.0 

.$ 1.0 

d 
E .- 

0' 4 

1.0 20 
Z ([H’l/ [Md) 

Fig. 2. Formation behaviour of each species in isopoly- 
and heteropoly molybdates by plotting the intensity of 
Raman line against Z value of solutions. (The formation 
of each species was followed at each Raman line: 
Mo,O&, 940 cm - ‘; Mo,O;;, 970 cm- ‘; Mo,,O$-, 
955 cm-‘; Mo,O&, 98Ocm-‘; P,Mo,O&-, 945 cm-‘; 
PMo,,O:;, 975 cm-‘; PMo,,O&-, 996 cm-‘) [p] = 1.0 x 
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Abstract-The complex Rh@yc)(NBD) (pyc = a-pyridinecarboxylate anion, NBD = 2,5- 
norbornadiene) reacts with carbon monoxide with displacement of the diolefin and 
formation of Rh(pyc)(CO),. Addition of triarylphosphines to the latter compound causes 
the formation of complexes of the type Rh(pyc)(CO)[P(p-RC,H,),] (R 4 F, Cl, Me, MeO). 
The addition of iodine, bromine or methyl iodide to solutions of the monocarbonyl 
derivatives leads to the formation of RhX,(pyc)(CO)p(p-RC,H,),] (X = I, Br) and 
RhMeI(pyc)(CO)[P(p-RC,H,),] complexes. 

Organometallic square-planar rhodium(I) com- 
plexes with asymmetric chelating anionic ligands 
having N and 0 as donor atoms have been re- 
ported. Those derived from Schiffs bases,le5 
j?-ketoamines,6 8-oxyquinoline7-” and amino- 
acids”* ” have been intensively investigated. On the 
contrary, the ability of the a -pyridine- 
carboxylate(pyc) group to act as a bidentate 
ligand has been scarcely studied, and as far as we 
know only the Rh(pyc)(CO,) has been described.7 

In this paper we report the synthesis and reac- 
tions of several a-pyridinecarboxylate rhodium(I) 
complexes. Some oxidative addition reactions are 
reported. It is noteworthy to point out that pre- 
vious attempts to convert some square-planar rho- 
dium(1) complexes with salicylaldimine Schiff s 
bases’ into octahedral rhodium(II1) derivatives by 
oxidative addition reactions were unsuccessful. 

EXPERIMENTAL 

IR spectra were recorded on a Perkin-Elmer 325 
spectrophotometer (over the 4000-200 cm - ’ 
range) using KBr discs. Conductivities were mea- 
sured using approx. 3 x 10e4 M acetone solution 
with a Philips PR 9500 conductimeter. 

Synthesis of Rh(pyc)(NBD) 
A stoichiometric amount of a-pyridine- 

carboxylic acid (Hpyc) was added to a C6H6 sus- 
pension of the RhCl(NBD)* complex. After addi- 
tion of excess of Na,CO, and stirring for 4 hr at 

*Author to whom correspondence should be ad- 
dressed. 

room temperature, the yellow solid formed was 
filtered off, recrystallized from CH,Cl,: Et,O, 
washed with Et,0 and air dried. 

Synthesis of Rh@yc)(CO,) 
Carbon monoxide was bubbled through a solu- 

tion of the complex Rh(pyc)(NBD) in CHzClz at 
room temperature for 30 min. After concentration, 
the Rh(pyc)(CQ), complex was precipitated by 
adding cold Et,O. This was filtered off and re- 
crystallized from CH,C12 : Et,O, and vacuum-dried. 

Rh(pyC)(CO)[P(p-RC6H4),] COmpkXt?S 

The addition of a stoichiometric quantity of 
P(p-RC,H,), to a yellow solution of Rh(pyc)(CO),, 
in the minimum amount of CH,Cl,, caused evo- 
lution of CO and the colour intensified. The solu- 
tion was stirred at room temperature for 10 min 
and crystallization was induced by the addition of 
n-hexane. The solids thus obtained were re- 
crystallized from CH&l, : n -hexane and vacuum- 
dried. 

Rh(pyc)X,(CO)[P(p-RC6H4), complexes 
A slight excess over the stoichiometric of X2 

(X = I, Br) was added to a CH@, solution of the 
corresponding Rh(pyC)(co)[p(p -&H&] com- 
plex. The solution was stirred for 1 hr at room tem- 
perature and crystallization was induced by the 
addition of E&O. The brown solid was filtered off, 
recrystallized from CH$l, : Et,0 and vacuum- 
dried. 

Rh(pyc)MeI(CO)[P(p-RC6H4),] complexes 
The above method was also used for the prepa- 
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ration of these complexes, using MeI instead of I,, 
but the reaction time was 4 hr. 

RESULTS AND DISCUSSION 

Rhodium(I) complexes 

this group acts as monodentate, ruling out pen- 
tacoordinated structures. Furthermore, the 
v (GO) values for these complexes support square- 
planar coordination. 

Reaction of RhCl(NBD),i3 in benzene with an 
equimolecular amount of c1 -pyridinecarboxylic 
acid in the presence of sodium carbonate gave a 
good yield of yellow solid which was identified 
as Rh(pyc)(NBD) (NBD = 2,5norbornadiene, 
pyc = a -pyridinecarboxylate anion). The bubbling 
of carbon monoxide through a dichloromethane 
solution of this complex, causes the displacement 
of the coordinated diolefin according to eqn (1): 

All the complexes are stable in air at room 
temperature and were obtained in high yields. 
Elemental analyses (carbon, hydrogen and nitro- 
gen) and IR data are collected in Table 1. The 
violet Rh(pyc)(CO), derivative is dichroic in the 
solid state,’ but Rh(pyc)(NBD) and Rh(pyc) 

(CO)[P@-RC 6 4 3 complex present yellow colour. H ) 1 
consistent with the lack of any intermolecular 
rhodium-rhodium interactions in the solid state, 
arising from steric reasons. 

Rh(pyc)(NBD) + 2C0 -+ Rh(pyc)(CO), + NBD. 
(1) 

Oxidutive addition reactions with iodine, bromine 
and methyliodide 

The violet dicarbonyl derivative has been pre- 
viously prepared by Ugo et al.’ by reaction of 
[RhCl(CO),], with the anionic ligand. 

Monocarbonyl complexes of the type 
Rh(pyc)(CO)[P(p-RC,HJ,] can be prepared by ad- 
dition of triarylphosphines to solutions of 
Rh(pyc)(CO), in dichloromethane, according to 
eqn (2): 

Because the relatively low value of the v(w) 
band in RH(pyc)(CO)[P(p-RC,H,),] complexes 
should give an indication of the nucleophility of 
these rhodium(I) complexes, we were interested to 
explore some oxidative addition reactions. 

Rh(pyc)(CO), + VP -RGH& + 

The addition of a slight excess of iodine, bro- 
mine or methyl iodide to dichloromethane solu- 
tions of Rh(pyc)(CO)[P(p-RC,H,),] complexes 
leads to the formation of hexacoordinated rho- 
dium(II1) complexes (eqns 3 and 4): 

Rh(pyc)(CO)[P@-RC,H.&l + CO (2) 
Rh(pyc)(CO)P(p -RC,H& + X, -+ 

(R = MeO, Me, F, Cl). RhXLpyc)(CO)[P@ -RC,Hd,l (3) 

(X = I, Br) 
The reaction most likely proceeds via the for- 

mation of the pentacoordinated complex 
Rh(pyc)(CO),[P@RC,H3,], which was not de- 
tected. When the reaction was performed with a 
stoichiometric amount or excess of diphosphine, 
poorly characterized yellow products without co- 
ordinated carbon monoxide were obtained. 

Rh(pyc)(CO)P(p-RC,H,), + Me1 + 

RhMeI(pyc)(CO)[P@ -RCbH4)31, (4) 

Only one v(C0) vibration was observed for all 
Rh(pyc)(CO)[P(p-RC,H,),1 complexes. It can rea- 
sonably be assumed that the isomer obtained 
present the phosphine truns to the pyridine nitro- 
gen, due to the stronger truns effect of this atom. 
In fact an X-ray diffraction study on the related 
complex Rh(oxyquinolate)(CO)PPh, show the 
phosphine group to be tram to the heterocyclic 
nitrogen.14 An inverted correlation between v(C0) 
and the basicity of the triarylphosphine seems to be 
observed (Table 1). The increasing basicity of the 
phosphines could increase the extent of Rh-C 
back-bonding and, therefore, the v (CO) are shifted 
to lower values. 

The presence of the asymmetric v(C==O) band of 
the carboxylic group in the range 1660-l 680 cm - ’ 
for all the above mentioned complexes, show that 

As expected for these types of oxidative addition 
reactions, the v(C0) vibration of the oxidation 
products is shifted in every case towards higher 
energies relative to the parent compound. This 
shift is in the llO-125crn’ range for the com- 
plexes formed by addition of iodine or bromine, 
and in the 80-95 cm - ’ range for the 
RhMeI(pyc)(CO)[P(p-RC,H,),]derivatives.Theox- 
idative addition reactions with methyliodide, are 
slow enough to show that the rate of reaction 
increases for the more basic phosphines. The pres- 
ence of a single sharp v(C0) absorption in the IR 
spectra seems to point to the presence of only one 
isomer in the solid state. These complexes show the 
asymmetric v(C=O) band of the monodentate car- 
bony1 group in the range 1665168Ocm-‘. They 
are stable in air at room temperature and were 
obtained in high yields (Table 1). All the complexes 
described in this paper are non-conducting in 
acetone or have negligible conductivity. 



a-Pyridinecarboxylate complexes of rhodium 

Table 1. Analytical, IR data and yields for the rhodium complexes 

Complex Found(Calcd.)% u&so) Yield 

C H N (cA (X1 

48.0 
(48.5) 

53.2 
(52.8) 

60.9 
(60.4) 

54.6 
(55.6) 

34.4 
(34.4) 

36.4 
(36.5) 

40.9 
(39.2) 

41.0 
(41.1) 

49.2 
(49.9) 

42.9 
(43.9) 

41.2 
(41.1) 

44.1 
(43.9) 

50.2 
(49.8) 

47.3 
(46.6) 

_..__ 85 

73 

1974 78 

75 

1966 75 

1965 78 

2085 89 

82 

2085 83 

2000 86 

2100 70 

2107 68 

2097 75 

2097 60 

2065 

2065 

2050 

2050 

70 

75 

88 

80 
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Abstract-The new difunction ligand, 2-amino-1-cyclopentenedithio-carboxylate(L), was 
prepared and its coordination chemistry examined to gain further insight into the reactivity 
of “aromatic” dithio type ligands. Reaction with MoCl,py, and VOS04, led to the 
surprising eight coordinate products ML,. The sp2 hybridization of the ring carbon to 
which the CSI moiety is bonded apparently yields a pseudo-aromatic effect on the reactivity 
of this ligand. The physical properties of these new compounds are discussed. 

We have been very interested in the design and 
syntheses of new dithiolate and dithiocarbamate as 
well as new monothiocarbamate ligands where 
non-traditional reactivity could be expected. In 
particular, we have shown that the suppression of 
the importance of potential resonance con- 
tributions (Scheme 1) to the ground state electronic 
structures of these classes of ligands yield novel 
transition element complexes.‘-’ Our work has 
concentrated on systems where Form C in Scheme 
1 played an unimportant role in the coordination 
chemistry. This was accomplished in various ways 
but normally by the design of a peripheral ligand 
structure whose inherent resonance structure sup- 
pressed this form (Scheme 2). 

We chose to extend this study by the in- 

*Author to whom correspondence should be 
addressed. 

vestigation of a new ligand, 2-amino-l-cyclopen- 
tenedithiocarboxylate (ACDA)“8 (Fig. 1). This li- 
gand is interesting because of its potential dual 
bidentate coordinate possibilities (NS vs S,) and 
because a resonance structure leading to other 
possible resonance structures is suppressed by the 
presence of the double bond involving the bridge- 
head ring carbon (Scheme 3). It was anticipated, 
that this ligand would have a parallel reactivity to 
dithiobenzoate and pyrroledithiocarbamate. One 
of the very special reactions of this class of ligands 

ACDA 

Fig. 1. 

c7 >N 
S- S- 

e >N+-< 

S- 

A 8 C 

Scheme 1 

p-q - c N+_/s- -\ 
S- 

Scheme 2 
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Scheme 3. 

is that of stabilizing eight-coordinate vana- 
dium(W) coordination compounds over the vana- 
dyl, V=O+2 unit.g For that reason, we have in- 
vestigated this and the Mo(IV) system. 

EXPERIMENTAL 

Materials 
All solvents were of reagent grade and were 

freshly distilled before use. VOS04*2H20 was 
obtained from the Fisher Scientific Co. and used 
without further purification. MoCI,.2py was ob- 
tained from the Climax Molybdenum Co. and was 
handled under an argon atmosphere using Schlenk 
techniques. Methylene chloride was dried over 
calcium chloride and stored over 4A molecular 
sieves. 

Preparation of compounds 
(1) ACDA was prepared as previously 

described.“’ 
(2) V(ACDA), * 1 .5H20 
The procedure used here was similar to that of 

Piovesana and Cappuccilli’“. 2.102 g of ACDA 
was dissolved in 150 cm3 of diethyl ether. The 
reaction mixture was stirred for 15 minutes to 
allow complete dissolution. 1.313 g of vanadyl 
sulphate was dissolved in a 50: 50 v/v ethanollH,O 
solvent system. The vanadyl solution was added 
dropwise to the dithioacid solution over a 15 min 
period. Gradually, the solution of the dithioacid 
(initially yellow) turns brown, then red-brown. 
The reaction was stirred for a total of 18 hr. A 
red-brown solid was collected, washed with ice- 
cold Hz0 and dried for 60 min. (Yield--42%). 

Table 1 lists the analytical data for this com- 
pound and the forthcoming compound. 

(3) 0.220 g of ACDA was dissolved in 200 cm3 
of methanol which was degassed by successive 

freeze-thaw cycles. To this solution was added 
(dropwise) a methanol solution containing 0.137 g 
of MoCl, - 2py (py = pyridine). The solution, ini- 
tially yellow, immediately turned blue and was 
allowed to stir for several hours. The blue-black 
solid was collected and dried by suction filtration 
washed with cold methanol, and dried in vacua for 
one hour. The compound is air-stable and the 
blue-black colour is characteristic of g-coordinate 
Mo4 + sulphur systems.’ (Yield-77%). Elemental 
Analyses were determined by Atlantic Microlabs, 
Atlanta, Ga (see Table 1). 

Spectroscopic measurements 
All IR, optical, and esr spectra were recorded as 

described previously.‘-’ Second order cor- 
rections were applied to the calculation of all g 
values.” 

RESULTS AND DISCUSSIONS 

ACDA was reacted with vanadyl sulphate to 
ascertain if a labilization of the vanadyl (VO’+) 
unit would be observed. This is a reaction which 
occurs when the aromatic dithiocarbamates are 
reacted with vanadyl salts, and is rather unusual 
owing to the well-known marked stability of the 
V02+ unit. For example, direct reaction of the 
V02+ ion with R2NCS2- in water gives “normal” 
VO(R,NCS,), complexes which are five-coordinate 
(approximate C2v symmetry).‘2*‘3 Eight-co- 
ordinate V(R,NCS,), complexes are obtained 
from insertion reactions of CS, and V(NR2X in dry 
cyclohexane, under dry, oxygen-free condi- 
tions.14Apart from these complexes, the vast ma- 
jority of complexes involved with V(IV) chemistry 
incorporate the VO* + unit. The usual rationale 
proposed for formation of non-vanadyl V(IV) 
complexes has been insertion of CS2- into the 
oxo-vanadium bond. g*‘5 Thus, if this premise is 
indeed true, resonance form B(Scheme 3) should 
make little contribution towards the electronic 
structure of ACDA. To investigate this property, 
IR spectroscopy was employed to prove the nature 
of the C-S bonds. A strong band in the vicinity of 
1225 cm-’ and a medium-intensity band at about 
670 cm -’ have been identified by various workers 
as v(C = S) and v(C-S), respectively, in aliphatic 

Table 1. Elemental analyses 

Compound 

V(ACDA)4.1.5Ii,O 

Mo(ACDA14 

Colour %C %N %S 
ca1c. cq1c. ca1c. 

(Found) (Found) (Found) 

red-brown 40.56 4.93 36.05 
(40.55) (4.98) (36.07) 

blue-black 39.56 4.40 35.16 
(39.48) (4.44) (35.28) 
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dithioacids.i6 If a monodentate ligand were 
present in the putative VL,(L = ACDA) complex, 
frequencies closely approximating the above values 
would be expected. Instead, as noted in Table 2, 
there are’ two fairly strong absorptions at 900 and 
950 cm- ‘. This would strongly suggest the pres- 
ence of a delocalized CS1- moiety. These assign- 
ments are also in accord with previous work on 
Ni2+ complexes of ACDA.8 The characteristic 
bands in the IR corresponding to the v(N-H) 
absorptions are found at 3210 and 3280 cm - ’ in 
VL, and are within 10 cn- ’ of the same absorp- 
tions found in ACDA. This verifies the premise 
that the -NH, moiety remains intact (no de- 
protonation occurring) and that coordination to 
the vanadium is unlikely. The bands attributed to 
v(N--H) usually shift their position rather 
significantly to lower energy upon coordination to 
a transition metal. In addition, the V02+ unit has 
a strong characteristic absorption in the IR in the 
range 1 OOO- 1500 cm - 1.‘5.18 There is no such 
intense band in the IR spectrum of V(ACDA),. 
Finally, the vanadyl analog of this compound has 
been reported as being a green solid, but the 
elemental analysis obtained was not 
satisfactory.” The analysis for V(ACDA),, 
which is a red-brown solid, is in excellent agree- 
ment with the theoretical values (see Experimental 

Table 2. Selected IR data for V(ACDA),a 

Band (cm -1 ) Intensityb Assignment 

3290 (W) v(N-HI 

3210 (W) "(N-H) 

1615 (8) v(C=C) 

1290 (m) v(C-_N) 

950 lm) v(c---_sl 

900 (ml "(c----s) 

460 (m) v(V-S) 

a. Spectra obtained as nujol mulls. 

b. (W) = weak; (s) = strong; 
(m) = medium. 

Section). Taken together, these pieces of data 
support the proposed 8-coordinate VL4 structure. 
The optical data for VL, in CH2C12 shows a weak 
band at 12.1 kK and a shoulder at 19.8 kK as the 
only ligand field features. Both the optical data and 
the colour of the complex are in agreement with 
similar properties observed for other VSs chromo- 
phores?s20 

The VL, complex is presumably a V(W) com- 
plex (d’ system), and thus lends itself to ESR 
studies. The spin Hamiltonian parameters for V(A- 
CDAX are summarized in Table 3. The ESR 
spectra of this compound both at room tem- 
perature and in frozen glasses resulted in well 
resolved metal hyperfine structure. The eight-line 
pattern is characteristic of “V(I = 7/2) systems. 
The observation that g, > 811 is consistent with 
other 8-coordinate V(IV) systems, while the metal 
hypertine splitting values of 150G and 53G for All 
and A,, respectively, are indicative of a covalent 
system, and further support the presence of 
8-coordination.9*M During the optical and ESR 
experiments, the colour of the solutions are the 
same as that of the compound in the solid state. 
However, over a period of about one hour, the 
solution changes colour from red-brown to yellow, 
which is the colour of the uncomplexed (ACDA) 
ligand. This would suggest that the VL, complex 
gradually decomposes over this time period. 

These data support the predominant resonance 
form for ACDA as form A. This structure induces 
the formation of a delocalized CS2- unit which 
does indeed labilize the V02+ moiety forming an 
8-coordinate VL, complex. The mode of formation 
probably involves withdrawal of electron density 
from the V = 0 bond by the rr-system of 
ACDA-SH, but without further mechanistic stud- 
ies, this only remains a suggestion based on similar 
compounds.9*20 Single crystals of VL, are cur- 
rently being grown for the purposes of un- 
equivocally proving the presence of the 
8-coordinate system. It is apparent that as a result 
of the unusual electronic character of ACDA-SH, 
the reactivity patterns resemble those of the aro- 

Table 3. ESR data for V(ACDA)4 

Solvent g>a 
gll 

CX4C12 1.967 85.0 1.931 150.0 1.986 53.0 

Toluene 1.968 84.8 1.933 150.2 1.985 52.8 

a Isotropic values obtained from solution spectra at room 
temperature. 

b Hyperfine splitting values in units of gauss. 
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matic carboxylates and aromatic dith- 
iocarbamates, rather than aliphatic dithioacids. 

To further investigate the reactivity of ACDA, 
this ligand was reacted with a Mo4+ salt, 
specifically MoCl, (pyridine),. The first report of 
the synthesis of Mo-dithio complexes appeared in 
1971 when Mo(IV)(R,Dtc), complexes were ob- 
tained by CSr insertion into Mo(NR,), 
complexes.*l Nieuwpoort et al. have obtained 
Mo(IV)(R,Dtc), complexes with R = Me, Et, i-Pr, 
and Ph[22]. The optical spectra of these com- 
pounds show six absorptions between 10.0 and 
25.0 kK, and assignments are complicated.” 

The IR spectrum of the product of 
MoCl,(pyridine), and ACDA shows two absorp- 
tions at 3210 and 3300 cm-’ which are assigned as 
v(N-H) bands. In addition, there is no band in the 
2400-2600 cm-’ range which is where v(S-H) ab- 
sorptions are usually found. The lack of a strong 
absorption in the 900-IOOOcm-’ region is good 
evidence for the lack of any MO = 0 bonds. In 
addition, there is no evidence of any pyridine in 
this compound as the very characteristic bands 
attributable to v(C-H) and v(C = C) in pyridine 
are also absent. The optical spectrum of this 
compound is very similar to other reported 
8-coordinate Mo4 + (d’) systemsz3*” (Fig. 2). 
of MO(&) chromophores.23 The suggested struc- 
pound is dark blue-violet, a common characteristic 
of MO(&) chromophores [23]. The suggested struc- 
ture of Mo(ACDA), is somewhat unusual in that, 
as noted earlier, a limited number of MO@,) 
systems have been reported. What is novel here is 
the. initial source of Mo4+, namely 

l__-l-J 
40 30 20 10 

kK 

= MoldtbIq. 

---__ I MolACDA-SHl4. 

'Idtbl = dithiobenzoate 

Fig. 2. Absorption spectra of Mo(ACDA), and 
Mo(dtb),. 

MoCl,(pyridine),. This appears to be the first 
report of a MO(&) system generated, using this 
reagent. 

In conclusion, the reactivity of ACDA appears 
to parallel that of aromatic dithiocarbamates and 
the aromatic carboxylates. This chemistry is a 
result of the resonance-induced formation of a 
distinct CS2- moiety as a component of the ligand. 
In the aromatic carboxylates and dith- 
iocarbamates, this - CS2- unit is induced as a 
result of the peripheral aromatic system which 
must remain intact. In ACDA-SH, the - CSr- 
formation is presumably due to the fact that this 
resonance contributor avoids the formation of any 
positive charge building upon the electronegative 
primary nitrogen(amine) atom. It is thus suggested 
that aliphatic dithioacids may behave as analogous 
aromatic systems do, if the peripheral electronic 
nature of the ligand induces the formation of the 
appropriate resonance form. 
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Abstract-The reactive characteristics of the oxy anion radicals of sulphur, SO;, SO; and 
SO; were investigated by use of the rapid-mixing flow technique coupled with electron spin 
resonance (ESR) which can detect the radicals having a lifetime of 5-100 msec. The SO; 
reduced the aromatic nitro compounds to the corresponding anion radicals, but did not 
abstract the hydrogen from the saturated compounds nor add to the unsaturated 
compounds. The SO; could add to the compounds having C==C bond, but did not abstract 
the hydrogen from the saturated compounds nor reduce the aromatic nitro compounds. 
The SO; could abstract the hydrogen from the saturated compounds and also add to the 
unsaturated compounds having C==C bond, but did not reduce the aromatic nitro 
compounds. These differences of the reactivity towards the organic substrates were 
discussed on the basis of the difference in the distribution of the unpaired electron density 
of each radical anion. 

It is well known that the rapid-mixing flow tech- 
nique coupled with electron spin resonance (ESR) 
is useful to detect the short-lived radicals having a 
lifetime longer than a few msec. In previous papers, 
by use of this technique we have reported that the 
sulphite radical anion (SO;), which is generated 
from Ce”+-NaHSO, system, can add to the com- 
pounds having c--C’, C.=C’ and C=S4 bonds to give 
the corresponding secondary radicals, respectively. 
Also, we have found that the reactive character of 
SO; towards the compounds having C=C bond is 
different from that of the sulphate radical anion 
(SO;) due to Norman et aL4 and have briefly 
suggested that this difference may be caused by the 
difference in the distribution of the unpaired elec- 
tron density of each radical anion.’ 

In order to clarify the reactive characters of 
these oxy anion radicals of sulphur in detail, we 
have further examined the reactions of SO;, SO; 
and SO; with a number of organic substrates by 

*Author to whom correspondence should be ad- 
dressed. Present address: National Institute of Radio- 
logical Sciences, 9-1, Anagawa&zhome, Chiba-shi 260, 
Japan. 

TFaculty of Pharmaceutical Sciences, University of 
Teikyo, Sagamiko-cho, Tsukui-gun, Kanagawa 19!%-01, 
Japan. 

use of the rapid-mixing flow technique. In this 
paper, we report these results. 

EXPERIMENTAL 
Materials. Ce(NO,), . 2NH4N03, NaHS03, TiC13 

and Na2S20B were purchased from Wako Pure 
Chemical Ind. Ltd. and used without further 
purification. Na,S,O, was obtained from Nakarai 
Chemicals Ltd. Organic substrates were purchased 
from a commercial source and used without 
further purification. Sulphuric acid, NaOH, and 
other chemical reagents were of commercial GR 
grade. 

ESR measurements. ESR measurements were 
carried out on a JEOL-PE-1X ESR spectrometer 
(X-band) with 100 kHz field modulation in con- 
junction with a JEOL mixing chamber. The rapid 
mixing flow apparatus which we used was the same 
as that reported previously and enabled us 
to detect radicals having a lifetime of 
5-l 00 msec [5-71. The hyperflne coupling constants 
and the g-values were calibrated with an aqueous 
solution of Fremy’s salt (g = 2.0055, aN = 
13.0 G)* kept in a capillary tube attached to the 
sample. 

Procedure. All solutions were prepared from 
triply distilled water, and their pH was adjusted by 
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an aqueous solution of sulphuric acid or NaOH. 
For the generation of SO;, Ce(NO,),*2NH,NO, 

and NaHSO, were used. The SO,- was generated 
by dissolving Na&O., in an aqueous alkaline solu- 
tion. This radical is stable for more than 5 hr at 
room temperature.’ The SO; was obtained by 
the TiCI,-NarSrOr system, according to the 
method reported by Norman et ~1.~ 

To investigate the reaction of SO; with organic 
substrates, two aqueous solutions were mixed: one 
(a) contained 0.01 M Ce4+ acidified to pH 2.5 by 
sulphuric acid and the other (b) 0.1 M NaHSO, 
containing various organic substrates of 
0.02-0.3 M concentrations. 

In the reactions of SO; with organic substrates, 
the following two solutions were mixed: one (c) 
contained 0.1 M Na&04 at the pH range of 
7.5-9.0 and the other (d) 0.0243 M organic sub- 
strates at the pH range of 7.5-9.0. 

For the reactions of SO; with organic substrates 
at pH 2.5, one solution (e) contained TiCI, 
(0.01 M) and the other (f) contained Na$rOr 
(0.1 M) and the organic substrates (0.01 M-O.3 M) 
which was acidified to pH 2.5 by sulphuric acid. 

RESULTS 
Abstraction reaction of hydrogen from saturated 

cornpour& No change was observed in the ESR 
spectrum of SO; (singlet line at g = 2.0022)’ 
when the solution (b) containing the saturated 

compounds such as methanol, ethanol and iso- 
propanol were allowed to mix with the solution (a). 

On the other hand, methanol radical 

Likewise, in the reactions of SO;, the ESR spec- 

( * CHrOH)’ was observed when high concen- 

trum due to SO; (singlet line at g = 2.0055)’ was 
not affected by addition of these compounds. 

tration of methanol (0.3 M) was contained in the 

These results suggest that both SO; and SO; are 
inactive to the abstraction of hydrogen from the 

solution (f) and was allowed to mix with the 

saturated compounds. 

solution (e). This radical may be formed by the 
following reactions, 

Ti3+ + S,Oi- +Ti4+ + SO; + SOi- (1) 

SO; + CH,OH+HSO; + *CH,OH. (2) 

This result indicates that SO; is active to the 
abstraction of hydrogen from the saturated com- 
pounds. 

Addition reactions to the compounds having C=C 
bond. In the reactions of SO;, no spectral change 
could be observed by mixing the solution (c) with 
the solution (d) containing the olefinic compounds 
such as ally1 alcohol, crotonic acid and fumaric 
acid. 

The ESR spectrum of SO; was completely con- 
sumed when ally1 alcohol was added to the 

Fig. 1. ESR spectrum Observed during the reaction of SO; with acrylic acid in aqueous solution 
at pH 2.5. 
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Table 1. Hyperfine coupling constants (gauss) and g-values for the radicals derived from the reaction 
of SO; with the compounds having (==c bond 

Hyperfine splitting 
const. (gauss) 

Substrate Radical =(a-Ii) a(B-H) a;, g 

H02CCH=CHC0*H -03scH(c02H)Elic02H 20.7 8.1 - 2.0033 

CH2=CHC02H -03SCH2;HC02H 20.4 15.9 - 2.0034 

CH2=CMeC02H -03SCMe(C02H)eH2 23.1 2.0032 

MeCH=CHC02H -03SCH(Me)?HC02H 20.3 6.6 0.76 2.0033 

Me2C=CHC02H -03SCMe2;HC02H 20.5 - - 2.0033 

CH2=CHOCOCH3 -03SCH2;HOCOCH3 20.0 13.7 1.40 2.0035 

Ce4+ -NaHSO, system, but no secondary radical 
could be observed. This result may indicate that 
SO; reacts with olefinic compounds even if the 
secondary radicals were not observed. Perhaps the 
secondary radical may be formed, but not in 
detectable concentration. The secondary radicals 
were detected when acrylic acid, methacrylic acid, 
3,3_dimethylacrylic acid, crotonic acid, fumaric 
acid and vinyl acetate were respectively added 
to the Ce4+-NaHSO, system. The assigned struc- 
tures and the ESR parameters were summarized in 
Table 1. 

Figure 1 shows the ESR spectrum observed by 
the reaction of SO; with acrylic acid. Under the 
same experimental conditions, only very weak 
unanalysable resonance was detected with styrene, 
and there was no detectable ESR absorption with 
the. following compounds; acrylamide, acrolein, 
crotonaldehyde and acrylic acid methyl ester. 

On the other hand, when crotonic acid or ally1 
alcohol was added to the Ti3--Na,S,O, system at 
pH 2.5, the secondary radicals shown in Table 2 
were observed. Acrylic acid gave only very weak, 
unanalysable resonance, and fumaric acid, acryl- 
amide, acrolein and crotonaldehyde gave no de- 
tectable ESR absorption. 

Aromatic nitro compounds. Neither SO; nor 
SOi could react with aromatic nitro compounds 

such as nitrobenzene, 1,2-dinitrobenzene and p- 
nitrobenzoic acid. 

On the other hand, when p-nitrobenzoate was 
allowed to mix with the SO; solution at pH 9.0, 
the ESR spectrum of SO; was completely con- 
sumed and simultaneously the secondary radical 
was observed (Fig. 2). This spectrum can be ana- 
lyzed in terms of the parameters: aN(l) = 13.01 G, 
aH(2) = 3.41 G and aH(2) = 1.41 G. These values 
are almost identical to those accepted for the 
p-nitrobenzoate anion radical.‘O Similar anion 
radicals were respectively observed by the reaction 

Fig. 2. ESR spectrum observed during the reaction of 
SO; withp-nitrobenzoate in aqueous solution at pH 9.0. 

Table 2. Hyperfine splitting constants (gauss) for the radicals from the reaction of SOT with the 
unsaturated compounds having CLC bond 

Hyperfine splitting 
con&. (gauss) 

Substrate Radical a(a-H) a(@HI a& 

MeCH=CHC02H MeCH&I(OSO3-)C02H 21.5 14.8 25.1 

CH2=CHCH20H -OS03CH2&iCH20H 21.9 24.0 - 

17.6 
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Table 3. Comparison of the reactivities between SO,, SO< and SO, towards the organic substrates 

Secondary radicals observed from 

Substrate so,- so,- so,- 

CH30H .CH20H 

CH3 I 
CH3 I CH3 

I 
CH2=C-COOH ;~2-C-COOH 

I 
CH,-$-COOH 

so3- 
I _ 
oso3 

"3'\,J 

H3C H CH 
I I I 3 

H/ \,OOH - 

-03s-c-c. l C-CH-OS0 - 

I I II 3 
H COOH H COOH 

HOOC H HOOC H 

\,=C -0 S-L-L 

I!' 
3 I I’ 

COOH H COOH 

"\,J -0 ,,_2_[ 

/ \ 
3 

I I’ 
H CH2OH H CH2OH 

nitrobenzene anion radical 

SO; with nitrobenzene” or 1, 2-dinitrobenzene.‘2 
In these reactions, since the ESR spectrum due to 
the SO; completely disappeared, anion radicals 
may be formed according to the following reac- 
tion. 

R-C,H4N02 + SO; +(R-C6H,N02): + SO2 (3) 

DISCUSSION 

In Table 3 the reaction characteristics of the oxy 
anion radicals of sulphur, SO,, SO; and SO; 
towards the organic substrates are summarized. 
From Table 3, it is apparent that these anion 
radicals which combine with the different number 
of oxygen have the different reactive character 
towards the organic substrates. That is, SO; which 
has the four oxygen atoms in the radical molecule 
is so reactive that it can abstract the hydrogen from 
the saturated compounds, whereas SOT which has 
only the two oxygen atoms in the radical molecule 
is not so reactive that it can abstract the hydrogen 
from the saturated compounds or add to the 
compounds having the C=C bond. The reactive 
character of SO, is intermediate between those of 
SO; and SO,. It can add to the compounds having 
the C==C bond, but can neither abstract the hydro- 
gen from the saturated compounds nor reduce the 
aromatic nitro compounds. 

Further, it is noted that the type of the addition 
to the compounds having C==C bond differs consid- 
erably between SO; and SO; (Table 3). 

Table 4. The distribution of the unpaired electron den- 
sity of SO;, SO; and SO; radical anoins 

I 1 

The distribution of the unpaired electron density 
of these oxygen anion radicals of sulphur, 
(S0,-)‘3, (SO;)14 and (SO;)” has already 
been reported in irradiated crystals or powders. 
These are shown in Table 4. As is shown in Table 
4, the unpaired electron density in sulphur atom 
decreases with the increase of the number of the 
oxygen combined with the sulphur atom. In the 
SOi radical, the unpaired electron density on the 
sulphur atom is nearly zero, being equally distrib- 
uted over the four oxygen atoms as shown by one 
of the four equivalent canonical structures (Fig. 3). 
Therefore, SO; has the property of an oxygen 
radical and facilitates both the C-O bond for- 
mation to the C=C bond and the abstraction of 
hydrogen from the saturated compounds. 

On the other hand, the unpaired electron density 
of SO; is highly localized on the sulphur atom. 
Then, since SO,- is thought to act as a sulphur 
radical, and sulphur atom rather than an oxygen 
atom would take part in the reactivity of SO;. 
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Fig. 3. A canonical structure of SO;. 

The distribution of the unpaired electron density 
for SO; is similar to that for SO,, but the electron 
density on the sulphur atom for the former is 
smaller than that for the latter. These facts suggest 
that SO; has the weaker character as a sulphur 
radical, as compared with SO;. Accordingly, SO< 
may not have a reducing ability. However, since 
the addition reactions of SO; to the C==C bond 
occur through the C-S bond formation,’ SO; is 
thought to be a sulphur radical. rather than an 
oxygen radical. 

From the results mentioned above, it is con- 
cluded that the difference in the characteristics of 
the reactivities between these three oxy anion 
radicals of sulphur, SO;, SO, and SO; arises 
at least partly from the different distribution of 
the unpaired electron density among them, as 
suggested previously by us.l 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 
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Abstract-The synthesis, properties and crystal structure of bis(thiobenzoato)selenium(II) 
are described. The complex is formed on interaction of selenium(W) in acid medium with 
thiobenzoic acid. It is highly stable towards most metal ions. Crystal structure analysis and 
ir spectroscopic study indicate that the selenium is covalently bonded to sulphur with weak 
secondary interactions between selenium and oxygen which complete an S,O, coordination 
around selenium. There are no intermolecular interactions in the crystal structure. 

The oxidation state selenium(I1) is unstable and 
under weak complexation conditions selenium(I1) 
will disproportionate to Se(IV) and Se(O). Thus 
SeCI, and SeBr, have been observed only in the gas 
phase. However, interaction of selenium(W), with 
many sulphur(-II) compounds yields selenium(I1) 
complexes of the sulphur ligands which in many 
cases are quite stable. The sulphur ligand generally 
reduces the selenium(W) to selenium(I1) getting 
itself oxidised generally to the corresponding disul- 
phide. Excess of sulphur ligand would form stable 
complexes with selenium(I1). The ligands which 
have been successfully used to stabilize sele- 
nium(I1) are thiocyanate,’ thiosulphate,2 mer- 
captocarboxylic acids,3-s dithiocarbamate8,’ aryl 
sulphonate* and xanthate.9 Structural work has 
shown interestingly low coordination number and 
extensive covalent bonding in the complexes. Data 
on the reactivity patterns are sparse. Recent elec- 
trochemical worklo has highlighted the extraor- 
dinary stability of the complexes of selenium(I1) 
with mercaptocarboxylic acids. In the present work 
the interaction of selenium(W) with a bidentate lig- 
and monothiobenzoic acid was studied. The thio- 
benzoate anion has both oxygen and sulphur sites 
for coordination. Complexes of thiobenzoic acid 
with transition metals”~‘5 and tin(IV)16 have only 
been reported earlier. The formation, structural 
and reactivity aspects of the selenium(I1) complex 
of thiobenzoic acid reported in this work highlight 

*Author to whom correspondence should be 
addressed. 

the extreme soft acid character of selenium(I1) 
featuring strong sulphur coordination of the li- 
gand. 

EXPERIMENTAL 

Materials and methodr 
The chemicals used in synthetic and reaction 

studies were of AnalaR grade. Thiobenzoic acid 
used was 99% pure. Solution of the acid in meth- 
anol was freshly prepared and stored under nitro- 
gen. Microanalyses were done by CSIRO, Mel- 
bourne, Australia. Molecular weight of the 
selenium(I1) complex isolated was determined by 
Mechrolab. Model 301A vapour pressure Os- 
mometer calibrated with benzil using benzene as 
solvent. IR Spectra were recorded in the range 
60@-4000 cm- ’ in a Perkin-Elmer 257 unit and in 
the range lOO-lOOOcm- in a Polytech FIR 30 
unit. UV-visible spectra were recorded in a 
Carl-Zeiss DMR 21 Spectrophotometer. Radio- 
chemical measurements using “Se tracer were 
made in a Frieseke-Hofner y-ray spectrometer 
provided with a 440 multichannel analyzer and a 
Naithal crystal. 

The molar ratio of interaction between sele- 
nium(W) and thiobenzoic acid in acid medium was 
determined by three different methods, viz spec- 
trophotometry, radiochemical titration and redox 
potentiometry. 

Spectrophotometry 
The products of interaction between sele- 

nium(W) and thiobenzoic acid showed an absorp- 
tion maximum at 355 nm in benzene solution. 

1025 
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Selenium(IV) was not extracted into benzene and 
freshly prepared thiobenzoic acid in benzene 
showed little absorption at 355 nm. Solutions of 
H,SeO, (0.05 M in 2 N sulphuric acid medium) and 
to thiobenzoic acid (0.05 M) in methanol) were 
mixed in various ratios. 5 cm3 of 2 N sulphuric acid 
and 10cm3 methanol were added. Benzene was 
added in small portions and the benzene extracts 
were collected and made up to 50 cm3. The absorb- 
ance of the benzene extract was measured at 
355 nm using a 5 cm cell. The absorbance vs mole 
ratio plot shown in Fig. l(a) indicates the inter- 
action ratio to be 1:4. 

Radiochemical titration 
‘%e tracer in the form of H,SeO, was used. To 

10 cm3 of 0.05 M H,SeO, solution in 1 M sulphuric 
acid labelled with “Se tracer were added different 
volumes of 0.05 M solution of thiobenzoic acid in 
methanol. The interaction products were then ex- 
tracted into benzene and the activity of ‘%e in the 
benzene phase was measured. The radiochemical 
graph l(b) indicates that the activity in the benzene 
phase levels off when the selenium(IV) to thio- 
benzoic acid ratio reaches 1:4. 

Redox potentiometry 
A solution containing 0.25 mM of selenium(IV) 

in 20 cm3 methanol and 20 cm3 2 N sulphuric acid 
in a beaker was titrated against a solution of 0.1 M 
thiobenzoic acid in methanol taken in a burette. A 
platinum foil was used as redox indicator electrode 
with saturated calomel electrode as reference. In 
another series of measurements the titration was 
done after the addition of 20 cm3 1 M potassium 
bromide. The potential readings were studied. The 
potentiometric curves (Fig. lc) indicate a marked 
inflection at 1:4 selenium(W) to thiobenzoic acid 
ratio. The addition of potassium bromide helped to 
give an increased break apparently due to the 
increased oxidation potential of selenium(IV) in 
presence of bromide. 

Suitable crystals of the selenium complex were 

TAtomic Co-ordinate have also been deposited into 
the Cambridge Crystallographic Data Centre. 

obtained by the following method for the struc- 
tural analysis. 

Forty cm3 0.1 M thiobenzoic acid in methanol 
were added to a solution containing 2 mM of 
H,SeO, dissolved in 125 cm3 methanol. The precip- 
itate formed was extracted into benzene. On evap- 
oration of the benzene extract at room temperature 
two types of crystals, one needlelike and pale 
yellow (selenium complex) and the other stubby 
and colourless (the disulphide) were obtained. 

Crystal data 
Monoclinic, C2/c, a = 24.244(4), b = 4.2692(7), 

c = 14.452(7) A, /I = 109.95(3)“, V = 1406.05 A3, 
D,= 1.69gcm-3, Z=4, /A =6.03mm-‘. 1840 
reflections with Z > 30(Z) were recorded using a 
CAD-4 single crystal X-ray diffractometer with 
CuKcl radiation (1 = 1.5418 A). Structure was 
solved by Patterson and difference Fourier meth- 
ods. Full matrix leastsquares refinements with 1012 
unique reflections gave final R = 0.051, 
R, = 0.054, where the weighting scheme used was 
w = O.O422/[a*(F,) + O.O6051F,(‘]. Final difference 
Fourier maps gave the locations of all the hydro- 
gen atoms which were subsequently refined. All 
calculations were carried out by use of SHELX-76 
program.” Atomic parameters have been depos- 
ited with the Editor as supplementary data,? de- 
rived dimensions are given in Table 1. The molec- 
ular structure of the complex is shown in Fig. 2. 

RESULTS AND DISCUSSION 

Synthesis and general characteristics 
The interaction between selenium(IV) and thio- 

benzoic acid was found to occur readily in strongly 

Fig. 2. Perspective view of the molecule. 

MOLE RATIO OF TBA TO Se(lV) 

Fig 1 (a) Fig. I(b) Fig.1 k) 

Fig. 1. Interaction ratio of seleninm(IV) and thiobenzoic acid by: (a) Spectrophotometry. (b) 
radiochemical titrations. and (c) Redox potentiometry. 
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Table 1. Bond lengths (A) and bond angles ( ‘, with estimated standard deviations in 
parentheses 

Se-S 2.174(l) 

S-C(l) 1.827(5) ’ 

C(l)-0 1.187(7) 

C(lbC(2) 1.472(6) 

S-Se-S'* 105.0(l) 

Se-S-C(l) 102.1(2) 

S-C(l)-0 121.6(3) 

0-C(lbC(2) 124.7(4) 

S-C(lbC(2) 113.7(4) 

C(l)-C(2)-C(3) 118.7(5) 

C(l)-C(2)-C(7) 123.5(5) 

it 
Unprimed and primed atoms indicate equivalent positions 

x y z and z y l/2 - z 

acidic medium. There was no interaction in alka- 
line condition. The results of the study under acidic 
condition to find the interaction ratio are given in 
Figs. l(a)-(c). All the three techniques, viz. spec- 
trophotometry, radiochemical titration and redox 
potentiometry, unequivocally indicate the sele- 
nium(IV)-thiobenzoic acid interaction ratio as 1: 4 
and this considered in conjunction with the occur- 
rence of a redox reaction as revealed by poten- 
tiometry suggests that the reaction could be repre- 
sented as 

The compounds bis(thiobenzoato)selenium(II) (A) 
and the dibenzoyl disulphide (B) had differ’ent 
crystal habits and were isolated by fractional crys- 
tallisation using benzene as solvent. (B) was more 
soluble than (A). Found, complex (A): Se 22.0; S 
18.0; C 47.1; H 2.72; Calc. for C,,Hr,O,S,Se: Se 
22.35; S 18.15; C 47.57; H 2.85%; Found, Disul- 
phide (B): S 23.3; C60.3; H 3.09%; Calc. for 
C1.+HIOOZS2: S 23.37; C 61.28; H 3.673%. 

H,SeO, + 4C,H&OSH+(C,H,COS)rSe 

(A) 

+ C,HSCOSSCOC,H, + 3Hz0. 

(B) 

Bis(thiobenzoato)selenium(II) was highly solu- 
ble in most polar and non-polar organic solvents. 
The complex was indefinitely stable both in the 
solid state and solutions of organic solvents under 
anhydrous conditions. It melted at 120°C and 
decomposed to selenium and disulphide at 130°C. 
Aqueous methanolic solutions of the complex were 
unaffected by non-oxidising acids, but even mild 

Table 2. Structural comparison of S-ligated Se(U) compounds 

----~- -0 
Compound Se-S(A) S-Se-S(O) Coordination Ref. 

Se(SCN12 2.21 

Ba[Se(S203)213H20 2.181, 
2.178 

SeCXH2rCHpXH)2 2.180(3) 

Se(302C6H5)2 2.20 

Se( XC C6H5j2 2.174 

Se(S2CNC4H8012 2.282 
2.782 
2.314 
2.791 

331% 
2.21 
2.17 

101 Two sulphurs 1 

104 Two sulphurs 2 

105 

105 

lC5 

70.5 
84.6 
69.7 
135.0 

80.0 

z:*: 
100:&3 

Two sulphurs 5 

Two sulphurs 8 

Two sulphurs This work 

Four sulphurs 7 
(Planar 
trapezoid) 

Four sulphurs 9 
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alkali solutions readily decomposed the sele- 
nium(I1) complex into the red selenium and disul- 
phide. Keeping the complex in contact with excess 
of thiobenzoic acid in aqueous methanol solutions 
resulted in slow formation of selenium. This is due 
to the reducing action of the hydrogen sulphide 
formed under these conditions as a result of slow 
hydrolysis” of thiobenzoic acid. 

The stability of the selenium complex (dissolved 
in methanol) towards metal ions was demonstrated 
by its being unaffected by the addition of even 
large excess of Cu(II), Co(I1) and Ni(I1). Ag(1) 
caused displacement of selenium and subsequent 
complicated redox reactions only at higher tem- 
peratures, but not at 30°C. The selenium complex 
reacted with Hg(I1) at room temperature and this 
work is being reported separately. The selenium(I1) 
complex was also not affected by addition of iodide 
which is one of the best soft bases. The stability of 
the selenium-thiobenzoato complex is comparable 
with that of selenium(II)-carboxyliphatic thiolato 
complexes.iO Addition of thioglycollic acid or 
/I-mercaptopropionic acid to solutions of bis- 
(thiobenzoato)selenium(II) in methanol resulted in 
the formation of selenium. Thus even though the 
complexes of selenium(I1) with thiobenzoate and 
B-mercaptopropionate’ are individually quite sta- 
ble, admixtures of the two complexes are unstable. 
This feature occurs in many mixed ligand systems 
in the chemistry of tellurium(II)‘9 also. 

Structure 
The complex bis(thiobenzoato)selenium(II) was 

monomeric in solution as shown by vapour pres- 
sure osmometry using benzene as solvent. 

The IR spectrum of selenium(I1) complex (A) 

taken in KBr in the region 6004000 cm - ’ was 
virtually identical with that of dibenzoyldisulphide 
(B). This indicates the absence of oxygen coordi- 
nation in the selenium complex. The vc =o for 
thiobenzoic acid, the dibenzoyldisulphide and the 
selenium complex were observed at 1690, 1685 and 
1685 cm - ’ respectively. The vc_s which occurs at 
960cn-’ for the sodium thiobenzoate occurs at 
900 cm- ’ in (A) and (B). This indicates that the 
Se-S interaction in (A) is strong and comparable to 
that observed for Pd-S4 and Hg-S” interactions in 
their respective thiobenzoate complexes. The vsn 
occurs as a weak band at 2560 cm-’ in thiobenzoic 
acid. This absorption is not noticed in the selenium 
complex. The far IR spectra of (A) and (B) are very 
similar excepting for an additional strong absorp- 
tion at 212 cm -’ in (A). This is assigned to vs+sO. 
Thus IR data suggest strong selenium to sulphur 
bonding and little or no selenium-oxygen ,inter- 
action in similarity with the Pd and Hg complexes 

of thiobenzoic acid and in contrast with the nick- 
el(II) complex of thiobenzoic acid in which both 
sulphur and oxygen are known to be coordinated 
from IR spectral,” magnetic and X-ray results.i2 
The conclusions from IR and molecular weight 
studies of the selenium complex are fully corrobo- 
rated by the results of X-ray structural analysis 
discussed below. 

The thiobenzoate group is essentially unidentate 
and is covalently linked to the selenium through 
the sulphur. The selenium-sulphur distance 
(2.174A) is close to 2.118, (which is the sum21 of 
the single covalent radii) and the S-Se-S angle is 
105”. Both the Se-S distance and the S-Se-S angle 
are comparable with those reported for in the other 
sulphur-ligated two-coordinated selenium(I1) com- 
plexes listed in Table 2. The two carbonyl oxygens 
are tram to each other with respect to the S-Se-S 
plane. The two Se-O distances are equal (3.11 A). 
This Se-0 distance in the complex is much longer 
than 1.80 8, the sum of the single covalent radii of 
Se and oxygen but well within the van der Waals 
Se-O distancea (3.42A). Hence, these contacts 
may well indicate weak SO secondary inter- 
actions of the type discussed by AlcockZO in many 
other Se compounds. The Se-O secondary inter- 
action in the complex is weaker than the Se-S 
secondary interactions noticed in the dithio- 
carbamate6 and xanthate complexes’ of Se(I1). The 
SeS202 unit forms a pyramid with Se atom at the 
apex and the other four atoms forming a quadril- 
ateral base, which is planar within 0.1 A. The Se 
atom is considerably lifted out of the basal plane, 
the deviation being 1.28 A. This is to be contrasted 
with the SeS, geometry in the dithiocarbamate and 
xanthate complexes of Se, wherein the SeS, is very 
nearly planar trapezoidal. This is attributed to the 
different bites of the Se-O and Se-S groups and the 
extent of secondary interactions. The lone pair of 
electrons in Se occupy positions above Se away 
from the S202 plane. They do not take part in any 
intermolecular interactions in this complex. 

The C-O and C-S distances are 1.187 and 
1.827 8, and compare well with other published 
values in similar compounds. The average C-H 
distance is 0.83(5) A and the average C-C-H angle 
is 119(4)“. The two phenyl rings are nearly parallel 
to each other making an angle of 4.6(7)“. 
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Abstract-X-Ray analysis shows that the crystalline compounds (Me.,N),[Cu,(SMe)J (l), 
(Me,N),[Cu.,(SPh),] (2) and (Me.,N)2[Cu,(SPh),]EtOH (3) all contain the [tetrahedro- 
Cui-octahedro-(SR),]‘- molecular cage. Very well developed pale yellow crystals of (2) and 
(3) can be obtained directly from a mixture of copper(I1) salt and excess benzenethiol with 
tertiary amine in alcohol. The substituents R of the [Cu,(SR)J2- cage remove the high 
symmetry of the Cu& core, and allow three configurational isomers for the cage. All 
known instances of this cage structure occur as the isomer which minim& the number 
of close contacts of substituents over the surface of the cage. Despite this, there remain 
intra-cage repulsive interactions between substituents, greater for R=Ph than for R=Me, 
which cause distortions primarily in the S-Q-S angles which range from 105-144”. Cu-S 
distances are coupled, apparently electronically, to opposite !&G-S angles. The stereo- 
chemical analysis is extended to all known Cu4(SR& cages, and to alternative cage 
structures. 

Anionic complexes [Cu:X,];, X being a mono- 
dentate monoanionic ligand, can possess the high 
symmetry molecular cage structure tetrahedro - 
M,-octahedra-X, in which each ligand bridges the 
edges of the tetrahedral array of M, and each metal 
has trigonal coordination. This structure occurs in 

OPh3MeP12CuJ6, ’ in two crystalline modifications 
of (Me.,N)2[C~(SPh)d,2 and in [Cu,(SPh)d2- crys- 
tallised with Ph,P+ .3 

An alternative molecular cage structure type 
with the same stoichiometry, [CU~X,~]~--, and the 
same coordination numbers, is hexahedro - 
Cu&osahedro-X,, in which copper atoms as a 
cube lie in the faces of an Xl2 icosahedron. This 
structure is known only for complexes with 
chelating dithiolate ligands4*’ and for related com- 
pounds with a central spherical ligand.&’ We have 
suggested2 than an empty cage [C&(SR),J4- with 

*Author to whom correspondence should be ad- 
dressed. 

unconnected thiolate grOUPS would be 
insufficiently rigid for independent existence, a 
suggestion supported by the observation of in- 
creasing distortions in the series of empty cages 
[M4(SR)J2-, [M,(SR),]‘-, [M,(SR),]‘- .9,10 It has 
also been suggested4 that [Cus(SPh),2]4- does not 
form due to repulsions between phenyl groups over 
the surface of the S2 icosahedron, but this is 
partially refuted by the occurrence of 
[ClZn,(SPh),,] - in which there is an icosahedral 
array of bridging SPh groups.” Nevertheless there 
remain questions about the packing of substitu- 
ents R over the surfaces of molecular cages main- 
tained by bridging ligands RS -. We have prepared 
(Me4N)Cu2(SMe), (l), with the smallest substituent 
R, and report here that it contains the 
[Cu4(SMe)J2- molecular cage, as suggested by 
infrared data.r2 

Several different methods of synthesis of 
[Cu,(SR)J’- have been employed. We present here 
previously unpublished details of our syntheses of 

1031 
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(Me,N),[Cu,(SPh),] (2) and its solvate 
(Me.,N),[Cu,(SPh)JEtOH (3), and also full details 
of the crystal structures of (l), (2) and (3). Com- 
pound (2) contains two crystallographically inde- 
pendent [Cu,(SPh),J2- cages, denoted (2a) and 
(2b), and therefore when (Ph,P)2[Cu,(SPh)d3 (4) is 
included, structural information is available for 
five independent molecules [Cu,(SR)d’- . This geo- 
metrical data is compared and interpreted in this 
paper. 

actions (2), (3) and (4),3 

The high symmetry (Td) possible for the 
tetrahedro-Cu,-octahedra -S6 core of these mole- 
cules must be largely if not totally removed by the 
substituents R. Configurational isomerism is possi- 
ble due to inversion at bridging sulphur, and is 
discussed here. Deviations from idealised molecu- 
lar geometry are examined in terms of substituent 
interactions over the surface of the cage. 

RESULTS AND DISCUSSION 

Synthesis. The preparation of (Me.+N), 
[Cu,(SMe)J (1) involvedi addition of NaSMe 
solution in ethanol to a solution of tetram- 
ethylammonium chlorocuprate(1) complexes in 
ethanol/acetonitrile. The MeS-/Cu(I) ratio was 
4.2, and the product obtained as colourless crys- 
tals. 

The preparation of (Me,N),[Cu,(SPh),], which is 
pale yellow, involved addition of copper(I1) salt 
solution to a solution containing thiol, tertiary 
amine as deprotonating agent, and tetram- 
ethylammonium chloride, again using alcohol/ 
acetonitrile solvent systems, eqn (1). At room 
temperature copper(I1) is 

Cu2 + + PhSH + R,N + Me.,N + CHJCN/ROH 

[Cu.,(SPh),]2-(Me.,N+) + PhSSPh + R,NH+ (1) 

very rapidly reduced by thiolate, and precipitates 
as CuSR unless excess thiolate is present. The 
solutions from which crystallisation of (2) and (3) 
(and (Me,N)JCu,(SPh)#) occurred contained 
PhS-/Cu(I) in ratios of 2.9-5.0, as well as PhSSPh 
and halide ion which are not competitive ligands. 

This method allows direct production of well- 
formed crystals of (2) and (3). The yields are low, 
and it is very likely that other, more soluble, 
[Cu,(SPh),,]“-y species are present in the yellow 
solutions. The crystallisation solutions are initially 
supersaturated, and it appears that nucleation 
rates, in addition to the PhS-/Cu(I) ratio and the 
solvent composition, intluence the variable distri- 
bution of crystalline product between (2) and (3) 
and (Me,N),[Cu,(SPh),]. 

(P4P),[Cu,(SPh),] (4) has been prepared by re- 

[Cu(CH,CN),] + + KSPh + Ph,P + 

3 [Cu,(SPh)J’- (Ph.,P +) (2) 

[Cu(CH,CN)J+ + [Cu(SPh),12-(PbP+) 

3 [CudSW,12 - (P4P + 1 (3) 

[Cu,(dts)J4 - + KSPh 

+ K,dts(s) + [Cu,(SPh),]‘- (P4P +). (4) 

Molecular structure. Each molecular cage 
[CU,(SR),]~- contains a tetrahedron of copper 
atoms, with a doubly-bridging thiolate ligand 
across each of the six edges of the tetrahedron such 
each copper atom has approximately trigonal pla- 
nar CuS, coordination. The Cu4S6 core can also be 
described as an octahedron of sulphur atoms with 
copper atoms lying at the midpoints of four faces 
of the octahedron, that is tetrahedro-Cu,-octa- 
hedro-S6 (Fig. la). 

n 

(4 

Fig. 1. (a) The tetr~~o-Cu,-oci~o-S, core of 
cages [Cu,(SR) Jz - . (b) The dihedral angles &, & in the 
cycles Cu& of Cu&. The larger circles are sulphur. 
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An alternative description of the Cu& core 
recognises four fused Cu& cycles, each in chair 
conformation but distorted because the intracycle 
angles at Cu and S are 120” and 70.53“ respectively. 
The distortion of the CU$~ cycle from ideal chair 
conformation is shown also by the dihedral angles 
& and 4s at the Cu-Cu and S-S chords of the 
cycle (see Fig. lb), which are 115.2 and 80.0” 
respectively instead of the ideal 125.3”. 

The configurational isomerism of M4(SR)6 due 
to inversion at bridging thiolate can be described 
in terms of the directions of the S-C vectors 
referenced to the four M& cycles in pseudo-chair 
conformation. At each S atom the S-C vector is 
axial (a) to one and equatorial (e) to the other of 
the two chairs it shares, and the isomers are then 
classified in terms of the distribution of axial and 
equatorial S-C vectors in each of the four chairs. 
There are three distributions: I (aaa, aae, aee, eee ; 
II (aae, aae, aae, eee); III {aae, aae, ace, 1 aee , 
shown diagramatically in Figs. 2(c)-(e). Each of 
the stereoisomers is enantiomeric; II has symmetry 
C3, while I and III are asymmetric. 

(4 

Fig. 2. (a) The M,S, core, view direction close to a 
threefold axis. (b) M&C),, view direction parallel to 
the threefold axis of part (a), showing alternative 
directions of S-C vectors at each sulphur atom. (c), (d), 
(e) Diagrammatic representations, oriented as in part 
(b), of the configurational isomers according to the 
direction (arrows) of S-C bonds with respect to the S, 
triangles of the four M,S, cycles; a, axial, e, equatorial; 
the central letter triplet refers to the underside S3 

triangle; (c) isomer I, (d) isomer II, (e) isomer III. 
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The molecule [Cu,(SMe)$- and the three inde- The close similarity in overall configuration of 
pendent [Cu,(SPh),]*- molecules in (2) and (3) all the three [Cu,(SPh)$- molecules (2a), (2b), (3), 
occur as isomer III. This isomer occurs also in shown in Fig. 3, cannot be attributed to influences 
(Ph,P),[Cu,(SPh)J (4).3 All four crystals are centro- of crystal environment, which are quite different. 
symmetric, containing both enantiomers of isomer Figure 3 shows that there is more variation in the 
III. In view of these five occurrences of the one conformations of phenyl rings due to rotation 
asymmetric configurational isomer, the about S-C bonds than in the orientations of the 
presentation and analysis of molecular geometry S-C vectors relative to the molecular cage frame- 
and dimensions is made with all molecules in work. Nevertheless, the complete shape of mole- 
equivalent orientation and with the same atom cule (2a) is very similar to that of (3). The greatest 
labelling scheme. Figure 3 shows the four mole- differences between the structures occur in the 
cules (l), (2a), (2b), (3), all oriented in the same conformations of rings 2 and 4, and 3 and 6. These 
manner as the isomer diagram of Fig. 2(e), and the are the two pairs of ligands which are the con- 
atom labelling.” tiguous axial pairs in the isomer {aae, aae, aee, 

(3b) 
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Fig. 3. The four molecules [Cu&SR)J-, all oriented as Fig. 2(e). (4 tCu4(SWJ2- (1). (b) 
[Cu,(SPh)J2-, molecule (24. (c) [Cu,(SPh),]‘-, molecule (2b). (d) [Cu,(SPh),]‘- (3). A common 
atom labelling scheme applies to all molecules, with cyclic numbering Cnm, m 1 to 6, on phenyl 

rings. 

aee}, III. It may be noted that threefold propeller the set of cage dimensions is the occurrence of large 
conformation of PhS ligands occurs around Cul and significant variances and excursions from 
and Cu2. mean values. In fact the cage framework is appre- 

Intramolecular dimensions are presented and ciably distorted from the tetruhedro-Cu,-octa- 
compared in Table 1. The mean values of the large hedro-S, ideal, and the details of the distortions 
populations of nominally equivalent dimensions allow some insight into the bonding forces in 
are unexceptional. However, the main feature of [Cu,(SR)&. The sample standard deviations 
Poly Vol. 2, No. 10-E 
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s I4 (0.16A) and range (3.67-4.33A), of the S-S 
distances are proportionally much larger than the 
corresponding values (0.06, 2.64-2X& for the 
Cu-Cu distances. Concomitant with this, the an- 
gles S-&-S (s 9.5; range 104.9-143.7”) are much 
more variable than angles Cu-S-Cu (s 1.6; range 
70.2-76.7”). There is substantial angular flexibility 
in the cage bonds, occurring primarily as flapping 
variation of the bridging arms, affecting the S-S 
distances, rather than breathing variation of the 
CuS, .planes affecting the Cu-Cu distances. 

More detailed examination of these angular 
variations reveals that they are at least partly due 

to intramolecular repulsions between thiolate sub- 
stituents. The standard deviation of S-S in 
[Cu,(SMe),]*- is O.lOA, while in the [Cu,(SPh)d*- 
cages it is 0.18& consistent with more influential 
repulsive interactions between the larger phenyl 
groups. In all structures the S6-Cu4S3 and 
S2-Cu3-S4 angles are larger than the remainder, 
and these are the only two angles which are 
subtended by an axial-axial pair of ligands. In the 
[Cu,(SPh)J*- cages these two angles are 7-15” 
greater than the corresponding values for 
[Cu,(SMe) J*- . Concomitant with this, the S-Cu-S 
angles subtended by equatorial-equatorial pairs of 

Table 1. Intramolecular dimensions (A, degrees) 

Cul - Sl 

Cul - sz 

Cul - s3 

cuz - Sl 

cu2 - s4 

cu2 - ss 

cu3 - s2 

cu3 - s4 

Cu3 - 56 

cu4 - s3 

cu4 - s5 

0.14 - S6 

Sl - Cul - s2 

s2 - Cul - s3 

s3 - Cul - Sl 

Sl - cu2 - S4 

s4 - cu2 - s5 

s5 - cu2 - Sl 

s2 - cu3 - s4 

S4 - Cu3 - 56 

S6 - Cu3 - 52 

s3 - cu4 - s5 

S5 - Cu4 - S6 

S6 - Cu4 - S3 

(1) 

2.276(2) 

2.247(2) 

2.284(2) 

2.250(3) 

2.304(3) 

2.275(3) 

2.281(3) 

2.272(3) 

2.315(3) 

2.262(3) 

2.293(3) 

2.278(3) i 
Mean (48) ’ 

(1) 

123.1(l) 

122.0(l) 

114.7(l) 

117.2(l) 

115.9(l) 

126.7(l) 

127.7(l) 

116.6(l) 

113.0(l) 

120.4(l) 

111.1(l) 

128.2(l) 

(2al 

2.286(9) 

2.247(10) 

2.260(10) 

2.299(10) 

2.263(11) 

2.265(10) 

2.273(8) 

2.299(8) 

2.335(9) 

2.250(10) 

2.345(S) 

2.286(10) 

(2b) -- 

2.272(9) 

2.286(8) 

2.309(10) 

2.252(10) 

2.303(9) 

2.278(10) 

2.290(9) 

2.327(9) 

2.329(10) 

2.316(g) 

2.349(7) 

2.268(8) 

(3) (4) a 

2.297(2) 2.274 

2.276(2) 2.301 

2.307(2) 2.310 

2.292(2) 2.279 

2.282(2) 2.306 

2.258(2) 2.276 

2.263(2) 2.271 

2.265(2) 2.262 

2.319(2) 2.316 

2.288(2) 2.253 

2.346(2) 2.338 

2.265(2) 2.242 

= 2.2871 s = = 0.0278. 

Pa) 

127.4(3) 

120.4(3) 

111.9(3) 

117.9(3) 

128.0(3) 

114.0(3) 

132.9(3) 

104.9(3) 

121.5(3) 

108.2(3) 

109.7(3) 

141.7(3) 

Mean (48)b = 119.9O 

WI 

131.7(4) 

113.5(3) 

114.4(3) 

121.9(4) 

115.5(4) 

122.6(3) 

135.4(4) 

108.7(3) 

115.7(3) 

107.9(3) 

116.2(3) 

135.7(3) 

s = 9.5O 

(3) (4) 

124.63(g) 115.8 

122.97(9) 127.7 

111.47(9) 116.1 

119.71(9) 120.5 

122.31(9) 117.1 

117.75(9) 121.7 

138.67(g) 138.1 

111.49(8) 103.8 

109.38(8) 117.8 

107.26(g) 101.2 

108.64(8) 120.8 

143.69(g) 137.8 

a From reference 3 bMean excluding values from compound (4) 

's = [ZA'/(n-l)]' 
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Cul - Sl - cu2 

Cul - s2 - cu3 

Cul - s3 - cu4 

cu2 - s4 - cu3 

cu2 - 55 - cu4 

Cu3 - S6 - Cu4 

Sl - Cl1 

s2 - c21 

s3 - c31 

s4 - c41 

55 - c51 

S6 - C61 

1 
(11 

74.44(5) 

73.67(S) 

72.02(S) 

72.14(6) 

73.00(6) 

74.83(7) 

Mean (24) 

Table l(b). 

(24 (2bl (3) 

75.5(3) 73.1(3) 76.67(7) 

74.0(3) 73.0(2) 76.36(7) 

73.1(3) 74.4(3) 70.18(7) 

73.1(3) 73.1(3) 70.98(7) 

72.4(3) 73.1(2) 75.27(7) 

74.8(3) 71.3(3) 76.40(7) 

= 73.6’= s = 1.7O 

(1) (24 (2b) (3) 

1.88(l) 1.82(3) 1.76(3) 1.775(8) 

1.88(l) 1.66(3) 1.81(4) 1.766(8) 

1.81(l) 1.72(3) 1.76(3) 1.783(8) 

1.85(l) 1.84(3) 1.69(3) 1.783(8) 

1.78(l) 1.82(3) 1.82(3) 1.771(8) 

1.83(l) 1.78(3) 1.82(2) 1.777(8) 

Mean (24) = 1.79A 5 = o.os%, 

Cul--cu2 

Cul--cu3 

Cul--curl 

Cu2--Cu3 

Cu2--Cu4 

cu3--cu4 

(11 ml WI 13) 

2.738(2) 2.806(S) 2.693(S) 2.846(l) 

2.715(2) 2.721(6) 2.721(6) 2.806(l) 

2.673(2) 2.686(6) 2.797(7) 2.641(l) 

2.694(2) 2.716(6) 2.758(5) 2.640(l) 

2.717(2) 2.722(S) 2.756(6) 2.812(l) 

2.791(2) 2.806(7) 2.679(6) 2.835(l) 

Mean (24) = 2.74A s = 0.061 
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TabIe 1 fc). 

Sl--sz 

Sl--s3 

a--s4 

St--SS 

s2--SJ 

S2--S4 

sz--SI 

s3--S5 

S3--S6 

s4--ss 

s4--Sb 

x%-S6 

Cul - Sl - Cl1 

Cu2 - Sl - Cl1 

cut * 52 - C21 

cu3 - s2 - c21 

Cul - s3 - c3f. 

cu4 - 53 - C31 

Cu2 - s4 - C4L 

cu3 ” s4 - c41 

CU2 _ ss - c51 

Cu4 - s5 - c51 

Cu3 - 56 - C61 

Cu4 - 56 - C61 

(1) 

3.977(3) 

3.83913) 

3.886(3) 

4.045 (3) 

3.969(3) 

4.088(3) 

3.833(3) 

3.954(3) 

4.085(J) 

3.882(3) 

3.948(3) 

3.77013) 

(24 

4.06(l) 

3*77(l) 

3*91(l) 

3.83(l) 

3.91(l) 

4.19(l) 

4.02(l) 

3.72(l) 

4.29(l) 

4.07(l) 

3.67(l) 

3.79(l) 

Mean (48) = 3.94A 

(1) 

104.4(3) 

106,3(J) 

107.1(4) 

114.1(4) 

109.7[4) 

110.3(4) 

101.7(3) 

110.4(3) 

103.514) 

104.9(3) 

102.9(3) 

109.0(3) 

(W 

102(l) 

112(l) 

114(i) 

117(l) 

110(l) 

112(l) 

109(l) 

112(l) 

113(l) 

105(l) 

114(l) 

116(l) 

Mean (48) = 110.0’ 

(2b) 

4.1611) 

3.8511) 

3.98(l) 

3.97(l) 

3*84(l) 

4.27(l) 

3.91(l) 

3.77(l) 

4,24(l) 

3.87(l) 

3.78(l) 

3.92(L) 

.s = 0.16A 

(2b) 

103(l) 

112(l) 

118(l) 

109(l) 

113(l) 

113(l) 

110(l) 

114(l) 

110(l) 

Ill(l) 

113(I) 

113(l) 
- 

s G 4.30 

(3) 

5.040(3) 

3.80413) 

3.955(3) 

3.895(3) 

4.027(3) 

4.237(3) 

3.740(3) 

3.731(3) 

4.326(3) 

3.976(3) 

3.789(3) 

3.746(3) 

(3) 

108.2(3) 

108.3(3) 

110.413) 

111.4(3) 

112.113) 

115,7(3) 

108.4(3) 

113.2(3) 

115*3[3) 

101.0(3) 

104.2(2) 

110.5(3) 

ligands are consistently small in the [Cu,(SPh)s]z- 
cages, but not in [Cu,(SMe)$-. Statistical consid- 
eration of all S-&-S angles in the [Cu,(SPh),]‘- 
cages according to substituent relative 
configuration yields: 

a-a substituents, mean 138.0” fs 4.1”) 
a-e substituents, mean 118.3” (s 6.2”) 
e-e substituents, mean 108.1” (s 2. I”) 

Corresponding mean values of S-014 for 
[Cu,(SMe)J2- are 128.0 (0.4); 118.0(5.4); 
119.6tl.l) respectively. It can lx concluded that 
intramol~~ar repulsions between phenyl substit- 
uents cause large angular distortions at trigonal 

copper, that corresponding repulsions between 
methyl substituents are much less, and that inter- 

molecular interactions between substituents also 
induce angular distortions primarily at the copper 
atoms. 

The Cu-S distances in Table 1 range from 2.247 
to 2.349& a difference almost as large as that 
between digonally (2.160& and trigonally 
(2.2?0& coordinated copper in [Cu,(SPh),]2-.9 In 
the [Cu,(SR)J*- structures the Cu-S distances 
reflect the variation of opposite S-Cu-S angles in 
the distorted trigonal coordination 

S 

I d 

/y\ 
S s 
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A plot of all 48 pairs d,B reveals fair linear All copper atoms in the five [Cu,(SR)#- mole- 
correlation, with some distinction between the cules are located slightly outside the linked S3 
SMe and SPh compounds. Linear regression, coordination planes of the S, octahedron. Details 
d=ae+b, yields a=2.90x 10e31( deg-‘, are given in Table 2, the mean displacement for all 
b = 1.93 A, r(correlation coefficient) = 0.84, for 20 copper atoms being 0.07A. This effect will 
the 12 Cu-SCH, bonds in (l), and relieve slightly the acute angles at the sulphur 
a = 2.05 x 10m3A deg-‘, b = 2.04& r = 0.75, for atoms. We see no geometrical reason for including 
the 36 Cu-SPh bonds in (2a), (2b) and (3). This significant bonding interactions between copper 
geometrical phenomenon must be largely elec- atoms in [Cu,(SR)J2 -, particularly in view of the 
tronic in origin. The regression analyses yield outward displacements of the copper atoms, and 
Cu-SCH, = 2.278 8, and Cu-SPh = 2.290 8, for the Cu-Cu distances (Table 1) which are long, as 
ideal trigonal coordination. we have argued previously.1,9 

Table 2. Molecular plane calculations 

(A) Displacements (A) of copper atoms from S3 coordination planes: 

all displacements are to the outside of the S6 octahedron. 

(1) (2a) (2b) (3) (4) 

Cul 0.05 0.08 0.08 0.13 0.06 

cu2 0.05 0.04 0.03 0.06 0.08 

cu3 0.08 0.12 0.07 0.09 0.06 

cu4 0.06 0.09 0.07 0.08 0.04 

(B) Angles between S-C vectors and normals to CuSCu planes 

Vector/plane 

Sl-Cll/Cul, Sl, cu2 

s2-C21/Cul, s2, cu3 

s3-C31/Cul, s3, cu4 

S4-C41/Cu2, S4, Cu3 

SS-CSl/Cu2, S5, Cu4 

S6-C61/Cu3, S6, Cu4 

Mean (sa) 

(1) (2a) (2b) 

19.4 22.7 22.9 

16.6 32.8 30.4 

15.0 26.6 29.2 

11.2 26.3 28.3 

17.8 24.5 25.7 

10.8 32.4 29.0 

15.1(3.5)b 27.0(3.1)’ 

(3) 

23’.6 

27.0 

29.8 

26.1 

25.9 

22.9 
I 

(C) Acute anglesd between the normals to phenyl ring planes and the 

CuSCu planes 

Ring (2a) (2b) (3) 

1 69.4 84.2 64.4 

2 56.9 77.2 60.3 

3 89.8 59.7 82.4 

4 89.5 66.1 85.3 

5 78.2 85.3 77.0 

6 61.6 85.0 68.2 

as = [LA’/+l)]’ bFor (C”,(SMe),12-, (1)) only 

‘For [Cu,(SPh),]‘- , Pa), (2b), (3). 

d 
This angle may range only between 90° and the complement of the 

CorresDondine anpIe 



1040 IAN G. DANCE et al. 

The geometrical structure around the sulphur 
atoms in [Cu,(SR),]‘- molecules also relates to the 
bonding in the cage and the difference between 
alkyl- and aryl-thiolate ligands in bridging posi- 
tions. The stereochemistry at sulphur is necessarily 
distorted from pseudotetrahedral by the very acute 
Cu-S-Cu angle, which is 73.5 for both ligand 
types. However the data in Table 2 on the angles 
between the S-C vectors and the normals to the 
CuSCu planes at the bridging thiolate ligands show 
clear distinction between [Cu,(SMe)d’-, where the 
mean value of this angle is 15.1” (s 3.5”), and the 
molecules [Cu,(SPh),12- where the mean value is 
27.0” (s 3.1”). The latter value is closer to the 
tetrahedral ideal of 35.3”. Close examination re- 
veals that in both cases the acuteness of bonding 
at the bridging sulphur is clearly not due to steric 
repulsions between the substituents (in fact in 
[Cu,(SMe),]‘- the more acute bonding occurs at 
S4 and S6 where it decreases intramolecular 
separations between methyl groups). The differen- 
tiation between bridging methanethiolate and 
bridging benzenethiolate is more likely to be elec- 
tronic in origin. 

Angles relating to rotation of the SPh rings 
about the S-C vectors are also contained in Table 
2. The similarity of conformation between mole- 
cules (2a) and (3) is again apparent. 

Fig. 4. The idealised hexahedro-M,-icosahedro-SR),, 
structure. The six chelate linkages between sulfur atoms 

are denoted as. . . . . . 

curs only when the quadrilaterals of Fig. 5(b) are 
braced (by chelation) as shown in Fig. 5(d) and 
Fig. 4. 

In (3) the ethanol is not hydrogen bonded, and 
is poorly defined crystallographically. 

Alternative cage structures. [Cu,(SR)J2- is the 
smallest three-dimensional cage structure known 
and possible with monodentate ligands. There are 
limitations to the flexibility of the cage framework, 
and the angular distortions reported here are 
smaller than those observed in larger cage struc- 
tures with bridging thiolate ligands.g*10 The cor- 
relation of angular distortion with cage size allows 
straightforward rationalisation of the non- 
observation of the hexahedro-Cu8-icosahedro- 
(SR),, cage structure shown in Fig. 4. The con- 
nectivity of linked coordination trigonal planes in 
[CU,(SR),]~- is around empty triangles as shown 
schematically in Fig. 5(a), while in [Cug(SR),J4- 
the coordination triangles are linked around empty 
quadrilaterals (Fig. 5b). The flexibility of the latter 
arrangement is much greater than that of the 
former. Indeed, [Ags(SPh),12- contains four coor- 
dination trigonal planes linked as in Fig. 5(b), but 
with additional struts (additional digonal metal 
atoms bridging vertices) as shown schematically in 
Fig. 5(c), and yet is still very heavily distorted in 
the crystal. ‘O Hypothetical [CU,(SR),,]~- , without 
such support, would have insufficient rigidity for 
independent existence. The CuBS12 framework oc- 

An alternative means of structural stabilisation 
is a central spherical ligand.~*i’,ls We note that the 
compounds (Me,N),[Cu,(SR),] R = Me, Ph crys- 
tallised from solutions containing excess Cl - 
which might have served this function, but it 
appears that three bridging thiolate ligands satur- 
ate the coordination of copper(I) in these com- 
pounds. 

Two other instances of the tetrahedro- 
Cu,-octahedra -S6 cage structure have been 
reported. One occurs with the monodentate 
thiocarbonyl ligand thiourea (tu) in [Cu,(tu),J 
(N03),4H20.i6 Geometrically the [Cu4(tu)6]4 + cage 
is similar to the [Cu,(SR),]‘- cage, in the pyr- 
amidal stereochemistry around bridging sulphur 
and the adoption of configurational isomer III, 
{aae, aae, aee, aee}. In addition, there is a’vari- 
ability of S-Cu-S angles in [Cu4(tu)J4+, and the 
Cu atoms are further (0.07, 0.20, 0.23, 0.36A) 
outside their trigonal coordination planes, a 
difference which leads to longer Cu-Cu distances 
(2.833.09A). 

The similarity of geometrical structure in 

[CU4W614 + and [Cu,(SR)$- prompts inquiry 
about similarity of bonding at bridging sulphur. 
This would require substantial delocalisation of 
positive charge onto peripheral atoms in 

[CU4(t”)614 + * The greater Cu-Cu distances in 



[Cu,(tu)J4+ and the observation that these copper 
atoms will coordinate to additional thiourea li- 
gands yielding [Cu,(tuh]‘+ l6 and [CUq(tu)10]4+ ,” 
support the expected difference in bonding between 
uncharged thiourea and anionic thiolate in 
[Cu4(tu)J4 + and [Cu,(SR),Y- . 

The cu4&, cage core also occurs in the chelate 
complex [Cu,(SP(Ph),NP(Ph),S)J + ,18 in which the 
ligand restricts the cage geometry. 

EXPERIMENTAL 

Synthesis. The preparation of (1) has been 
described.” Reagent grade solvents and reactants 
were used, without any special purification. All 
solutions were prepared and maintained in an 
atmosphere of dinitrogen. 

Three compounds, (Me,N),[Cu,(SPh),] (2), as 
pale yellow blocks, (Me4N)JCu4(SPh)JEtOH 
(3), as very pale yellow needles, and (Me,N), 
[Cu,(SPh),]‘, crystallise from solutions of very sim- 
ilar composition, and frequently crystallise simul- 
taneously from the one preparative solution. On 
the basis of a large number of preparative experi- 
ments it appears that solvent composition, tem- 
perature, and rate of nucleation are the main 
factors which determine the predominant product, 
but it has not yet been possible to devise re- 
produceable methods for crystallisation of (2) or 
(3) alone. In practice this is not a serious deficiency, 
as both compounds can be grown directly from the 

W 
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Fig. 5. Schematic planar representations of linkage 
modes for Cu@-SR), coordination triangles in related 
structure types: (a) around empty triangles in C&(SR),; 
(b) around empty quadrilaterals in hypothetical 
M,(SR),,; (c) around a square in A&JR), but braced 
with additional connections; (d) around quadrilaterals 

but stabilised by chelation ( . . . ) in M,(S . . . S),. 

reaction mixture as large crystals which can be 
easily separated manually. 

The following are representative experiments. 
(a) A solution containing benzenethiol (6.0 g, 

Gb) 

54 mmol), tri-n-butylamine (9.5 g, 51 mmol) and 
tetramethylammonium chloride (4.5 g, 41 mmbl) in 
a mixture of absolute ethanol (100 cn?), methanol 
(50 cm3) and acetonitrile (30 cn?), was prepared at 
50°C. To this a solution of copper(I1) nitrate 
trihydrate (3.3 g, 13.7 mmol) in absolute ethanol 
(5Ocm) was added rapidly with efficient stirring. 
Any precipitated CuSPh redissolved within about 
2 min at 50°C when the flask was sealed ‘and 
allowed to cool slowly without disturbance. Crys- 
tallisation began almost immediately, and was 
allowed to continue for 3 days at room tem- 
perature. The product for (3.6 g) was separated, 
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washed with chloroform, and dried in nitrogen at 
1 atm. It consisted of approximately equal 
amounts of pale yellow blocks (2) and needles (3). 

(b) A yellow solution with the following com- 
position was prepared as in (a): PhSH (6.0 g), Bu,N 
(9.5 g), Me,NCl (4.5 g), Cu(N0,),3H,O (2.4 g, 
9.9 mmol), absolute ethanol (250 cm3), methanol 
(25 cm3), acetonitrile (50 cm3). Crystallisation be- 
gan soon after the commencement of cooling from 
60°C and was completed during 2 days at 0°C. The 
product, washed with CHCI, and dried with nitro- 
gen gas, was almost totally (2) as well formed pale 
yellow blocks. Yield cu. 2.5 g. This crystallisation 
mixture contained a higher PhS-/Cu ratio than in 

(a). 
(c) In similar manner the following yellow 

solution containing n-propanol was prepared: 
PhSH (6.Og), Bu,N (9.5 g), Me,NCl (4.5 g), 
Cu(N0,),3H,O (2.4 g), absolute ethanol (70 cm3), 
n -propanol (180 cm3), methanol (25 cm’) ace- 
tonitrile (75 cm3). Crystallisation began 1 hr after 
slow cooling from 60”, and was allowed to con- 
tinue for 2 days at room temperature. The product 
contained mainly beautiful large blocks of (2), 
together with smaller bright yellow blocks 

of W4W2P5@W71. 
Needles of (3) contain solvent which is readily 

lost on pumping or open exposure at room tem- 
perature. Anal. (2): Calc. for (Me,N),Cu,(SPh),: C, 
49.98; H, 5.15; N, 2.65; Cu, 24.03; S, 18.19. Found: 
C, 49.86; H, 5.31; N, 2.70; Cu, 24.00; S, 18.36. 

The presence of ethanol in (3) was established by 
diffraction analysis, for which a single crystal was 
sealed in a capillary tube together with crushed 
crystals of the same compound. 

Crystals of (2) and (3) react with oxygen, devel- 
oping a dark brown coating after 24 hr at room 
temperature. Both compounds are soluble in ace- 
tonitrile and acetone to give pale yellow solutions, 
and in pyridine to give a strongly yellow solution, 
all solutions being decomposed rapidly by oxygen. 
Recrystallisation of (2) or (3) is complicated by 
dissociation to CuSPh, which is insoluble. 

Crystallography. The following general infor- 
mation applies to the three crystals. Data were 
collected at 294 K; scattering factors for uncharged 
atoms were from International Tables,” all least 
squares calculations minimised Ew(lFOl - IF,/)2; 
residuals quoted are R = Xc(IF,,l - IF~~[F,,I, 
R, = [E:w(lF,I - JF,~)~/~wIF~~~]~~*; in both SPh com- 
pounds phenyl ring hydrogen atoms were main- 
tained at calculated positions with thermal param- 
eters equal to those of connected atoms; a common 
atom labelling scheme is used for the three crystals 
(see Fig. 3). 

Compound (1). (Me,N),[Cu,(SMe)J, C1.,Hd2- 
Cu.,N2S6, M = 685.00; colourless hexagonal plates, 
trigonal space group P3cl (no. 158); a = 16.777(2), 
c = 17.540(2)& y = 120”, U = 4275.5& DM = 
1.60 gem - 3 (flotation in n -hexane/ 1,3-dibromo- 
propane), Z = 6, D,, = 1.60 gem-3; F(OO0) = 
2112. Nickel filtered CuK, radiation, 3, = 1.5418& 
p= 74.2cm-‘; crystal habit {001}(110}{ 120) 
{121}(TTl), specimen dimensions 0.33 x 0.32 x 
0.20 mm. Intensity data (Siemens AED diffracto- 
meter) to 0_ 65” by 8128 scan, with intensity 
standard decreasing 1+0.9. Decay and analytical 
absorption corrections were applied, I = Np - Nb, 
o(I) = [Np + Nb + (0.04N,)q1’2, yielding 2380 
unique reflections with I/o(I) > 2.58. 

Structure determination was effected by MUL- 
TAN and difference Fourier methods. It was found 
that one cation (N4) occupied a general position 
while the second was situated about a set of special 
positions. Each atom lying on the threefold axis 
was assigned a multiplicity of one-third. 
Refinement of parameters, initially with unit 
weights and isotropic temperature factors for all 
atoms, returned R = 0.158. In subsequent least 
squares w = 41F,12/02(F,Z) and anisotropic tem- 
perature factors were assigned to the copper and 
sulfur atoms, converging at R = 0.057. The carbon 
atoms attached to N3 .and the tetram- 
ethylammonium ions on special positions did not 
refine well, and therefore were repositioned by 
difference Fourier and not refined further. The 
final refinement, with anisotropic temperature fac- 
tors assigned to all non-hydrogen atoms in the 
anion and in the cation at general position, con- 
verged at R = 0.041, R, = 0.046. 

Compound (2). (Me,N),[Cu,(SPh),], &,Hs4- 
Cu&,N2, M = 1057.47, pale yellow blocks, mono- 
clinic space group P2,/c, a = 23.733(3), b = 
12.428(2), c = 35.853(4)& j3 = 106.84(2)“, U = 
1.0121 x 104A3, Z = 8, Ddc = 1.39 gcrr-‘. Nickel 
filtered CuK, radiation, p = 43.7 cm -I, crystal 
habit { 100}{001}{ 101}(102), specimen dimensions 
0.17 x 0.25 x 0.31 mm. Intensity data (Siemens 
AED diffractometer) by 0/28 scan, with cor- 
rections for absorption and for intensity loss due 
to appreciable crystal decay, 7234 intensity mea- 
surements yielded 4110 unique reflections with 
I/a(I) > 2.58. 

The structure was determined by MULTAN and 
Fourier methods, and refined by blocked matrix 
least squares, w = [a(F,)] -2. Refinement with an- 
isotropic temperature factors for copper and sulfur 
atoms converged at R = 0.111, R,,, = 0.089 for 3598 
reflections with sine/1 > 0.2. A difference Fourier 
revealed peaks (maximum electron density 
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2&A-)) near the copper atoms, attributed to 
errors in the data caused by the X-radiation dam- 
age to the crystal, and also some evidence for a 
partially occupied alternative Me,N + cation site. 
In view of the limited quality of the data, further 
modelling of the structure was not attempted. In 
the final least squares cycle all positional parame- 
ters for atoms bonded together were included in 
the same block: R = 0.105, R, = 0.085 (3598 data, 
sine/1 > 0.2). 

Compound (3). (Me,N),[Cu,,(SPh)&H,OH, 
C,H,Cu,S,N,O, M = 1103.54, pale yellow needles 
losing solvent on exposure, monoclinic space- 

group P2,la, a = 19.125(22, b = 15.433(l), 
c = 17.500(2)& /I = 103.73(l), U = 5017.6A3, 
z = 4, Dcalc = 1.46 gem-3. Monochromatised 
MoK, radiation, crystal habit (Oil>, (OOl), (loo), 
specimen dimensions 0.20 x 0.22 x 0.38 mm, 
specimen sealed in capillary with crushed sample to 
prevent solvent loss, intensity data (Syntex Pr 
diffractometer) by O/20 scan. Corrections for ab- 
sorption, found by psi-cans to cause less than 6% 
variation in F2 (2.5% in F), were not applied. The 
data set contained 3370 independent reflections 
with I > 20(I). The structure was solved by MUL- 
TAN and Fourier methods, and refined normally 
(w = [a(F)lW2) with anisotropic thermal parame- 
ters for all non-hydrogen atoms. The oxygen and 
carbon atoms of the ethanol were not well defined, 
with large thermal motion. On completion of 
refinement, R = 0.044, R, = 0.054, and [EWE/ 
(m - n)]‘12 = 1.21, for 3370 reflections (m) and 532 
variables (n). 

Atomic coordinates and thermal parameters for 
the three structures have been deposited with the 
Editor as supplementary material; copies are avail- 
able on request. Atomic coordinates have been 
deposited with the Cambridge Crystallographic 
Data Centre. 

Craig are thanked for assistance with the collection 
of diffraction data. This research is supported by 
the Australian Research Grants Committee. ’ 
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Abstract-The complex [Fe,(SMe),(CO),] undergoes stepwise exchange with Et2S2 to yield 
successively [Fe,(SMe)(SEt)(CO),] and [Fe,(SEt),(CO) J. Carbonyl complexes 
[Fe2(SR)2(CO)d are efficiently converted to the nitrosyls [Fq(SR).&VO),] by the action 
either of NO gas or of methanolic sodium nitrite: the analogous species [Fe$,(CO)& 
[Fe2S2(CO),]2-, and [Fe,S,(CO),,] all, with methanolic nitrite, yield [Fe,S,(NO),]-. This 
anion, [Fe,S,(NO),]- , reacts with sulphur to give the cubane-like [Fe,S,(NO),]: the 
synthesis of its selenium analogue, [Fe,Se,(NO),]- is described. The complexes 
[Fe2(SR)2(N0)4] (R = Me, Et, Pr”, Pi, Bu’, PhCH2) all consist of two isomers in solution, 
presumed to have structures of Cza and C& symmetry: activation parameters for the 
C 2b+C2v reaction are reported. 

In recent years a wide range of iron-chalcogen- 
carbonyl complexes, containing terminal carbonyl 
ligands bonded to an iron-chalcogen core, have 
been synthesized:‘-7 these complexes have been 
studied primarily from the standpoints of struc- 
tural characterization in the solid state,‘-” and 
in the case of the S-alkylated complexes 
[Fe,(SR),(CO),], of their fluxional behaviour in 
so1ution.5’6 Closely analogous to, and formally 
isoelectronic with the [Fe,(SR),(CO),] are the 
nitrosyls [Fe2(SR)2(N0),]:‘2*‘3 these are the esters of 
Roussin’s red salt [Fe2(S2)2(NO),J2-,‘4 and the 
structure of the ethyl ester in the solid state has 
been determined.15 A further analogy between the 
carbonyls, and nitrosyls is provided by the anion 

[FezSz(CO),]’ - 9 M,‘~ whose chemistry has been com- 
pared with that of [Fe2S2(NO)4]2-. 

We have demonstrated” a simple method for 
converting [Fe,(SMe),(CO)d into [Fe2(SMe), 
(NO),], and have sought to exploit this type of 
conversion as a means of preparing a range of 
derivatives [Fe,(SR),(NO),], from the readily ac- 
cessible carbonyls: one of our objectives was to 
explore routes to suitably functionalised nitrosyl 
complexes which might have solubility character- 
istics similar to those of the salts of [Fe,S,(NO),] -, 

*Author to whom correspondence should be ad- 
dressed. 

which are freely soluble both in water and in many 
of the common organic solvents.‘4 In the present 
paper we report upon the exchange reactions of 
[Fe2(SR)2(CO)6]withdisulphides R3,; on the nitro- 
sylation not only of [Fe2(SR)2(CO)6], but of a 
number of other iron-sulphur-carbonyl species 
also; on the inter-conversion of some tetra-iron 
complexes; and finally on the results of a variable- 
temperature NMR study of [Fe2(SR)2(NO)4] for 
R = Me, Et, Pr”, Pr’, But, and PhCH2. 

RESULTS AND DISCUSSION 
Di-iron complexes 

An attractive possibility for the synthesis of 
compounds [Fe,(SR),(CO)d in cases where the 
thiol RSH and the disulphide RSSR are of low 
volatility is the exchange reaction with 

[Fez(SMe)z(CO)6] (eqn 1). 

Fe,(SMe),(CO), + RSSR+ 

Me2S2 + Fez(SR)z(CO),. ( 1) 

This possibility was investigated initially for the 
case of R = Et. Although [Fe,(SEt),(CO)d is in- 
deed formed, the reaction does not proceed as 
shown in eqn (I); when the composition of the react- 
ion mixture was monitored over time by mass spec- 
trometry, it was clear that the product initially 
formed was the mixed alkyl thiolate disulphide 

1045 
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[Fe,(SMe)(SEt)(CO),], and that the formation of 
the di-ethyl product was very much slower (eqn 2). 

Fe,(SMe),(CO), A Fe,(SMe)(SEt)(CO), 

a Fe,(SEt),(CO),. (2) 

A number of distinct mechanistic possibilities 
for the formation of the intermediate [Fe,(SMe) 
(SEt)(CO),] were examined: exchange between 
Me& and Et& to yield MeSSEt was found to be 
extremely slow, and could therefore be ruled out. 
For effective exchange between pairs of disul- 
phides, catalysis by SH- or SR- is necessary.lg 
Similarly, it was found that in the reaction between 
[Fe,(SMe),(CO)J and [Fe,(SEt),(CO)J, the for- 
mation of [Fe,(SMe)(SEt)(CO)J was very much 
slower, under identical conditions, than the for- 
mation of the mixed compound from 
[Fe,(SMe),(CO),] and Et& this observation, and 
the fact that a mechanism involving exchange 
between the two di-iron complexes would require 
the formation of [Fe,(SEt)z(CO),] to precede, 
rather than follow, the formation of 
[Fe,(SMe)(SEt)(CO),J, allows the elimination of 
this possibility. 

There remains the possibility of the stepwise 
replacement of SR groups, with concommitant 
formation of EtSSMe (eqn 3). 

Fe,(SMe),(CO), + Et& - EtSSMe 
+ Fe,(SMe)(SEt)(CO),. (3) 

This was confirmed by the identification by 
GC/MS of EtSSMe amongst the reaction prod- 
ucts, and by following the rate of its formation 
alongside the rate of formation of 
[Fe,(SMe)(SEt)(CO),J. Since simple thiols RSH do 
not participate in such an exchange process, de- 
spite the volatility of MeSH (eqn 4): 

Fe,(SMe),(CO), + RSH x+ MeSH 

+ Fe,(SMe)(SR)(CO), (4) 

we conclude that the exchange depends upon the 
supernucleophilicity (a effect) arising from the two 
adjacent sulphur atoms (eqn 5). 

Having demonstrated the occurrence of RS ex- 
change we then turned to a more complex RSSR 
species, the disulphide (MeOCOCH,S), derived 
from methylthioglycolate by oxidation.lg Sur- 
prisingly this showed no exchange with 
[Fe,(SMe),(CO),] under conditions in which Et& 
had reacted readily: possibly the carboxyl groups 
reduce the nucleophilicity of the disulphide group 
sufficiently to prevent effective reaction. Con- 
sequently, in order to attempt the preparation of 
[Fe,(SCH,COOMe)z(CO)6], we reverted to the re- 
action of Fe2(C0),2 with R,!$:” when the disul- 
phide was in 5-fold excess, the desired product was 
obtained, although contaminated with the excess 
of the disulphide. On the other hand when the 
Fe,(CO),, was in 2.5 fold excess, the compound 
[Fe,(SCH,COOMe),(CO),J was formed in only 
very low yield, after 2 hr reflux and the major 
products were [Fe$,(CO)J and [Fe,S,(CO),]: on 
longer reflux (e.g. 5 hr), [Fe,(SCH,COOMe),(CO),1 
increased in abundance at the expense of 
[Fe&(CO)J and [Fe,S,(CO)g]. This reaction is thus 
rather reminiscent of those, studied by King,zo of 
Fe,(CO),2 and episulphides. The product of Ring’s 
reactions turned out’* to be a 1: 1 compound of 
[Fe,S,(CO),] and [Fe,S,(CO),]: this compound sur- 
vived sublimation unchanged, although in our own 
system the two components are readily separable 
by chromatography. The results of the [Fe,(CO),,/ 
(SCH,COOMe), reaction suggested that the 
compounds [Fe,S2(C0),J and [Fe,S,(CO),] might 
be intermediates: alternatively their disappearance 
as the reaction proceeds could be due simply 
to decomposition rather than to consumption 
by reaction with R,S, with concommitant for- 
mation of [Fe,(SR),(CO),]. We find in fact that 
the reactions of [Fe,S,(CO),] and of [Fe$,(CO)gI 
with (SCH,COOMe), do not yield any 
[Fe,S,(SCH,COOMe),] so that these iron-sulphur 
carbonyls are not intermediates in the formation of 
the Roussin-type ester. On the other hand both are 
formed by reaction of Fe,(CO),, with elemental 
sulphur, and both slowly decompose (presumably 
to carbon monoxide and iron sulphides) on reflux 
alone: their formation therefore represents merely 
a side reaction in this process. 

Finally we note for the sake of completeness that 

R 

MeS XR 

(oc) 
- WC13&-, 

1 -MeSSIt /‘\Ftico, 
Fe(CO), - tOC), Fe - 

\,/ 3 

Me MC Me 

(5) 
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Table 1. Nitrosation reactions 

Reactant Method a Product Yield/Z 

Fe2 WI 9 A Fe (CO) 2 (NOI 2 b 

FesK011~ A Pe(CO)z(N0)a b 

FeaWWa(CO)a A Fe2 Wlele) z WI I, 33 

FesW4e)stCO)s B FezWeIa(NO)~ 29= 

FeaWtls(CO)s A Fez (SW 2 (NO) 4 33 

FesSa( A Fess, (NOI 7- 79 

FeaSe(COls B No reaction _ 

FeaSs(CO)s"2 A FeGs(NOlr- a2 

FesSs(NO);- 2 9 

FeaSs(CO)s 
“2 B d _ 

FesSsKOls A FerSs(NO)r- 53 

FeaSsKOIs C Fe+Ss(NOl7- ai 

Fe & (CO) 9 B No reaction 
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For identification of procedures A, B, C, see experimental part. 

Volatile product; yield not measured. 

Yield for room temperature reaction: yield rises to 92% if mixture reflexed 

during passage of NO (see text). 

Trace only of nitrosylated product, not identified. 

Fe@W2@JQ41 can be prepared by reaction of 
Me& with Fe(NO),(CO), (eqn 6) 

2Fe(NO),(CO), + Me&-, Fe,(SMe),(NO), + 4C0. 

(6) 

This preparation is entirely analogous to that for 
the selenium-iron complex [Fe,(SeEt),(NO),], re- 
ported by Hieber and Beck.” This reaction, and 
that of Hg[Fe(CO),NO], with elemental sulphur to 
yield [Fe4S,(NO)d,22 both conducted under reflux 
at high temperature, both involve complete dis- 
placement of carbonyl ligands and complete reten- 
tion of nitrosyl ligands, and, as such, must testify 
to the extreme robustness of the (FeNO) fragment 
in these complexes. This very strong binding of the 
nitrosyl ligand to iron has been remarked upon 
previously,23 and seems, in diamagnetic complexes 
at least, not to be dependent upon any particular 
formal oxidation state of the iron: in all these 
systems, the nitrosyl is formally present as NO + . 

Nitrosylation reactions 
Reaction of Fe(CO), with nitrite in alkaline 

aqueous methanol yields” the anion [Fe(CO), 
NO-, readily isolable as its mercury derivative 

Hg[Fe(CO),NO],: further treatment of the anion 
with nitrite in the presence of a weak acid, such as 
acetic acid yields the neutral [Fe(CO),(NO)& 
where the overall reaction represents replacement 
of three carbonyl groups with two nitrosyl groups. 
Since many of the known iron-sulphur-carbonyl 
complexes contain Fe(CO), fragments in which all 
the carbonyl ligands are terminal,7~“‘~‘5 we have 
explored the reactions of a number of such com- 
plexes with methanolic nitrite. The results of this 
study are summarised in Table 1, along with those 
for some similar nitrosation reactions which use 
NO as the nitrosating agent. 

The binary carbonyls Fe*(COk, and Fe,(CO),, 
were studied first, to establish the generality of this 
procedure: both carbonyls yield [Fe(CO),(NO)J as 
the only iron-nitrosyl product. The complexes [Fe, 
(SR),(CO)d (R = Me, Et) both readily yield the 
analogous nitrosyl with Procedure A (see Experi- 
mental for details), as does [Fe,(SMe),(CO) J when 
subjected to Procedure B, (nitrosation by NO gas). 
At room temperature or below, the use of NO gas 
in an organic medium does not effect complete con- 
version of [Fe,(SMe),(CO) J to [Fe,(SMe),(NO)& 
but separation of the two complexes was readily 
achieved by fractional crystallisation. However if 
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the mixture is refluxed during the passage of the 
NO gas, no carbonyl complex remains, and the 
conversion is almost quantitative, giving a 92% 
yield of [Fe,(SMe),(NO)d]. 

The complexes [Fe,S,(CO)6], [Fe$,(CO) a],‘-, 
and [Fe,S,(CO),] all yield the anion of Roussin’s 
black salt,14 [Fe,S,(NO),] - in good yield when 
nitrosylated according to Procedure A: in the case 
of [Fe$,(CO),]*- as reactant the anion 
[Fe,S,(NO),] - is accompanied by a low yield of 
[Fe$,(NO),]*-, the anion of Roussin’s red salt.14 
Reaction of these three complexes with NO gas in 
an inorganic solvent (Procedure B) effects negli- 
gible nitrosylation, whereas reaction of 
[Fe,S,(CO),] with NO gas in an alkaline medium 
again gave an excellent yield of [Fe,S,(NO),] -. In 
addition to these observations, we note that the 
action of NO gas upon [Fe2(SCF,)2(CO)aJ has been 
reported25 to give [Fe2(SCF,),(NO),]. In view of the 
readily available carbonyl complexes [Fe,(SR), 
(CO),], this preparation of the analogous nitrosyl 
species provides an efficient alternative route to 
these complexes. 

While we cannot suggest with confidence the 
identity of any intermediates in these nitrosylation 
reactions, we note that an equimolar mixture of 
[Fe2(SMe2)(CO),] and [Fe2(SEt),(CO),3, when ni- 
trosylated by procedure A gave no evidence for the 
formation of the mixed species [Fe,(SMe)(SEt) 
(NOW, despite a 4 hr reflux. This suggests that the 
Fe,S, framework remains intact, with no for- 
mation either of monomeric fragments 
[Fe(SR)(CO),] or [Fe(SR)(NO),] or of ions 
RS- + Fe(C0): or Fe(N0): : in contrast the 
p-iodo complex Fe,I,(NO), has been shown to 
ionise completely to Fe(N0): and I- .*‘j 

Tetra-iron complexes 
The first example of a tetra-nuclear iron-sulphur 

nitrosyl to be character&d was the anion 
[Fe,S,(NO),] - of Roussin’s black salt,14 the crystal 
structures of two of whose salts have been 
determined27*28 Reaction of salts of this anion with 
elemental sulphur in refluxing toluene leads to for- 
mation of the cubane-like complex [Fe,S,(NO),I, 
first prepared by reaction of Hg[Fe(CO)3N0]2 with 
elemental sulphur.” This reaction could be simply 
the completion of the Fe,S, framework by addition 
of a sulphur to the existing Fe,& framework, or 
alternatively, it might proceed by means of a large 
scale fragmentation and subsequent re-formation 
of the iron-sulphur skeleton. 

The reaction of the mercurial Hg[Fe(CO),NO], 
with elemental selenium similarly yields a black, 
rather labile compound whose IR and UV spectra 
are very similar to those of [Fe,S,(NO)d [v(NO), 

1785 cm - ‘; I(max), 270 nm] and which may be the 
analogous [Fe4Se4(NO)4], although we have not 
succeeded in obtaining an analytical sample of this 
material. On brief (e.g. 2hr) reflux of the mercurial 
with selenium, no such compound is formed. Reac- 
tion of salts of [Fe,S,(NO),]- with elemental sele- 
nium in refluxing toluene again gives a material 
having the characteristic IR and UV spectra of the 
cubane species. This latter could be either 
[Fe4S,Se(NO)4] if the reaction simply involves 
framework completion, or it could be a more com- 
plex mixture of species [Fe4SxSe4_,(N0),1 if the 
reaction proceeds by fragmentation and reforma- 
tion. Further study of this point is in progress. 

In contrast to its reaction with elemental sul- 
phur, the mercurial Hg[Fe(CO),NO], reacts with 
aqueous methanolic polysulphide solutions at 
room temperature to yield salts of [Fe4S,(NO)7] -; 
these conditions are not sufhciently vigorous to 
effect the further conversion of [Fe,S,(NO),] - to 
[Fe,S,(NO),]. We note that the reverse conversion 
of [Fe,S,(NO),] to [Fe,S,(NO),] - has also been 
effected.28 

Just as reaction of a solution of ammonium 
sulphide and nitrite with iron(I1) yields salts of 

Fe4WW71 -, so also a solution of sodium 
hydrogen-selenide and nitrite reacts with iron(I1) 
to yield the anion [Fe,Se,(NO),] -, character&d 
spectroscopically and by elemental analysis of its 
tetraphenylarsonium salt. Further study of this 
material is in progress and will be reported upon 
in due course. 

NiUR spectra 
In Table 2, we record the ‘H and “C NMR 

assignments for [Fe,(SMe),(CO),] and [Fe,(SEt), 
(CO)& the proton data for the methyl derivative 
have been reported previously.2*5*6 The i3C shifts of 
the methyl groups are of interest for the large 
difference between the two non-equivalent methyl 
carbons in the anti isomers. This phenomenon is 
observed also for the methylene carbons in the anti 
isomer of [Fe,(SEt)2(C0)6] where one of the CH2 
carbons has a chemical shift similar to those of the 
methyl carbons in this compound: off-resonance 
decoupling was required to assign the shifts in the 
anti isomer. For neither of these compounds were 
we able to establish by NMR methods the activa- 
tion parameters for the anti G$ syn interconversion, 
as at elevated temperatures, decomposition was 
sufficiently rapid to prevent the recording of ade- 
quate NMR spectra. Conversion of either isomer 
of either compound to an equilibrium mixtura of 
syn and anti isomers is quite rapid, being complete 
for example after 10 min reflux in benzene solution. 
At ambient temperatures the carbonyl groups ex- 
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Table 2. NMR assignments for Fq(SR),(CO),, (R = Me, Et)’ 

1049 

Compound 

Fe, (SMe)r(CO)c 

8tm 

anti 

b(cBI) d(CEz) b(cn,) d(W,) 6(cO) 'J(HCCH) 

2.13 20.3 209.7 

1.63 8.0 208.7 

2.17 21.6 

Fes(SEt),(CO)s 

*un 1.33 2.45 18.0 32.9 210.2 7.3 

anti 1.11 2:15 17.5 19.6 209.5 7.3 

1.38 2.45 17.7 33.9 

a. Chemical shifts in P.P.~., from b!e,Si; J in Hz; spectra recorded in CDCI1, at 310 K. 

hibit fluxional behaviour: the low temperature 
behaviour has been discussed.6 

Table 3 contains ‘H and “C chemical shifts for 
the analogous nitrosyl species [Fe,(SR)2(NO)41: we 
have not yet succeeded in recording 14N or ‘%l 
shifts for this series. These are two points of 
particular interest associated with these data. First, 
there is for the examples of R = CH,, C,H, and 
PhCH2, a considerable solvent-induced chemical 
shift difference observed for the protons on chang- 
ing the solvent from’chloroform-d to toluene-4. In 
the methyl derivative this shift is ca. 0.6 p.p.m., and 
in the ethyl derivatives cu. 0.4 p.p.m. for the methyl 
protons and cu. 0.5 p.p.m. for the methylene pro- 
tons: in the benzyl derivative, the solvent shift for 
the methylene protons is cu. 0.35p.p.m., and for 
the.phenyl protons which appear as a single un- 
resolved absorption at 80 MHz, the shift is again 
0.35 p.p.m. In every case, the proton chemical shift 
is lower in toluene than in chloroform, but the 
solvent-induced shifts in the i3C resonances seem to 
be very modest in magnitude. A possible inter- 
pretation of the large proton solvent-induced shifts 
is in terms of the paratropic ring current in the 
solvent toluene, but this idea requires rather 
specific mean orientations of the solvent molecules 
around a solute molecule: we have not yet in- 
vestigated systematically the solvent effects on the 
chemical shifts of these complexes. Regardless of 
the solvent, there is a steady shift to low field of the 
C-S resonance as R varies from Me to Bu’. 

single spectrum is due either of accidentally identi- 
cal chemical shifts or to fast equilibration between 
isomers, rather than to the presence of a single 
isomer. In our preliminary account of the format- 
ion of [Fe,(SMe),(NO)J from [Fe2(SMe),(CO)&‘* 
we observed only a single ‘H spectrum, having 
chosen chloroform as our NMR solvent. This 
observation, together with that of apparent chro- 
matographic homogeneity, led us to the belief that 
only one isomer was present: since the X-ray 
analysis of [Fe+(SEt),(NO),j revealed the presence 
only of the C, isomer,iS we inferred that this was 
the isomer present in solution. This belief of a 
single isomer was strengthened by the observation 
of only a single “C chemical shift in chloroform 
solution (Table 3). 

The second noteworthy feature is the obser- 
vation of the splitting of many, but not all, of the 
proton and carbon signals. For example, when 
R = Me, two similar spectra, of identical intensity 
are observed in toluene, but only one in chloro- 
form. Similar splittings have been observed pre- 
viou~ly,*~ and interpreted in terms of equally abun- 
dant C2v and C, isomers. The observation of a 

However, it is clear from the spectra in toluene 
solution that there are indeed two isomers present 
in solution for all of this series, and using variable- 
temperature ‘H spectroscopy we have measured 
the activation energies in toluene solution for the 
C 2h=% isomerisation process. The relevant 
data, all derived from solutions in toluene-d, are 
given in Table 4. Distinct coalescence temperatures 
were determined for the CHr and CH, protons in 
the ethyl compounds, giving AG* values identical 
within experimental uncertainty. Replacement of 
one hydrogen in the methyl derivative by an alkyl 
group to give the ethyl or n-propyl derivatives 
causes a modest reduction in AGt of some 
2.5 kJ mol-i: double replacement to yield the tie- 
propyl derivative causes a much bigger reduction 
in AGf of almost 20 kJ mol - *. When all three 
hydrogens have been replaced, as in the t-butyl 
derivative, no splitting of the ‘H signal is observed 
in toluene solution even at 223 K, suggesting for 
any reasonable values of Av, an upper limit for AG* 
in this case of around 50 kJ mol -I. 

Our observation (see above) that [Fe,(SR),- 
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Table 3. NMR assignments for Fe*(SR)~~O~ 

xrp Co ound Solvent .p.m. 6(13C /p.p.m. Assignment 

Fe2 CSM=s) 2 CW rr 

Fe2 (SPr? 2 tW II c5ca3 

CDCL, 

CdkCD3 

CDcR3 

CsDsCDs 

Fe2 fSPrzl z (NO1 4 

Fe2 CXHdW2 (NO) 3 

&DC113 

CsD&Dt 

am3 

CsD5CD3 

coca3 

W&53 

2.83 

2.16, 2.23 

1.53, 1.58 

3.07, 3.10 

1.13, 1.16 

2.53, 2.63 

1.11 

1.96 

3.02, 3.05 

0.84 

1.61 

2-64, 2.68 

1.54, 1.57 

3.04, 3.07 

1.2tjb 

2.6gb 

27.45 a3 

26.95, 27.18 CH3 

19.14 CH3 

39.45, 40.15 a2 

18.98 MI 

39.49, 40.19 mn 

13.11 a3 

27.33 CH3CE2cK2 

47.33, 47.66 ~3~~~C~3 

12.93 CH3 

27.50 CH&H$H2 

47.48, 47.91 CH3CH2CH2 

27.64 CH3 

49.70, SO.63 CH 

27.47 m3 

49.94, 50.92 CH 

1.45 

1.23= 

34.14 CHS 

$2.95 Me3C 

33.96 CH3 

57.05 He3C 

4.18, 4.22 48.63, 49.37 CH2 

7;43 128.2, 129.1 Ph 

3.R2, 3.85 a ctf-2 

7.07 d Ph 

a. Data at 308 K, chemical shift in p.p_m. from Me&ii. 

.b. 6('.Y) at 233 Kr 1.23, 1.27, 2.47 P.P.m. 

c. No splitting observed even at 223 K. 

d.. Not studied. 

Table 4. ‘W coalwn~ data for Fe~(SR)*~~~ 

Compound Signal TcfKb Av/Hz d&J mol" 

Pet fSMe12 NJ) * CBS 357(l) 

Fea(SEt)z(NO)s C&&H2 332(l) 

CH&& 348(l) 

Fea(SFr~~a~NO)~ m3a2-2 338111 
. 

Fe2tSPrt),(NOI, G4312~ 263(l) 

Fe2(SCH2~h)~(NO)~ PhC& 34111) 

a. All spectra measured in C&&D3 

b. T, taken from% spectra. 

s.q3; 78,314) 

2.0(2) 75.6(S) 

6.9(3) 75.8(4) 

3.4(3) 75.5(5] 

2.8(d) 59.3f6) 

2.7(2) 76.8(S) 
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(NO),] undergoes neither dissociation to form purged with nitrogen. Nitric oxide was bubbled 
monomeric [Fe(SR)(NO)d nor ionisation to through the solution for 1 hr, and the solution was 
Fe(NO,+ and SR- makes it virtually certain that evaporated to dryness. The work-up then follows 
the rate processes we have observed are indeed that described for Procedure A. When the sub- 
those for the C&Czv isomerisation. We intend to strate was [Fe,(SMe),(CO)J the product was a 
report further on the interesting solvent de- mixture of [Fe2(SMe),(CO)d and [Fe,(SMe), 
pendence of these spectra in a future commu- (NO).,], separated by differential crystallisation us- 
nication. ing light petroleum (b.p. 40/6O”C). 

EXPERIMENTAL 
Literature methods were employed for the prep- 

aration of [Fe&(CQl’, [Fe,S,(CO),# -, I6 
[Fe&C0h1’, D%MW2WW2 and WdWCOh 
NO],;” [Fe,(SEt),(CO)d was prepared in a manner 
similar to that for [Fe,(SMe),(CO)d and for each 
of these compounds, two isomers were separable 
by chromatography. Evidence was obtained for a 
third, minor, component in the chromatography of 
[Fe2(SMe)&O),& but adequate characterisation 
was not achieved owing to the tiny amount of 
material isolated. 

Procedure C 
This was similar to Procedure A, except that the 

nitrogen gas stream was replaced by a nitric oxide 
stream, and the sodium nitrite was omitted from 
the reaction medium. 

Preparation of salts of Fe,Se,(NO); 

(a) Sodium salt 

NMR spectra were recorded using Varian CFT- 
20 and Bruker WP-80 instruments. For both [Fe, 
(SMe)*(CO)d and [Fe,(SEt),(CO)d full NMR 
spectral assignments (‘H and 13C) were made for 
both isomers, by use of off-resonance decoupling: 
the NMR spectral data for these compounds are 
given in Table 2. 

Nitrosylation, Procedure ,4 

In a typical reaction, the carbonyl complex 
(24 mmol) and sodium nitrite (6.0 g) were added to 
a solution of sodium hydroxide (10.0 g) in a mix- 
ture of water (50 cm3) and ethanol (25 cm3). The 
migture was then stirred and refluxed under nitro- 
gen for 4 hr. After cooling to ca. 30°C the mixture 
was acidified with 1 : 1 acetic acid/water (approx. 
30 cm3). The resulting mixture was evaporated to 
dryness: the solid was extracted firstly with CH2C12 
(6 x 50 cm3), and secondly with water 
(2 x 100 cm3). The methylene chloride extract was 
washed with water (2 x 50 cm3), dried over 

NaW,, and evaporated to dryness: re- 
crystallisation from 1 : 1 CH,Cl,/MeOH yielded 
Fe,(SR),(NO),. Tha aqueous extract was extracted 
with ether (4 x 50 cm3), and the ether layer was 
dried over Na,SO,, and evaporated to yield 
Na[Fe,S,(NO),]: to the residual aqueous layer was 
added an aqueous solution of Ph,As +Cl-; the 
resulting precipitate was filtered off, and dissolved 
in CH2C12; after drying over Na2S0, and evapo- 
ration, recrystallisation from CH2C12 yielded 

WwW2P2S2WW 

A mixture of 7 g selenium and 50 cm3 water was 
stirred under N,: a solution of 7 g NaBH, in 50 cm’ 
water was added dropwise with stirring. Vigorous 
evolution of H, occurred, and after this had sub- 
sided the solution was allowed to cool, giving a 
clear grey solution above a precipitate of 
Na2B,0,.10H20. NaNO, (8 g) was added with 
stirring, and the solution turned dark red. The 
solution was boiled and 20 g of FeS0,.7H20 in 
160 cm3 water was added in one portion, followed 
by slow addition of 35 cm’ of 25% NH, solution. 
The solution was then boiled for 30mins, filtered 
hot, cooled, and filtered a second time. The cold 
filtrate was extracted with ether, and the dried 
extracts evaporated to yield the sodium salt of 
Fe.,Se,(NO); . 

(b) Ph,As + salt 
Equimolar quantities of Na[Fe,Se,(NO),] and 

PbAsCl.H,O were dissolved in water, and the 
solutions mixed. The whole was extracted with 
chloroform, and the dried extract was evaporat- 
ed. The resulting solid was recrystallised from 
methanol to yield Ph,As[Fe,Se,(NO),] as shiny 
black crystals. Found: C, 27.2; H, 1.8; N, 9.2; 
Fe, 22.3; Se, 22.6. Calc. for C,H2,,AsFe.,N,0,Se3: 
C, 27.4; H, 1.9; N, 9.3; Fe, 21.2; Se, 22.5%. 
UV/visible spectrum: r2/nm(e/hnol- 1 cm - 1): 
570(2700), 432(10000), 360(16000), 279(27000). IR 
spectrum, v (NO&u- i: 1790 m, 1690 s, 1720 m. 

Iron and selenium were determined by atomic 
absorption, using the hydride method for selenium. 
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Abstract-The crystal structure of the title compound [FeL%JJ[pFJ is reported. Crystals 
are monoclinic with a = 11.747(g), b = 16.051(1 l), c = 11.964(10)& j? =98.1(l)“, 2 = 4, 
Spacegroup P2,/n. 1173 independent reflections above background have been refined to 
R 0.09. The coordination geometry around the Fe(II1) ion is pentagonal bipyramidal with 
the two chlorine atoms in axial positions [Fe-Cl 2.348(7), 2.354(7)&. The five donor 
nitrogen atoms of the macrocycle form a pentagonal girdle with lengths in the range 
2.20(2)-2.25(2)A. The macrocycle conformation is compared to that found in [CuLz]‘+ 
and [COL’CI]~ + where the 5N donor set provides respectively trigonal bipyramidal and 
square pyramidal environments and also to that found in the comparable 7-coordinate 
[FeL’(NCS)J+ where L’ is the related pentaene. 

The coordinative properties of macrocyclic ligands 
are dependent upon a number of factors. Three of 
the most important ones are the size of the “hole” 
or site in the ring, the degree of flexibility of the 
ligand and finally the nature of the donor atoms; 
i.e. do they form a “hard” or “soft” set. In this 
study we wished to extend our investigation into 
the effects of changing the flexibility of the ligand 
while keeping the donor set constant and to in- 
vestigate whether the hole size of the macrocycle 
varied with conformation. 

Suitable ligands for our comparative study are 
L’ and its reduced form L2 in which the imine 
groups have been hydrogenated. 

The rigid 15-membered macrocycle L’ forms 
complexes with metal ions ranging in ionic radii 
from 0.648L (Fe3+) to 1.18A (Pb2+); these being 
synthesised by allowing 3,6diazaoctane 1,8- 
diamine to react with 26diacetylpyridine (1: 1 
molar ratio) in the presence of a metal ion. The list 
of ions that have been successfully used are MgZ+, 
Mn2+, Fe3+, Fe’+, Co2+, Zn2+, Sn’+, Cd2+, and L’ 

Pb2+.rA In these structures, L’ forms a pentagonal 
girdle around the metal and with two axial anions provides a pentagonal bipyramidal -environment 

for the metal. Ni2+ and Cu2+ ions are unsuited to 
*Authors to whom correspondence should he ad- this geometry and their complexes cannot be pre- 

dressed. pared directly by template synthesis but only by 
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trans-metallation. Crystal structures of several 
compounds including L’ have been reported 
namely [(FeL’(NCS),) * (C104)],’ [FeL’(NCS)&’ 
[FeL!(H,O)Cl * (C104)13, [(Mg(L1)(H,0),)C1J4 The 
rigid nature of L’ ensures that the specific stereo- 
chemistry preferred by the ion cannot necessarily 
be fulfilled. 

However the macrocycle L’ can be hydrogenated 
to give the more flexible macrocycle L’. We have 
studied the structures of L2 complexes with the aim 
of observing the effect of the increased flexibility on 
going from L’ to L2. Two structures we have 
reported are [(CuL2)(PF6)J5 in which the donor 
atoms form a trigonal bipyramid and 
[(CoL2Cl)(C104)J5 where an approximate square 
pyramid is formed by the donor atoms of the 
ligand. Both Cu2+ and Co3+ have preferred stereo- 
chemistries arising from their d” configuration and 
so these structures cannot be directly compared to 
the 7-coordinate L’ analogues. 

However we now present a study of an Fe3+ 
complex of Lz that via comparison with the struc- 
ture of [(FeL’(NCS)2)(C104)]2 allows a discussion 
of the effect of flexibility on the mode of coordi- 
nation. The Fe3+ ion being high spin has no CFSE 
effect to mask ligand preferences as have Cu2+ and 
co3+. 

DISCUSSION OF THE STRUCTURE 

The geometry of the cation [FeLZClJ+ is illus- 
trated in Fig. 1, together with the atomic number- 
ing scheme. The iron atom which is in the cavity 
of the macrocycle has an approximately pen- 
tagonal bipyramidal coordination sphere; the chlo- 
rine atoms being in the axial sites. 

The geometry of the macrocycle can be com- 
pared with that of the unsaturated L’ in 
[FeL’(NCS)J. The maximum deviation of a con- 
tributing atom from the FeN, plane is 0.23 A in the 

Fig. 1. 

L2 structure compare compared to 0.11 A in L’. 
The mean FeN distance in the present structure 
is 2.252 A compared to 2.228 A. This increase is 
presumably a consequence of the increase in the 
two C-N bond lengths and the resultant puckering 
which creates a larger hole for the metal ion. We 
have calculated the macrocycle hole sizes using the 
criterion of Tasker et al.’ This method involves 
calculating the macrocycle hole size as twice the 
mean distance of the donor atoms from their 
centroid. In these pentagonal bipyramidal struc- 
tures the values are 4.50 A for L2 and 4.45 A for L’. 

A comparison of the torsion angles in the two 
structures in Table 2 shows considerable agreement 
with the variations as expected concentrated on the 
C(2)--N(3) and N(12)-C(13) bonds. The values 
found for [FeL2C1J are not particularly strained 
and confirm the stability of the saturated complex. 

The 7-coordinate structure observed for 
[FeL’Cl,] is particularly interesting as both 5- and 

Table 1. Dimensions in the coordination sphere 

FE - CL<21 2.348( 7) 

FE - CL(l) 2.354( 7) 

FE - N(3) 2.244( 23) 

FE - N(9) 2.323( 17) 

FE - N( 12) 2.252( 21) 

FE - N( 18) 2.203( 20) 

FE - N(6) 2.239( 19) 

CL(2) - FE 

CL(2) - FE 

N(3) - FE 

CL(2) - FE 

N(3) - FE 

CL(l) - FE 

CL(2) - FE 

N(3) - FE 

CL(I) - FE 

N(9) - FE 

CL(2) - FE 

N(3) - FE 

CL(I) - FE 

N(9) - FE 

N(12) - FE 

CL(2) - FE 

N(3) - FE 

CL(I) - FE 

N(9) - FE 

N(l2) - FE 

N(l8) - FE 

- N(3) 

- CL(I) 

- CL(I) 

- N(9) 

- N(9) 

- N(9) 

- N(12) 

- N(l2) 

- N(l2) 

- N(l2) 

- N(l8) 

- N(l8) 

- NC181 

- N(18) 

- N(l8) 

- N(6) 

- N(6) 

- N(6) 

- N(6) 

- N(6) 

- N(6) 

87.2( 4) 

177.0( 3) 

90.9( 4) 

84.6( 5) 

146.9( 8) 

95.9( 5) 

97.5( 5) 

142.0( 7) 

85.4( 5) 

71.0( 7) 

95.0( 5) 

71.8( 7) 

86.5( 5) 

140.8( 7) 

70.2( 6) 

93.4( 5) 

78.1( 7) 

83.9( 5) 

74.4( 7) 

142.5( 7) 

144.4( 7) 
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N(l8) - C(1) - C(2) - N(3) 

N(l8) - C(1) - C(2) - C(19) 

C(1) - C(2) - N(3) - C(4) 

C(l9) - C(2) - N(3) - C(4) 

C(2) - N(3) - C(4) - C(5) 

N(3) - C(4) - C(5) - N(6) 

C(4) - C(5) - N(6) - C(7) 

C(5) - N(6) - C(7) - C(8) 

N(6) - C(7) - C(8) - N(9) 

C(7) - C(8) - N(9) - C(l0) 

C(8) - N(9) - C(l0) - C(11) 

N(9) - C(l0) - C(11) - N(12) 

C(l0) - C(11) - N(12) - C(13) 

C(l1) - N(12) - C(13) - C(14) 

C(l1) - N(12) - C(13) - C(20) 

N(l2) - C(13) - C(14) - N(18) 

C(20) - C(13) - C(14) - N(18) 

-17.5 -25.5 1.6 -3.6 

-143.2 -152.0 132.9 -179.6 

163.0 161.4 121.3 -177.2 

-71.9 - 71.3 -8.8 -1.2 

-175.3 -169.0 -172.3 162.8 

59.5 47.7 34.5 43.5 

178.3 83.1 -129.3 -178.6 

174.7 -81.3 80.2 170.8 

-59.1 -43.0 54.6 -57.7 

172.3 -90.2 80.5 172.4 

-173.8 78.6 -150.2 -178.8 

55.3 50.7 53.2 47.4 

-178.7 77.3 -169.3 157.9 

172.4 -103.1 88.2 -178.4 

47.8 130.3 -148.6 -2.7 

-22.1 - 9.2 24.4 -3.4 

104.9 109.5 -98.0 -179.3 

6-coordinate structures are possible. Nuclear 
charge on the high spin Fe(II1) ion combined with 
its relatively large radius and lack of octahedral 
CFSE are factors which favour the coordination of 
the two additional monodentate anions. 

The two metal ions Fe’+ and Co’+ have similar 
ionic radii (0.65, 0.61 A) and yet very different 
stereochemistries are observed with L’. In 
[COL*C~]~+ the macrocycle is folded and the metal 
is 6-coordinate. The folding reduces the hole size 
from 4.50 to 3.74 A; the Co-N distances fall within 
the range 1.81-2.00 A. So one possible reason is 
that the small increase in size going from Co3+ to 
Fe3+ makes this conformation unsuitable. In addi- 
tion, the CFSE values for Co3+ favour octahedral 
(-24Dq) over pentagonal bipyramidal 
( - 15.5 Dq). Examination of the torsion angles in 
the octahedral conformation show no obvious 
strains. The [CuL’]‘+ complex ion is trigonal bi- 
pyramidal. The Ct.?+ ion forms a variety of stereo- 
chemistries and CFSE values for a range of them 
are -6.0 Dq (octahedral), - 14.3 Dq (square pla- 

nar), -9.2 Dq (square pyramidal) -7.1 Dq tri- 
gonal bipyramidal) and -4.9 Dq (pentagonal bi- 
pyramidal). Thus the order of favoured 
stereochemistries is square-planar (S) > square 
pyramidal (SP) > trigonal bipyramid (TM’). The 
square planar conformation is unlikely as it is 
doubtful that a square planar array of nitrogen 
atoms could be provided by Lz as any such system 

‘. 

designed to provide such an array would bring a 
fifth atom into close proximity. However as is 
apparent from the Co structure, L2 can provide a 
square pyramidal environment for a metal. Indeed 
looking at the torsion angles that are observed in 
[cuL2]2+ we can conclude that the TBP con- 
formation is particularily strained. In particular 
the C(19)-C(2kN(3)-C(4) and C(4)-C(5)-N(6b 
C(7) angles of -8.8” and - 129.3” signify eclipsed 
conformations. On the basis of CFSE and macro- 
cycle conformation then, the TBP is less favoured 
than the SP. 

The only conclusion we reach is that the hole size 
provided by the macrocycle in the TBP con- 
formation is more suited to the size of the Cu2+ 
ion. Thus the macrocycle hole size provided by the 
TBP conformation is 4.05 A, considerably larger 
than for the SP conformation (3.74A). As the 
Cu2 + ion radius at 0.73 A is somewhat larger than 
Co’+ then it would seem that the larger hole 
provided by the macrocycle in the TBP con- 
formation is necessary for complexation. 

CONCLUSIONS 
By comparison of the three structures 

[coL~cI]~+ ) [cuL2]2+ and [FeL’ClJ+ we ‘have 
shown that both crystal field affects, and the size 
of hole are important in the deciding of the stereo- 
chemistries observed with the flexible macrocycle 
ligand L2. This work also examines the method of 
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Tasker et al.’ for the calculation of macrocycle hole 
size. Unlike the examples in Ref. 7, the present 
work demonstrates how the size can vary consid- 
erably (3.74-4.10 A) with the conformation of the 
macrocycle. It seems clear therefore that the calcu- 
lation can only be used with rigid macrocycles or 
when the conformation has been established by 
X-ray diffraction. 

EXPERIMENTAL 

Preparation. The ligand was synthesized following 
the method of Ref. 6 and recrystallised from an 
acetonitril+diethyl ether mixture. 

Crystal data 
C,,H,,N,Cl,PF,F,, M = 548.9, Monoclinic, 

a=11.747(9), b = 16.051(11), c = 11.964(10)& 
/3=98.1(l)“, U=2233.3A3, d,= 1.64, d,= 1.63, 
2 = 4, I(Mo-Ka) = 0.7107A, p = 10.69 cm-‘. 
Spacegroup P2,/n from the systematic absences 
hOf,h+Z=2n+l,OkO,k=2n+l. 

A crystal of approximate shape 0.12*0.75* 
1.00 mm was mounted on a Stoe STADIZ 
diffractometer and intensity data was collected via 
variable width w scan. Background counts were 
20s and the scan rate of 0.033”/s was applied to a 
width of (1.5 + sin p/tan 0). The maximum 20 
value was 45”. 1948 independent reflections were 
measured of which 1173 with Z > 2a (I) were in- 
cluded in subsequent calculations. The structure 
was determined by heavy atom methods. The 
structure was refined using full matrix least square 
methods with Fe, Cl, N, P anisotropic and F, C 
isotropic. The PF,- anion was disordered. Two 
rigid octahedra were refined with occupancy fac- 
tors of x and l-x. x refined to 0.70(2). The hydro- 
gen atoms in the cation were placed in trigonal or 
tetrahedral positions but were given a common 
thermal parameter. Apart from those on methyl 
groups which were refined as rigid groups but 
those on the same carbon atom were given a 

B. DREW et al. 

common thermal parameter weighting scheme was 
chosen to give equivalent values of w A2 over ranges 
of F0 and sine/A. This was w = 1/(a2(F)+ 
0.003 F2) where o(F) was taken from counting 
statistics. Scattering factors were taken from Ref 8. 
Calculations were made using Shelx76’ on the 
CDC7600 Computer at the University of Man- 
chester Computer Centre. The linal R value was 
0.09 (Rw 0.09). Dimensions in the metal coordi- 
nation sphere are given in Table 1. Atomic param- 
eters, thermal parameters and a list of structure 
factors have been deposited with the Editor as 
supplementary material; copies are available on 
request. Atomic coordinates have also been depos- 
ited with the Cambridge Crystallographic Data 
Centre. 
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Ah&a&--The synthesis of the mixed complexes of the europium ion with 2-pyridylcarbinol-N-oxide, 
and 2Jdipyridyl and 1, IO-phenanthroline were prepared. The compounds, were characterized by means 
of chemical analyses, vibrational spectra, molar conductivities, and electronic spect.ra. The emission of the 
@IL,, phen] complex at 10 K is very intense and an assignment of the point symmetry of the Eu(III) ion 
has been made. 

The complexes formed between transition metal ions 
and 2-pyridylcarbinol-N-oxide (HL) . have been dis- 
cussed recently.’ The present note deals with the 
synthesis and some spectroscopic properties of the 
mixed complexes formed between the europium ion, 
2-pyridylcarbinol-N-oxide, and 1, IO-phenanthroline 
or 2,2’-dipyridyl. In principle, complexes of the 
formula LnL, (which have not been isolated) are 
coordinately unsaturated and could function as 
“shift reagents” .* The utility of the shift depends, of 
course, on their ability to bind one or more addi- 
tional ligands which have a site of Lewis basicity. 

To a warm ethanolic solution of 3.0 mmol. of HL 
were successively added 10 cm3 of an ethanolic solu- 
tion containing 1.0 mmol. of lanthanide perchlorate 
and 15 cm3 of an ethanolic solution containing 
1.0 mm01 of 2,2’-bipyridyl or l,lO-phenanthroline. 
The solution was evaporated under vacuum to an 
oily residue. This was triturated with several portions 
of petroleum until a solid began to form. The 
solution was then cooled to - 5°C for 24 hr. The 
compound was purified by recrystallization from 
dioxane. The vibrational spectra and molar conduc- 
tivities were obtained and discussed as previously 
reported.’ Emission spectra were obtained with a 
Spex 1702 double monochromator using an Argon 
laser as excitation source at 4765 and 4880A.4 

The analytical data for the europium, carbon, 
hydrogen, and nitrogen of the compounds were 
performed by PCR, Inc. and by the microanalytical 
Lab. of the UPS. Experimental data are in good 
agreement with the theoretical values (Found: C, 
54.72; H, 4.91; N, 8.93; Eu, 19.37. Calc. for 
[EUL,, phen]: C, 54.85; H, 4.82; N, 8.88; Eu, 19.28%) 
and (Found: C, 52,26; H, 4.94; N, 9.61; Eu, 20.74. 
Calc. for [EuL,, bipy]: C, 52.06; H, 4.88; N, 9.48; Eu, 
20.58%). 

The jEuL,, bipy] complex shows ‘highly intense 
fluorescence, that can be just observed with sunlight. 
The results obtained from the measurements of the 
emission spectrum of the [EuL,, phen] complex at 
10 K are shown in Table 1 along with the suggested 
assignments of the 5Do+7F,J transitions. The most 
intense transitions is 5D,,+7F2, followed by *D,,+‘F, 
and by a weak ‘D,+‘Fw The ‘D,+‘F, (-580.4nm) 
transition is strictly forbidden in D2 symmetry if it is 
considered to be of electric dipole origin, however 
this has now been discussed.’ In fact, the inclusion 
of J mixing to evaluate the matrix elements of the 
“pseudo-quadrupolar” interaction” may be of great 
value in interpreting the sDo+7Fo intensity as ob- 
served in the present work. 

The dominant geometries for eight coordination 
complexes are those derived from the square anti- 

Table 1. Allowed transitions between selected states in D,,,, D, and Dz symmetries. 

Transition 
D4d D2d D2 

Assignments(m) 

5 
D + 

0 ‘F1 Al+*2 4+A2 **1 

Al +E A+B 2 590.9 592.9 595.6 

A+B3 

5 
D 

7 
+ 

D P2 A1’B2 AlaB2 &Bl 

A1 +E A*2 614.5 615.4 616.7 

A+8 
3 
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prism (D.,J or the dodecahedron (DU).9 Both of these 
can give rise to structures that possess D2 symmetry. 
A summary of the crystal-field splitting for the 
dominant angular momenta, J, in Du, Dzd and D2 
symmetries together with the transition allowed for 
magnetic dipolar selection rules (5D,+7F,) or electric 
dipolar selection rules (5Do-7F2) appears in Table 1. 
The emission spectrum is in agreement with what 
would be expected of Eu’+ in a D, environment but 
unfortunately it is not possible to choose between the 
structure which is derived from antiprism and that 
which is derived from the dodecahedron. 

The spectra of [EuL,, phen] and [EuL,, bipy] in 
solution show that the ions preserve’ the same sym- 
metry. This is confirmed by the emission spectra of 
the powders at room temperature which show the 
same broadening as the solution fluorescence spectra, 
indicating a vibronic induced and solvent interaction 
broadening. At similar concentrations these euro- 
pium complexes were tested and are more effective 
shift reagents than the often used Eu(fod),.” How- 
ever, the low solubility of the former in the usual 

deuterated solvents their use as a appropriate shift 
reagents. At the moment, other solvents are being 
examined. 

In conclusion, the interpretation of vibrational 
spectra and the conductivity data agree with the 
formulation [EuL,, bipy] and [EuL,, phen] for the 
complexes and complement the octacoordination 
structure with D, symmetry predicted from the split- 
tings of the fluorescent transitions. 
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Spin-crossover phenomena in tris(triiluoronicotinoylacetonato) iron (III) 
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Department of Chemistry, University of Ibadan, Ibadan, Nigeria 

(Received 13 August 1982; accepted 24 February 1983) 

Abstract-Tris(trifluoronicotinoylacetonato) iron(III) has been shown to exhibit spin-crossover 
phenomenon between 6A,8 and ‘Tze terms which are about 322cn-’ apart. 

Tris (dialkyldithiocarbamato) iron(II1) complexes first 
reported by Cambi et al.lm3 are probably the most 
extensively studied examples of iron(II1) showing the 
spin-crossover phenomenon between the 6A,, and lTzg 
terms. High-spin, low-spin and intermediate spin situ- 
ations can be attained and the thermal equilibrium 
between the two extreme cases have also been examined 
in suitable examples.4, 5 Tweedle and Wilson6 study- 
ing magnetic properties of [Fe(Sal,trien)]PF, in acetone 
solution reported AH = 4.62 kcal mol - ’ and an entropy, 
AS = 16.46e.u. for the ‘T,, e 6A,g equilibrium. This 
process in the solid state is estimated to have a spin-state 
lifetimes,6 t L 10e7 s. 

The first examples of iron(II1) fidiketonates ex- 
hibiting this phenomenon were found in tris(monothio- 
/l-diketonato) iron(II1) complexes,’ having moments 
of 4.35-5.75 B.M. at 300K and 2.242.80B.M. at 87K. 
These are complexes with Fe&O, chromophores. In this 
work, the magnetic behaviour of tris(trifluoro- 
nicotinoylacetonato) iron(II1) has been examined be- 
tween 87 and 300K; and some thermodynamic parame- 
ters have been calculated in order to compare the FeS,Os 
and FeO, chromophores. 

EXPERIMENTAL 

The ligand 4,4,4-trifluoro-1-(3-pyridyl)-1,3-butane- 
dione (Htfpybd) was obtained from Eastman Organic 
Chemicals. The preparation of the iron(II1) complex, 
Fe(tfpybd), is reported elsewhere.8 Cr7H,,F,FeN,06, 
mpt., 189190”. Found: C, 45.62H, 2.52N, 5.46 Fe, 
7.85. Calc: C, 45.96 H, 2.29N, 5.96 Fe, 7.92%. The 
magnetic susceptibility values were measured between 
300 and 80K using a Gouy balance. At 293K, the 
susceptibilities (~$0~) at field strength 6310, 5804 and 
3304 Gauss gave values 5802, 5835 and 5819 c.g.s. units 
respectively. The susceptibilities are therefore indepen- 
dent of field strength and suggest the absence of ferro- 
magnetic impurities in Fe(tfpybdh complex. 

RESULTS AND DISCUSSION 

Iron(II1) has a high-spin 6A,s ground state with a 
normal moment of about 5.92 B.M. which corresponds 
to five unpaired electrons whilst its low-spin ‘Tb ground 
state with a normal moment of about 2.30 B.M. corre- 

sponds to one unpaired electron. Since the “T2, ground 
state retains some orbital angular momentum, moments 
may range in value from PS to PS + L, the exact value 
depending on the temperature of measurements and the 
magnitude of the spin-orbit coupling. 

Assuming a dynamic ‘T,, # 6AI, process is operative 
in the solid state: 

‘T2, 7-r? 6A,r (1) 

If a is the fraction or population of high-spin state 
then (1 - a) represents low-spin state. 

p&S = a(5.92)* + (1 - a)(2.30)* (2) 

Keq=&. (3) 

The variation of In Keq with the T- ’ can be used to 
obtain AH and AS changes. A typical plot for Fe 
(tfpybd), is presented in Fig. 1. The best straight line was 
obtained by the least-squares fitting procedure and the 
average deviation from the least squares calculations is 
+ 15%. The magnetic moment of Fe(tfpybd), at 293K 
was found to be 3.69 B.M., independent of field strength, 
and corresponds to only 27% of the high-spin form. 

A plot of In Keq with T- ’ yields AH = 0.92 kcal 
mol-’ and AS = 1.68 cal mol- ’ K- ’ (Table 2). As- 
suming that AH values obtained in Table 2 are a 
measure of the *Tb - 6A,, separation, it is observed that 
the 6A,, term in the Fe06 chromophore lies at 322 cm ;I 
above the ground ‘T2, term whilst this varies between 
170 and 685 cm - ’ for the FeS,O, chromophore. This 
separation compares favourably with those of FeS, 
chromophore in dithiocarbamates, quoted by Ewald et 
a1.5 (500 cm - ‘), Hall and Hendrickson9 (204 cm - I). 

The observed entropy change of 1.68 e.u. for Fe 
(tfpybd), is small as expected but not that predicted by 
change in spin multiplicity alone (AS = Rln 3) which 
gives a theoretical value of 2.16calmol- K-l. Al- 
though only electronic entropy predominantly con- 
tributes to the *TQ P 6A,, process, there could be some 
other effects such as changes in bond lengths and/or 
angles which cause the deviations of AS from the 
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Fig. 1. Plots of In K vs reciprocal of temperature. 

Table 1. Magnetic behaviour of Fe(tfpybd), 
. ---. 

T/K l+/c.c.. +bs/B.n. In II lOf/TK 

293 5814 3.69 -0.95 3.41 

261 5990 3.54 -1.13 3.83 

229 6544 3.46 -1.24 4.37 

197 7038 3.33 -1.42 5.08 

165 7789 3.21 -1.60 6.06 

133 8758 3.05 -1.86 7.52 

101 8541 2.63 -2.85 9.90 

93 8204 2.47 -3.57 10.75 

87 7908 2.35 -4.85 11.49 

DNC - 216.3 I lom6 C.2.‘. 

Table 2. Some thermodynamic data 

% lii2h-Spin Ati 
Compound Chromopbor* form 

,l %;2T6i;; xi-- 

kcrl -01 am-* ..U. 

?.tCf4H.Co.Ctl.Co.C?3), p.06 27 0.92 322 1.68 

r.(C6~5,CO.CH.C8&a3)3* f.S303 46 8.96 685 6.79 

f~(C6~5C8.CIi.C0.CH3~3* f.S303 93 0.49 170 6.37 

r.(c6u5cs.cH.cs.cH3~6* '0234 80 0.99 348 5.54 

l BIqnetic data from Ref (7) xere umod In the rarloua calculations. 



theoretically expected value. A quantitative inter- 
pretation of these effects is not possible as there does not 
appear to be any correlation between the entropy and 
the population of the high-spin forms. 
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NMR spectroscopy has been extensively applied to 

NOTE 

Complex formation of 1,4,7,10-tetraoxacyclododecane 
with alkali metal ions studied by “C spectroscopy 

EILIF AMBLE and ERIK AMBLE*t 
Kjemisk Institutt, Universitetet i Oslo, Oslo 3, Norway 

(Received 28 October 1982; accepted 10 January 1983) 

Abstract-Complex formation of 1,4,7,1O_tetraoxacyclododecane (12-crown-4) with lithium, sodium and 
potassium salts in methanol solution was investigated. The strong influence of complexing on the chemical 
shift of the single ‘F NMR line permitted titration of the ligand with alkali metal salts. Concentration 
stability constants of the complexes were obtained by a computerized iterative least squares method. Na l 
and K+ form both 1 : 1 and 1 : 2 complexes, log K, = 2.1 and log K, = 3.8, log K, = 1.7 and log K, = 2.4 
respectively. Li+ IS complexed weakly. Assuming 1 : 1 stoichiometry the complex stability constant is 
estimated to be < 1. 

investigate complex formation between alkali and 
alkaline earth metal ions and electrically neutral li- 
gands.ld3 Recently the conformations of free and com- 
plexed oligoethers have been studied using “C NMR 
spectroscopy.4 Significant chemical shift differences 
were observed due to conformational rearrangements 
following complex formation. These findings were 
interpreted on the basis of empirical y and b-effects on 
the chemical shiR5 The most dramatic upfield ‘C 
chemical shift was found for 1,4,7,1 O-tetraoxacyclo- 
dodecane (12crou@).“’ It was therefore possible to 
study in some more detail the complexing of various 
alkali metal salts with 12-crown-4. We report here our 
efforts to determine quantitatively the complex sta- 
bilities by least squares approximation of the obtained 
data. 

PRINCIPLE OF THE METHOD 

The interaction between the ligand 12-crown-4 (L) 
and alkali metal ions (M) taking into account both 
1: 1 and 1:2 complexes is deiined by eqns (l)-(4). 

L+M=LM (1) 

LM+L+L,M (2) 

(3) 

LMI 
Kz = [LIZ. p-f] (4) 

If the exchange rate between the three different envi- 
ronments of the ligand is rapid, the observed chemical 
shift 6, represents a weighed average and eqn (5) is 
valid. 

6 M6 +LM16 
Ohs [Lo] L [Lol LM 

+29L2MlS 
[Lol LZM (9 

where Lol=[Ll+[LMl+2~ILM, [Mol=Frl 

*Author to whom correspondence should be addressed. 
tPresent address: Rumen Kjemi A/S, P.B. 23 Refstad, 

Oslo 5, Norway. 

+ [LM] + [L,M], 6,, 6,, and d,, are the chemical 
shifts of the free ligand, the 1 : 1 and the 1 : 2 complex 
respectively. 

The induced chemical shift by complex formation 
A&b = aoba - aL is expressed by eqn (6). 

where A6,, and Ad,,, are the chemical shifts of the 
complexes relative to aL. 

Substitution of [L], LM] and &4] in eqns (l)-(4) 
by [LM] yields 

x K2lMOI Pfl + PW&WoI - Ll) - WU 

+ P&al) - lWM1 + W.LI[MoI = 0. (7) 

From eqn (7) [LM] can be calculated as a function 
of experimental values w,,] and [L,,] for assumed 
values of K, and K2. 

The experimental procedure consists of measuring 
A6, as a function of changing concentrations w,,] 
while [L,,] is kept constant, leading to titration curves 
shown in Fig. 1. The accompanying variations in ionic 

A%ba 
(Ppm) ! 

[KJI [LOI 

Fig. 1. 
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strength are neither expected to influence the “C 
chemical shifts nor the complexation constants over 
the titration range. ‘** Therefore, approximation of 
these data by calculated values of A&b based on eqns 
(6) and (7) is possible and yields K,, K,, A&,, and 
A&z,. 

Table 1. 

Na+ K+ 
________________________-_----___-______-______ 

The mathematical analysis of the data represents an 
extension of the method of Creswell and Allred for 
1 : 1 complexes. With assumed values for K, and K, 
values for [LM] can be calculated for all data points 
using eqn (7). Only real roots [LM] 5 w,] have phys- 
ical significance. Least squares approximation of Aaoba 
(eqn 6) using these calculated values for [LM] yields 
estimates for A&, and A&,. 

log K, 2.1 1.1 

log K2 3.8 2.4 

46 LM 66.5 Hz 65.5 Hz 

A6 LZM 82.3 HX- 58.5 Hz 

In principle this procedure can be repeated with 
new values for K, and Kr until the best fit and hence 
the optimal K, and K, are found. However, consid- 
erable computing time can be saved by applying a 
modified trial and error iteration. It is easily seen that 
the amount of 2 : 1 complex is predominant for small 
values of [M,,]. This means that K, is dominating on 
the lower part of the titration curve. Therefore only 
one of the two constants K, and K, is varied at a time 
and only the part of the data used where this constant 
has a substantial impact on the value of AS,,. When 
e.g. an optimal Kr for a chosen K, is found using the 
lower part of the titration curve, i.e. small [M&L,,], 
this value for Kr is used for the determination of an 
improved value for K, using the upper part of the 
data. This procedure of shifting between the two parts 
of the data is repeated with new values of K, and K2 
until the best pair of stability constants and the 
corresponding values of A&,, and AS,,, are found. 

Both results reflect the ideal size of 12-crown-4 for the 
formation of a sandwich complex with sodium ions in 
solution, as it has been suggested on the basis of X-ray 
crystallography.“-” 

The smaller upfield shift observed for the 2 : 1 
complex with K + and the weaker binding of this ion 
are in good accord with the necessary conformational 
adjustment of the ligand to this bigger ion. 

RESULTS AND DISCUSSION 

The data from Li+ titration could not be analyzed 
by the described method. However, an estimate for K, 
was obtained under the hypothesis that only a 1 : 1 
complex is formed and that its chemical shifts is 
similar to the one of the other 1 : 1 complexes. Using 
these assumptions, a comparison of the observed 
shifts with values calculated for various K, values lead 
to the estimate: K, < 1. This result leads to the sur- 
prising conclusion that 12-crown-4 faces strong com- 
petition by methanol in solvating Li + , demonstrating 
that this twelve membered ring system is not ideal for 
complexing such a small ion. 

The “C NMR chemical shift of the single line of 
12-crown4 was measured in solutions containing 
varying amounts of alkali metal salts. Plots of the 
induced chemical shift A&b vs the relative metal ion 
concentration wO]/L] are shown in Fig. 1. As it is 
seen the three alkali metal ions gave rise to very 
different titration curves. 

It has thus been shown that simple estimates based 
on correlations between ring size and ionic radius, 
which would predict a rather stable 1 : 1 lithium com- 
plex, are not possible when conformational changes 
accompany complex formation. 

Sodium ions had a strong effect on Aa,, already at 
low concentrations. The plot rises almost linearly 
until 0.5 equivalents have been added. After a sharp 
bend only small changes were observed. These 
findings indicate that the formation of a 2: 1 sand- 
wich complex is preferred. 

In conclusion we claim to have demonstrated that 
“C NMR might be a useful tool for the quantitative 
determination of complexing of crown ethers and 
their amino analogues.14 

EXPERIMENTAL 

Increasing concentrations of potassium ions also 
led to substantial induced chemical shifts. However, 
the plot exhibits a smaller curvature. It is thus not 
possible to estimate visually which complex stoichi- 
ometry is predominant. 

Solutions of 12-crown-4 in methanol (25 cm’) were 0.12 to 
0.19 M. The ‘V NMR chemical shifts were measured vs 
cyclohexane as internal standard after each addition of 
LiClO., NaClO, and KI resoectivelv. The accuracy was 
+_ 0.075 Hz. The temperature‘ was held at 30 f lad. The 
instrument was a Jeol FX-60 Fourier transform spectrom- 
eter operating at 14.1 kG with protons noise decoupled. 

Finally upon addition of Li+ only very small in- 
duced chemical shifts were observed. 

The results of the iterative least squares analysis of 
these data are listed in Table 1. 

It is seen that both sodium and potassium ions lead 
to 1 : 1 complexes with comparable strength. Note 
also that the induced upfield shifts A&,, are similar 
suggesting that 12-crown-4 adopts essentially the 
same conformation in both complexes. 

However, sodium forms a considerably more stable 
sandwich 2 : 1 complex than potassium, the calculated 
values for log Kr being 3.8 for Na+ and 2.4 for K+ . 
Furthermore the values for the induced chemical shift 
is by far the biggest in the 2 : 1 complex with Na+ . 

The data were analysed on a CDC CYBER-74 computer 
using a SIMULA-program specially written for the purpose. 
The accuracy of the method was estimated using simulated 
observation errors as described by Stamm ef aLI The error 
estimates obtained for log K, and K, are k 0.2. Reported 
values for K, and K, are concentration constants. 

Acknowledgement-We thank Prof. J. Dale for many valu- 
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Correlation of closo-carborane “B-H spin-coupling comtants with !dmctural features 
including cage “umbrella” angle 
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(Received 22 November 1982; accepted 18 March 1983) 

Abstract-The magnitude of ‘J(“B’H) values for the closo-carboranes are correlated to structural 
characteristics. Among the various parameters considered, both the number of adjacent cage carbon 
atoms and cage “umbrella” angle appear to contribute significantly to changes in the observed 
spin-coupling constants with smaller cage umbrella angles contributing to higher J(*‘B-H) values. 
A derived empirical method enables the prediction, or confirmation, of certain NMR assignments 
in those instances where some uncertainty previously existed. 

Previous investigations of element-hydrogen spin-spin 
coupling have well established that the numerical value 
of ‘J(XH) becomes greater with increasing s-orbital 
character of the X-H bond. In the cases of compounds 
containing boron-hydrogen bonds two studies’*2 have 
attempted to relate ‘J(“B’H) with MOdetermined ele- 
ment s-orbital electron population. However, within the 
close polyhedral carborane series (;B,H, + 2, only three 
of these compounds (n = 3-5) have heretofore been 
considered in this manner. And although the obtained 
correlations were ieasonably satisfactory, an extension 
of these MO approaches to other isomers within these 
polyhedral systems and to the remainder of the series, 
n Q 10, would have very limited quantitative predictive 
value. Until easily accessible and accurate values of 
s-electron populations become available we present an- 
other approach, empirical in nature, for the prediction 
of ‘J(“B’H) values of closocarboranes. In the present 
study, certain structural characteristics of the cage com- 
pounds are correlated with the magnitude of ‘J(“B’H). 

EXPERIMENTAL AND DATA 

Nuclear magnetic resonance data 
Although apparent ‘J(“B’H) constants for the closo- 

carboranes (Fig. 1) listed in Table 1, column 6, have been 
previously reported in the literature, it was highly de- 
sirable for the purpose of the present study to establish 
these values within an error of d +2 Hz. The literature 
values for each of the following: 1,5-C2B3H,,3~4 
1 ,2-C2B4H6. 1 ,6-C,B,H,? ’ 2,4-C2BSH,? 69 
I,7-C2BSHs,“, 1 ,6-C2B,H,,“v I2 1,6-C,B,H,,? I2 

*Author to whom correspondence should be ad- 
dressed. 

2,3-C2~H11,‘3-‘5 1,2-C2Bl&2,‘6 l,7-~B,&‘6 and 
1,12-C2B1,,H12,” were rechecked by “B and ‘H NMR 
spectra which were recorded by, variously, Varian HA- 
100 and Bruker WP-60 spectrometers in our laboratories 
as well as by the Bruker WM-500 spectrometer at the 
Southern California Regional Facility, California Insti- 
tute of Technology. The average estimated error for the 
observed J values reported in Table 1 is within & 1% 
(N 80% confidence), within f 1.5% (with ~95% 
confidence). 

Structural data 
Umbrella angles, Table 1, column 4, were calculated 

from known structural coordinates for all of the cited 
close carboranes: 1 ,5-C2B3H,,‘8 1 ,2-C2B4H6,‘8 
1 ,6-C2B4H6,‘8 2,4-C2B5H7,‘8 1 ,7-C2B6HB,‘9 1 ,6-C2B7H,,20 
1 ,6-C2B8H1,,;’ 2,3-~~9H,,,= L~-GBIJ&z,‘~ 

1,7-C2B,,H12’* and 1,12-C2Bl,,H12 Is. These calculations 
were performed using PROPHET computer programs 
(CRYST, EDITMODEL, MAST) made available by the 
National Institutes of Health. It is estimated that the 
reliability of the structural data used for the calculated 
umbrella angles results in an error within &0.5x of 
values of 0 (for the definition of 8, see below). 

RESULTS AND DISCUSSION 
An examination of the data in Table 1 (see columns 

3, 4 and 6) leads to the conclusion that the value of 
‘J(“BH) is dependent (a) on the number of cage carbon 
atoms, C, bonded to the boron atom of the B-H bond 
under consideration, and (b) on the magnitude of a cage 
“umbrella” angle, 8. The term “umbrella” angle de- 
scribes the (average) interior angle of a conical, or 
near-conical, shaped figure having the boron atom of a 

POIY Vol. 2, No. 10-G 
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(i) -12 I (k) F 
Fig. 1. Cage Structures of the closotarboranes. (a) 1,5-C$BsHs, (b) 1,2-GB,&, (c) 

WGB& (d) WGB,H,, (e) l,WB,H,, 0 1,6-GB& (g) l,6-C&+H10, (h) 2,3-C&H,,, 
(i) 1,2-W&, (i) 1,7-C2B1& 0r) l,12-CzB,0H,z. 

given B-H bond at the apex, and bonds to neighbouring 
cage atoms as the radial frame: 

x cage atoms, Z, adjacent to B 
are situated at the vertices of 
a regular or skewed polygonal base 

The value of 6 is determined by averaging values of 28 
for all B-Z bonds of any given boron: 

H 

The concept of using an “umbrella angle” for the present 
study involving cage carborane compounds can be con- 
sidered similar to the use of C-CC interatomic bond 
angles in correlating J(CH) values for organic ring 
systems. *’ In the latter studies it was found, of course, 
that smaller C-C-C angles resulted in higher J(CI-I) 
values; the simple explanation for this correlation in- 
volves greater p-orbital involvement of the CH carbon 
atom electrons toward ring C-C bonding resulting in 
greater s-orbital density in the CH bond external to the 
ring. 23 An extension of this reasoning to cage carboranes 
is consistent with the association of smaller umbrella 
angles with larger J(“B-H) values for any particular 
boron site. A study of Table 1, cfcolumns 4 and 6, bears 
this out. 

Linear relationships of the type J(“EH) = A0 + B, 
when applied to the data in Table 1, columns 3, 4 and 
6, yield: 

J(“B-H) = - 2.08(8) + 394 when C = 0 (1) 

J(“B--H) = - 0.0621(6) + 172 when C = 1 (2) 
J(“B-H) = - 0.333(O) + 214 when C = 2 (3) 
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Table 1. Data, C, 6, ‘J(“B-H), for the close carboranes in Fig. 1 

(1) (2) (31 (41 (51 (61 
Compound Position of Number of Umbrella Calculated 'J("B'H) Observed J 

cage boron 
Adjacent Angle, 
Carbons, C e using eq (4) (Hz) 
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1.5C2B3H5 

1,2-C2B4H6 

1,6-C2B4H6 

2.4-C2B5H, 

1,7-C2B6HB 

1,6-C2B7H9 

1,6-C2BBH10 

2,3-C2B9Hll 

2,3,4 

395 

436 

2,3,4,5 

137 

3 

536 

2,8 

334 

596 

233 

4,5,7,9 

8 

293 

435 

7,9 

8 

10 

1 

4,5,6,7 

8,9 

10,ll 

396 

4,5,7,11 

8,10 

9,12 

293 

4,6,8,11 

5,12 

9,lO 

2 

2 

1 

2 

2 

2 

1 

1 

2 

1 

2 

1 

0 

2 

1 

1 

0 

1 

2 

1 

1 

0 

2 

1 

0 

0 

2 

1 

1 

0 

1 

77.2 

86.6 

88.1 

189 

186 

166 

85.6 186 

97.7 182 

91.4 185 

90.2 166 

95.2 166 

102 181 

104 166 

105 180 

106 165 

110 165 

188 

185 

162 

186 

179 

184 

168 

168 

171 

168 

176 

162 

109 179 

111 165 

111 165 

111 163 

100 166 

164 

180 

__ 

__ 
_- 

183 

116 176 

111 165 

112 165 

118 149 

114 177 

116 165 

117 151 

117 151 

171 

167 

172 (or 150) 

150 (or 172) 

178 

164 

151 

151 

114 177 178 

116 ‘1 65 165 

116 165 162 

117 151 151 

l,12-C2B10H12 2-11 116 165 165 

where C is the number of contiguous cage carbon atoms. 
Fusing the three separate. equations into a single expres- 
sion gives eqn (4): 

‘J(“BH) = 449c 
-2.08(13.4)a(6) + 394(1.69)a 

3.8F ’ (4) 

This relationship predicts with reasonable precision 
J(“B-H) values (Table 1, column 5) for nearly all BH 
sites in the neutral close-cage compounds. 

In the case of 2,3-C&H,i there previously existed 
some uncertainty about the chemical shift assignments 
(and also therefore J values) of B(8,9) and B( 10,ll); the 
observed J(BH) values for the two doublets were ob- 
served to be 172 and 150 Hz. Since the areas for each 
were identical, unambiguous assignments were not pos- 
sible. It is clear from the calculated J(BH) values using 
eqn (4), that the higher J(BH) can be assigned to cage 

positions 8 and 9 and the lower J(BH) value thus belongs 
to positions 10 and 11. 

Though the area “2” B-H resonances for the 1,2- and 
1,7-isomers of GB,,H,, have been previously assigned 
from substituent studies’6 ambiguity still exists; but it is 
reassuring that the J(BH) values predicted from eqn (4), 
are in complete accord with this assignment, (‘fable 1, cf 
columns 5 and 6). 

Two predicted J(BH) values, those for the B(3,4)-H of 
1,7-GB6H, and the B(lO)-H of 1,6-CZB8HI0, are 
suElciently different from the reported experimental 
values to warrant comment. The l,7-GBsHs is the only 
closo-carborane in the present study in which there is 
strong suspicion of rapid cage fluxional behaviour.2”2’ 
Thus the application of eqn (4), to this situation, where 
an umbrella angle is obtained from static geometrical 
data, may be unreasonable. Incomplete experimental 
data and assignments for 1,6X2&H,, makes speculation 
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difficult for the J(BH) discrepancy, experimental vs 
predicted. 

The magnitude of J values for all the compounds 
mentioned here could show some dependence on vari- 
ables other than those, C and 0, in eqn (4). However, our 
attempts to correlate the available coupling constant 
data with parameters such as cage-atom coordination 
number and cage bond delocalization (e.g. antipodal 
effects)26 were inefficacious and did not indicate any 
discernible dependency of ‘J(“B’H) on these particular 
factors. 

Also, an attempt to relate ‘J(‘3C’H), for the cage 
carbon atoms, to any or all of the parameters discussed 
above proved unproductive due to the scarcity of avail- 
able data points. 
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Synthesis and characterization of sodium-tetrametbylammonium decamolybdate 

EWA K. HODOROWICZ and STANISLAW A. HODOROWICZf 
Department of Chemistry, Jagiellonian University, Krakow, Poland 

(Received 20 December 1982; accepted 14 February 1983) 

A@ract--Sodium-tetramethylammonium decamolybdate in acidified solution has been crystallized. 
Chemical analysis, thermogravimetric and X-ray studies have been performed. 
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When normal tungstate or molybdate solutions are 
acidified, various polyanions of increasing degrees of 
condensation are obtained according to different 
acidifications and other conditions. In the recent years 
using specific organic cations new .forms have been 
isolated.’ In particular, Souchay et al.* described the for- 
mation of dodecatung state [H,6W,2048]s- in aqueous 
solution acidfied to Z = 1.33 (the degree of acidity Z is 
defined as Z = [H+]/[w1) in the presence of tetram- 
ethylammonium ions. In our investigations we have 
found that in conditions similar to those used by Sou- 
chay two different forms of polytungstate crystallized. 
One of these species was formulated as meta- 
dodecatungstate [N(CH,)&W,2039(H20)63 and the other 

sodium tetramethylammonium decatungstate 

~~[N(CH,),]s[W,,G,I(OH)Io,.Q’ Now we report 
new data for polymolybdate precipitated from solution 
under the above-mentioned conditions. 

EXPERIMENTAL 

The crystallization was carried out at concentration 
0.250 M molybdate and the degree of acidity Z = 1.33. 
First a sodium molybdate dihydrate (PGCh Gliwice, 
Poland) solution in 2 M tetramethylammonium chloride 
was prepared. This solution was treated with the calcu- 
lated amount of 1 N HCl in 2 M tetramethylammonium 
chloride and next it was left for crystallization at 25°C. 
After several days a white crystalline precipitate was 
obtained, filtered off, washed with ethanol, dried in the 
air and placed in a desiccator over CaCl,. 

The crystals were then examined microscopically. No 
difference in the form of crystals was observed. All 
crystals were very small plates. 

The precipitate was analyzed chemically. Molyb- 
denum was determined by the gravimetric method after 
Busev6 as PbMoO,. Sodium was determined indirectly as 

*Author to whom correspondence should be ad- 
dressed. 

TThese measurements were carried out in the Regional 
Laboratory of Physicochemical Analysis and Structural 
Research, Jagiellonian University, Krakow, Poland. 

Na,O from the sum of the MOO, and Na20. The 
nitrogen, carbon and hydrogen were determined on a 
Perkin-Elmer automatic CHNO analyzer.? The com- 
pound was subjected to X-ray powder diffraction analy- 
sis in a 100-m Guinier-HIgg camera equipped with a 
quartz monochromator to provide clean Cu-K, radi- 
ation. Platinum powder (a = 3.9238 f 0.0003 A, 25°C) 
was used as an internal standard. Quantitative intensity 
data were obtained on a DRON-2 (Burevestnik, 
U.S.S.R.) diffraction with nickel-filtered copper radi- 
ation. 

The thermogravimetric measurements were performed 
in the air and in argon within the temperature range 
25800°C using model OD-12, MOM Budapest deri- 
vatograph. Samples of 300mg were heated at rates 
S”/min and the galvanometer sensitivity DTA = l/3 and 
DTG = l/3. The density of the crystals was determined 
by the pycnometric method using carbon tetrachloride. 

RESULTS AND CONCLUSIONS 

The result of analysis: MO = 50.03 f 0.1%. 
Moo3 + Na,O = 84.05 + 0.05x, N = 2.21 f 0.02x, 
C = 7.55 f 0.02% and H = 2.25 f 0.04% indicate that 
the molar ratio MOO,: NazO:N:C: H is equal to 
3.30 : 0.92 : 1 : 3 : 3.98 : 14.15. 

The powder patterns obtained are very similar to 
those of previous reported sodium-tetramethyl- 
ammonium decatungstate.4 They can be indexed in the 
orthorhombic system with lattice parameters 
a = 16.43(2), b = 21.67(3) and c = 13.78(3) A. These pa- 
rameters were derived by the least-squares procedure 
from a refinement based on 25 coincidence-free 
reflections. Table 1 lists the population of both experi- 
mental and theoretical interplanar spacings for 34 suc- 
cessive reflections. 

The density of crystals at temperature 25 f 0.5”C is 
2.57 f 0.02 gem -3. The volume of the unit cell is 4908 A3 
and its mass is 12613 x 1O-24 g. The multiplicities possi- 
ble of the molecules per unit cell for the ortho rhombic 
system are only 1, 2, 4 and 8. For these values the 
molecular weights are 7598, 3799, 1899 and 950, re- 
spectively. By comparison of these data with the results 
of chemical analysis the most probable formula for the 
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compound obtained seems to be a decamolybdate, 
3Na,O x l.S[N(CH,)&O x lOMoO, x 3.5H20. Calcu- 
lated values for this formulae are: MO = 49.59x, 
Na,O + MOO, = 84.01x, N=2.17%, c = 7.45%, 
H = 2.24%; molecular weight 1935; X-ray density 
2.62 gcm3. 

Thermal analysis curves are given in Fig. 1. The TG 
curve shows that the loss in mass occurs in two steps. 
The endothermal effect with a minimum at 265°C corre- 
sponds to the loss of three water molecules. The DTA 
exothermic peak above 300°C (it was endothermic in 
argon) is connected with decomposition of the 
tetramethyl ammonium cation and probably with fur- 
ther dehydration. A quite new diffraction pattern, 
probably of the crystalline phase 3Naz0 x 10MoOJ, 
appears over the temperature range 3OO-4fkl”C. Above 
490°C further structural changes occur and then new 
phase melts at 520°C. 

The results obtained show that in sodium molybdate 
solutions acidified to Z = 1.33, in the presence of 
tetramethylammonium chloride only decamolyb- 
date 3Na,O x l.S[N(CH,)&O x lOMoO, x 3.5H20 is 
formed. This compound is not reported so far in the 
literature and it is presumably a true analogue’ of 
the sodium-tetramethylammonium decatungstate NaJN 

Fig. 1. Thermal analysis curves for sodium- (CH~MW,~O~(OH)l x 8H,O. 
tetramethylammonium decamolybdate under air. Further investigations of water bonding and structure 

Table 1. Interplanar spacings and intensities for first 34 diffraction lines of complex investigated 

h k 1 d 
calcd. 

10.54 

9.51 
8.53 
7.66 

5.50 
4.86 
4.83 

4.43 
4.03 
3.87 
3.84 

3.70 
3.58 
3.52 
3.36 
3.176 
3.046 

2.935 
2.064 
2.817 6 
2.780 12 

2.720 
2.637 
2.560 
2.525 
2.494 
2.446 
2.427 
2.385 
2.274 
2.209 
2.134 
1.996 
1.908 

14 
30 
2 

3 
6 

5 
5 

10 
a 
3 

30 
22 

5 

15 
5 
7 
8 
7 
4 
8 

90 
7 

10 
42 

36 
28 

1 0 1 
1 1 1 
0 2 1 
2 I 0 
1 2 2 

3 2 0 
1 4 1 

1 0 3 
4 1 0 
4 I 1 
4 2 0 
2 5 1 

1 5 2 
4 0 2 
3 4 2 

2 0 4.4 3 2.4 4 1 
2 2 4 
5 1 2 
1 4 4 

3 2 4 
I 7 2 

1 0 5 
1 2 5 
2 5 4 
4 6 2 
0 6 4 
6 4 0 

1 4 5 
2 6 4 

106,415 
7 1 2 
6 1 4 
4 1 6 
2 1 7 

10.56 

9.49 
8.52 
7.68 

5.48 
4.80 
4.02 
4.42 
4.03 
3.87 
3.84 
3.69 
3.58 
3.52 
3.36 
3.177. 3.171, 3.184 
3.049 
2.938 

2.863 
2.816 
2.783 

2.719 
2.637 
2.560 
2.524 

2.493 
2.444 
2.429 
2.385 
2.275, 2.276 
2.210 
2.134 
1.996 
1.907 

The observed intensity is the average of two independent measurements 



1073 
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Ion-pairing and optical activity of diastereomeric 
S-valinate systems 

zinc(II) 1, lo-pbellannlrotine, 

A. DECIN’M* and G. LARRAZ&AL 
Departamento de An&is Quhnico, Facultad de Ciencias Bbicas y Farmaceuticas, Universidad 

de Chile, Santiago, Chile 

(Received 2 February 1983; accepted 18 March 1983) 

Abstract-A series of S-valinatohis( 1, lo-phenanthroline)zinc salts in methanolic solution have 
been prepared and their conductivities and ORD spectra measured. A positive linear correlation 
of optical rotation with conductance was found for salts of non-chelating counter anions. From 
the application of the Yoe-Jones method on the system Zn, phen, S-val-, Cl- it was concluded 
that the counter anion dependence of the optical activity is connected mainly with heterocyclic 
ligand counter anion exchange equilibria. 

A previous report from this laboratory described the 
preparation and optical properties of 1: 2: 1 mixed com- 
plex salts of zinc, 1, lo-phenanthroline and chiral amino- 
acidates.’ In methanol these compounds exhibit aro- 
matic exciton activity which presumably arises from a 
small difference in stability of the diastereomeric forms 
of the 1: 2: 1 mixed chelate ions. The intensity of such an 
effect depends upon the chiral ligand and, to a lesser 
extent, on the counter anion.* 

A comparative study of counter anion effects on the 
optical activity of the above diastereomeric systems may 
provide evidence on ion pair associations in hydroxylic 
solvents as well as on the ligand ability of some anions. 
In this work we studied the counteranion dependence of 
the optical activity of the system Zn: 1, lo-phen- 
anthroline: S-valinate = 1:2: 1, with a number of organic 
and inorganic anions in methanol. Preliminary results on 
this subject have been reported.* However, modifications 
of the preparative procedures and more data have 
slightly changed the earlier preliminary results. 

EXPERIMENTAL 

Salts of the mixed chelate ion [Zn(phen),(S-val)]+ were 
prepared as 7.07 x 10e3 M solutions in methanol by the 
following reactions: 

ZnSO, .7H,O + fBa(OH), .8H,O + 2phen. H,O 

+ $BaX, .2H,O + S-valH + 

[Zn(phen),(S-val-]X + BaSO, + 1 5H20 

*Author to whom correspondence should be ad- 
dressed. 

where X- = Br-, Cl- or CH,CO;, and 

ZnS0,.7H20 + Ba(OH),.8H,O + Zphen.H,O 

+ iH,X + S-valH+ 

[Zn(phen),(S-val)]XA + BaSO, + 19H20, 

where X = gly-, S-val-, benzoate, salicylate-, 
salicylate*- , o-phthalate, m-nitrobenzoate, p-nitro ben- 
zoate, o-amino benzoate, m-amino benzoate or p-amino 
benzoate. The nitrate was obtained from bromide by 
metathesis with silver nitrate. 

Stoichiometric mixtures of chromatographically 
homogeneous-S-valine and appropriate analytic reagent 
grade chemicals were stirred ultrasonically in methanol 
at room temperature and were heated to boiling point 
for 10 min. After cooling this procedure was repeated to 
ensure completion of reaction. Barium sulfate was re- 
moved by suction filtration. The solutions were reduced 
by evaporation to appropriate volumes and were stan- 
dardized to 7.07 x lo-‘M Zn(I1) at 25°C. At least three 
preparations were made with each counteranion. The 
optical rotatory dispersion spectra (ORD) of these solu- 
tions were run at 25°C over the range 330-400 nm on a 
modified Perkin-Elmer 141 polarimeter using a thermo- 
stated cell. Conductivity measurements at 25°C were 
made using a Wayne Kerr B 221 universal bridge, with 
an immersion cell (cell constant = 1.44). Differences in 
the small amounts of water derived from the salts did not 
affect the measurements. 

The accuracy of the preparative procedures was tested 
gravimetrically or by counteranion exchange. Sche- 
matically, these were: SO:-/Cl-, SOi-/p-amino benzo- 
ate, Br-/NO,, Cl-/NO,, salicylate’ - /salicylate- and 
S-valinate/acetate. 

1075 
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The dependences of optical activity and conductivity 
on complex ion concentration were studied by diluting 
solutions of the chloride form of the cation salt. Yoe and 
Jones’s molar-ratio type studies3 of optical activity and 
conductivity of the system Zn, phen, S-val-, Cl- were 
also performed. These experiments were carried out on 
series of individual preparations. 

RESULTS AND DISCUSSION 

A nearly linear concentration dependence of optical 
rotation over a range of the UV region was observed for 
chloride salt solutions (Fig. 1). Hence, the equivalent 
specific rotation of the diastereomeric system in presence 
of each counteranion reflects the concentration of 1: 2: 1 
species, i.e. free cations plus paired cations. An essential 
requirement of this assumption is that ion-pairing be- 
tween the 1: 2: 1 diastereomeric cations and the counter- 
ions does not significantly affect the exciton coupling, 
such an interaction being merely electrostatic or of the 
solvent structure-enforced ion-pairing type.4 The aro- 
matic anions o-amino benzoate, m-nitrobenzoate and 
p-nitrobenzoate made the samples almost opaque below 
355 nm, modifying the typical shape of the ORD spectra. 
Although this effect might be attributed to some type of 
charge transfer interaction involving the aromatic sys- 
tems, there is a long wavelength tail of the UV spectra 
of these anions giving considerable absorbance up to 
355nm. Hence, the changes in the typical shape of the 
ORD spectra in the presence of these anions were 
assumed to be unrelated to aromatic exciton coupling. 
However, in order to include the benzoate derivatives in 
the counteranion series, c( values at 400 nm were used; 
but for the concentration ratio dependence studies, CI 
values at 355 nm or 350 nm were used. 

The equivalent specific rotation ([@I%“.,) and equiv- 
alent conductance (A) data are listed in Table 1 with the 
average deviations. There are two points to be made 
about these data: (1) The [0] and A values tend to exhibit 

parallel dependences on the counteranion nature. (2) 
The potentially chelating counteranions give the lowest 
[Q] and A values. A linear correlation of these data by 
regression analysis is shown in Fig. 2, where the least 
squares line was calculated excluding the chelating an- 
ions. This figure shows that the effects of chloride, 
bromide and nitrate on the optical activity of the system 
are very similar. The conductivity sequence 
NO; > Br- > Cl- follows the limiting ionic conduc- 
tance of these ions in methanolic solutions.@ On the 
other hand, the decrease of optical rotation of the 
diastereomeric system in the presence of Sq- or a 
carboxylate counterion could be ascribed to greater 
ligand-counteranion exchange, which decreases the equi- 
librium concentrations of the 1: 2: 1 species. The pres- 
ence in the system of S-val- as a counteranion excludes 
the effects of the chiral ligandcounteranion exchange 
equilibrium. Hence, the point for specific rotation and 
conductance values of the S-W- counteranion salt 
falling close to the correlation line (Fig. 2) suggests that 
for non chelating counteranions the main exchange 
equilibria must involve the heterocyclic ligand. The 
deviation from the least squares line for the glycinate salt 
could be ascribed to a glycinate-S-valinate exchange 
resulting in approximately half of the S-valinate being 
outside the coordination sphere. (The S-val-: gly- 
equivalent specific rotation ratio is 1.97, whereas the 
similar equivalent conductance ratio is 0.99.) Further- 
more, the deviation observed for o-phthalate could be 
indirect evidence for formation of a seven membered 
Zn-o-phthalate chelate ring. 

These considerations agree with evidence on the sys- 
tem Zn, phen, S-val-, Cl-, Fig. 3 and 4. Figure 3 shows 
that the species which predominantly account for the 
optical activity of the system are the 1:2: 1 di- 
astereomeric complexes; the increase of conductivity 
with increasing [phen]:[Zn] can be ascribed .to a 1, 
IO-phenanthroline-chloride exchange. Also, this increase 

Fig. 1. Concentration dependence of optical rotation (1 = 2 cm) and conductivity (cell 
constant = 1.44) of [Zn(phen),(S-val)]Cl in methanol at 25°C. 
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Notes 

1. Equivalent specific rotation and equivalent conductance data of salts of [Zn@hen),(S-val)]+ 
in methanol at 25°C 
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f - El 25O 
400 na A ( 7.07 I 10-3 If) 

Br- 

Cl- 

HO; 

p-litrobeneoate 

Acetate 

m-IUtmbensoate 

Salioylate- 

Ben5oate 

m-Aminobeneoate 

o-Aminobeneoate 

p-Aminobencoate 

so 
2- 
4 

S-Vallnats 

Salioylate 2- 

o-Phthalate 2- 

Clyolnate 

4845 +- 36 67.2 t 0.4 

4795 +- 43 64.4 t 0.4 

4188 +- 36 69.9 +, 1.9 

4534 +, 74 53.4 to.4 

4455 +, IO 53.6 +- 0.4 

4434 +, 63 50.1 +, 1.4 

4286 = 50 48.9 to.4 

4158 +- 30 48.9 +, 0.6 

4010 +, 80 44.0 +- 1.0 

3663 +, 20 43.0 +- 0.2 

3623 +- 60 43.3 t 0.8 

3430 +- 30 30.6 to.4 

2752 +- 30 19.6 +- 0.4 

2652 *- 50 24.5 +, 0.4 

2086 *- 43 15.0 +, 0.2 

1400 +, 30 19.8 t 0.4 

- 60 - 
P 
c . 
E! n.50 - 
E 

i 

40 - 

s 

p-nitrobene. 

Fig. 2. Correlation of equivalent specific rotation with equivalent conductance for salts of 
[Zn@hen)&val)]+. (Correlation coefficient = 0.94.) Conductances of 7.07 x 10-3 M sodium salts in 

methanol have been included as reference data. 
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Fig. 3. Effects of the [phen],,, : [Zn(II)],,, molar-ratio an optical rotation (0) and conductivity of the 
system 7.07 x 10e3 M Zn(I1): S-val-: Cl-: phen = 1: 1: 1 :x. (a at 350 mn and 1 = 2 cm). 

0.3 
-ii 
: 5 

0 a 

.!! 

z 
'td 

0.2 

0.25 0.50 0.75 [5-val]t : [Me+ 

0.33 1.00 1.67 [S-ml], : [C1-jt 

Fig. 4. Optical rotation (open circles) and conductivity of the system 7.07 x 10m3 M Zn(I1): 
phen: S-val- :Cl- = 1:2:x :y as a function of the [S-val-]bti,:[C1-],ti molar-ratio. (a at 355 mn 

and 1=2cm). (x +y =7.07x 10-3M). 
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of conductivity suggests that the 1: 2: 1 species form less 
stable ion pairs than [Zn(phen)(S-val)]+. (For the latter 
species formation of a pentacoordinate inner complex 
with chloride ion is also possible.) The base strength 
dependent sequence observed for some univalent coun- 
teranions of similar size, i.e. the benzoates, tends to 
support the view that 1: 1: 1 species is involved in an 
inner sphere ion-pairing interaction (Fig. 5). The results 
in Fig. 4 conclusively confirm the preponderance of 
equilibria involving diastereomeric 1:2: 1 cations as 
causes of residual exciton activity. Moreover, the con- 
centration dependences shown in Figs. 3 and 4 

suggest that S-valinate has a greater chelating ability 
than 1, IO-phenanthroline in methanol. 

For non chelating univalent counterions (X-) the 
results may be treated using the following approxi- 
mations: 
Mass balance of 1: 2 : 1 species gives 

[A+] + [A’X-] + [A’] + [A’X-] 
= ([A+1 + V+lXl + W-1) (1) 

where A+ and A+ are the ~astereome~c helical mixed 
chelate ions, and the same ion pair formation constant, 

1 
- 

4500 

F 
h p-nitrobeneoate 

0 a-aminobensoate 

I I I I \I I 

4 5 6 

Fig. 5. Correlation of equivalent specific rotation (at 400 nm) with pK, for some carboxylate salts 
of [Zn~hen)~(S-vain]+. (Correlation coefficient = 0.95.) 

0.40 

I 

0.46 

I-- 

Fig. 6. Effect of tetraethylammonium chloride on the optical activity of S-vatinato bis(- 
ph~~~o~ne~c~r) chloride in methanol. (@ at 350 nm, 20°C and 1 = 5 cm; 1.06 x 10-j M.) 
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I&, is assumed for both. By introducing the formation Hence, the specific excitonic rotation for the equilibrium 
constants mixture of diastereomeric cations would be 

and 

(2) 

(3) 

Equation (1) becomes 

[A+] f [A+X-] $ [A+] -f- [A’X-] = [Zn(phen) 

(S-val)+ltphenl(K~ + K,,)(l + K#Q. (4) 

If the ion-pairing of the 1: I : 1 species is also considered, 
eqn (4) becomes 

[A’+] + [A+X-] + [A+] f [A’X-] 

~Zn~h~)~~v~)+] + {Zn~he~~~val)+X-] 

=i [Zn@hen),(S-val) + l,ti 
[Zn~he~)(S-v~) + kti 

=i (KA + KM f ~2[x-l)We4 
1 +K,F-] * 

cv 

In this approximation the equilibria involving S-valinate 
exchange are disregarded. Accordin to this scheme, the 
residual excitor& activity should increase with the con- 
centration of heterocyclic base, in agreement with results 
(Fig. 3). Moreover, according to Fig. 3, K, > rC,. Hence 
a decrease of excitonic optical activity should result from 
an increase of counteranion ~n~ntration, as shown in 
Fig. 6 for the effect of tetraethylammonium chloride. 

The specific rotation of the system in the presence of 
each counteranion may be represented by 

;([~+I + [A+~-1X%1 + P%l (6) 

where [(PA and [@&] are the excitonic ~nt~butions of 
the diastereomeric chelates; [QJ is the contribution of 
the chelated S-val- (1: 2 : 1 species plus 1: 1: 1 species); C 
is the total concentration of Zn(II), and all the Sval- is 
assumed to be chelated. combination of eqns (2)-(4) 
and (6) gives 

(8) 

According to these appro~mations the ~~te~rne~c 
mixture could be treated as a single optically active 
species since 

Specific rotation and conductance appear to be lin- 
early correlated in the counteranion series (Fig. 2) 
probably because they depend in a similar way upon the 
concentration of 1: 2: 1 species. If the equilibrium system 
in a 1: 2 : 1 cation salt solution is regarded as a mixture 
of 1:2: 1 and 1: 1: 1 cation salts, the conductance should 
increase with the (1:2:1):(1:1:1) total concentration 
quotient since K1 > Kz and the effects of ion-pairing on 
conductance tend to predominate over the differences in 
equivalent specific anionic conductances (as can be 
noticed on comparing conductances of the complex salts 
with conductances of sodium salts, Fig. 2). Hence, eqn 
(5) would be also in agreement with the correlation 
shown in Fig. 2. 
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Ah&act--Complexes of tin tetrachloride and tetrabromide with N-(dimethylphenyl)benzalaldimines 
have been synthesized and characterized by electronic, infrared and Raman spectroscopy. The 
vibrational data have been interpreted in terms of trans-octahedral structure. 

Transition metal complexes of Schiff bases which apart 
from the imine group have other functional group, 
usually -OH, sulliciently near to the N donor atom to 
be able to form a chelate ring, have been studied 
extensively.‘-’ Comparatively little attention has been 
given to systems in which the Schiff base is a mono- 
dentate ligand and the metal is a non-transitional ele- 
ment.4*5 

In this work we describe the preparation and charac- 
terization of the complexes resulting from the reaction of 
tin tetrachloride and tetrabromide with Schiff bases 
derived from benzaldehyde and substituted anilines. 

In Scheme 1, R = 2,3-di-CH,(I); 2,4-di-CH,(II); 
2,5-di-CH,(III); 2,6-di-CH,(IV); 3,4-di-CH,(V) and 
3,5-di-CH3(VI). 

- ,H 

Scheme 1. 

EXPERIMENTAL 

Tin(W) chloride and bromide were Merck products; 
benzaldehyde and amine was a Fluka product. Pure 
reagents and solvents (C. Erba) have been used and, 
when necessary, have been purified and/or dried accord- 
ing to standard procedures. Schiff bases were prepared 
by refluxing equimolecular amounts of the amine and 
aldehyde in benzene until the theoretical amounts of 
water was collected in a Dean-Stark trap followed by 
distillation of the product under reduced pressure. 

The preparation of complexes has been carried out in 
a dry-box under N2 atmosphere, using anhydrous sol- 
vents, according to the following procedure; 2 rnmole of 

*Author to whom correspondence should be ad- 
dressed. 

SnX,, dissolved in about 25 cm3 of carbon tetrachloride, 
was added dropwise to a solution of the appropiate 
amount of the Schiff base (4 mmole in 25 cm3 of CC&) 
under continuous stirring and the mixture was kept 
stirring at room temperature for about 3-5 hr. The 
precipitate was filtered off, washed with carbon tet- 
rachloride and cyclohexane, and dried in vacua at room 
temperature. The tin was estimated gravimetrically as 
SnO,. The C, H and N analyses were made with a 
conventional microanalyzer. 

The electronic spectra were recorded on a Pye Unicam 
SPS-100 spectrometer. IR spectra were recorded with a 
Perkin-Elmer 180 spectrophotometer. The adducts were 
prepared as Nujol mulls and placed between CsI or 
polyethylene windows. The Raman spectra were 
recorded in a Jarrell-Ash spectrophotometer model 
25-300, using HE-Ne laser (25 mw, 623.8 nm line) and 
placing the sample into capillary tubes in order to avoid 
hydrolysis. 

RESULTS AND DISCUSSION 

The elemental analyses (Table 1) indicate the general 
formulae of the complexes to be SnX4.2L where X = Cl 
or Br. 

The UV absorption spectrum of Schiff bases in 
different solvents shows the existence of several bands. 
The lowest energy band ca. 320 nm have been assigned 
to 1~~ -WI: transition of imine group. The second one ca. 
260 nm has been reported to be due to the transition 
within the phenyl ring orbitals of the benzal portion 

* (x*+x2 ). &* It was not possible to observe the n +R* 
imine transition band, probably because they are in- 
cluded in the envelope of a higher intensity band.6 It is 
obvious that none of these transitions will be pure as a 
consequence of conjugation of the unshared pair of 
electrons on the nitrogen atom with the 1~ orbitals of the 
imine and phenyl groups. 

In the complexes a bathocromic shift takes place for 
these transitions (Table 2) probably due to the local- 
ization of nitrogen lone-pair electrons as the complex is 
form. A similar behaviour has been found by 

1081 
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Table I. Analytical and physical data for tin(IV) complexes 

Compound c H X Sn lU.p*,W Cclour 

SnC14.2L Calc.$ 53.06 4.45 4.12 17.48 

L = (I) Found % 52.31 4.30 4.40 17.34 

L = (Irf 54.31 4.65 3.82 17.04 

L = (111) 52.05 4.41 4.16 17.44 

L = (IV) j3.18 4.22 3.67 IT.42 

L = (V) 52.82 4.21 3.93 1.7.42 

L=(vI) 52.81 4.18 4.04 17.50 

SnBr4'2L &.lc*A 42.05 3.27 3.53 13.85 

L = (I) Found $ 42.22 3.26 3.35 14.08 

L = (II) 41.66 3.25 3.00 13.71 

L = (X11) 41.05 3.32 3.24 14.00 

L = (IV) 41.84 3.32 3.35 13.66 

L = (V) 42.45 3.42 3.3? 14.20 

L = (VI) 42.27 3.41 3.24 13.96 

183 d yelow 

175 d )X?lO~ 

178 d yelow 

168 d white 

170 y&or- 

166 yelok- 

136 yelow 

77 yelow 

145 yelow 

114 white 

168 d yelow 

194 d yelow 

Table 2. UV spectral data on x --m * transitions (nm) 

Cyclohexane 1,2 Dichloroethane 
L&and 
No Ligand Cl4Sn.2L Br4Sn.2L Ligand Cl4Sn.2L Br4Sn.PL 

(1) 260, 327 263, 330 262, 329 262, 326 268, 334 263, 330 

(11) 260, 331 265, 334 263, 334 266, 332 276, 342 26% 335 

(III) 262, 331 265, 334 264, 333 242, 332 271, 334 268, 333 

(IV) 252, 332 352, 334 253, 334 252, 332 268, 334 260, 333 

(VJ 262, 325 263, 332 262, 32; 264, 325 272 , 348 268, 334 

(VI) 262, 320 263, 326 2631 324 265, 320 278, 344 265, 331 



T
ab

le
 

3.
 I

R
 

(R
am

an
) 

sp
ec

tr
a 

re
su

lts
 

in
 

th
e 

v(
C

=
N

) 
re

gi
on

 
(c

m
-‘

) 

Li
g=

d 
Li

ga
nd

 
Sn

C
14

.2
L 

Sn
B

S’
2L

 

(1
) 

16
31

 
vs

 
(1

62
3 

V
S)

 
16

45
 

m
 

(1
64

6 
m

 ) 
16

32
 

m
 

(1
64

1 
m

) 

(I
I)

 
16

30
 

vs
 

(1
62

9 
s 

) 
16

49
 

vs
 

(1
64

6 
vs

) 
16

42
 

s 

(I
II

) 
16

30
 

vs
 

(1
63

4 
vs

.) 
16

46
m

 
(1

64
7m

) 
16

46
 

m
 

(1
64

4 
m

) 

(IV
) 

16
39

 
vs

 
(1

63
8 

vs
) 

16
46

 
vs

 
16

41
 

vs
 

(V
) 

16
29

 
vs

 
(1

62
1 

m
 )

 
16

54
 

m
 

(1
65

5 
m

 )
 

16
54

 
s 

(1
65

0 
s)

 

(V
I)

 
16

28
 

s 
(1

61
8 

s 
) 

16
56

 
m

 
(1

65
5 

m
 )

 
16

54
 

s 
(1

64
8 

s)
 



1084 Notes 

Table 4. Relevant IR and Raman absorption of complexes and tentative assignments 

@n-X) @n-N) 

compound E A 
1.5 

B 
U a 

A 
ZU 

SnC14.2L 

L=(I) 

L = (II) 

L = (III) 

L = (IV) 

L = (V) 

L = (VI) 

Snl92L 

L=(I) 

L = (II) 

L = (III) 

L = (IV) 

L= (V) 

L=(vI) 

328 vs 295 vs 

320 YS 301 V8 

332 "S 296 YS 

330 vs 

323 '=I 330 sh 298 vs 

325 vs 303 s 

232 vs., 200 sh 189 YS 

225 vs, 205 sh 

220 YS, 205 sh 189 vs 

228 VS, 210 sh 

230 VS, 200 sh 208 s 

205 vs 190 vs 

250 w 310 m 

255 w 295 m 

251 m 312 s 

300 s 

254 w 303 sh 

267 v 305 m 

148 w 305 q 

310 m 

15') w 308 m 

318 s 

155 w 312 m 

148 X' 312 m 

Brocklehurst’ when the nitrogen lone pair electrons are 
localized by protonation or nitrone formation. This shift 
may be interpreted as indicative of the bond of the 
imino-nitrogen to the metal. 

The ligand band *in the region 1623-1639 cm-’ in 
infrared and Raman to which a high v(C=N) con- 
tribution may be assigned shifts to higher frequencies in 
all the adducts (Table 3) indicating that the coordination 
of SnX, is effected through the azomethine nitrogen of 
the ligands and this may be interpreted as a consequence 
of increased bond order in the carbon to nitrogen link. 
AD analogous behaviour has been found for several 
adducts of Schiff bases.9*‘0 

For these adducts, there are two probable 
confIgurations; one is the c&form with C, symmetry for 
the skeleton and the other is the tram-form with D, 
symmetry. In theory a tram coniiguration having two 
stretching modes, one v(Sn-X)(EU) and one 
v(Sn-N)(A,) IR active, and three stretching modes, two 
v(Sn-X)(A,, + B,& and one v(Sn-N)(AS Raman active 
that should be readily distinguishable from a cis mole- 
cule with six IR and Raman active vibrations, four 
v(Sn-X)(ZA, + B, + B3 and two v(Sn-N)(A, + B2). 
However as can be seen (Table 4), the number of the 
bands and their position suggest that these complexes 
have a rrun.r-con@uration or DM symmetry. The IR 
spectra are strikingly similar in the metal-halogen 
stretching region and are characterized by an intense 
band with a weak shoulder which appears in the region 
320-330 cm-’ for chloride complexes and co. 100 cm-’ 
lower for bromide complexes. The appearance of a 
shoulder band may indicate the splitting of the doubly 
degenerate Sn-X stretching mode (Ed due to lowering 
of the Da symmetry in the solid state.” The v(SnC1) are 
in good agreement with the range predicted by several 
authors”-‘3 for the six-coordinated adducts of tin tet- 

rachloride (usually 360-300 cm- ‘). Also the ratio 
v(SnBr)/v(SnCl) comes out to be 0.63-0.71 which is 
within the range accepted for complexes having similar 
coordination. The band at cu. 300 cm-’ in the spectra of 
SnQ2L and SnBr.,.ZL is tentatively assigned to the 
v(SnN), since the positions of these bands are not likely 
to be different in the two spectra. The Raman spectra of 
these complexes confirm these conclusions. An intense 
Raman line, non-coincident with the strong IR band and 
at lower frequency accompanied by a weaker line at cu. 
50cm-’ to lower frequency appears in each case. This 
is the same type of spectrum as that found for other 
SnX, adducts. r4,15 The strong Raman line can be as- 
signed to the A,, v(Sn-X) mode and it weaker counter- 
part to the B,, mode of a truns D, skeleton. The 
frequency shift of the A,, mode of a trans adduct 
accompanying the halogen substitution, also wnfirms 
our assignment by the constancy of ?the ratio 
v(SnBr)/v(SnCl); this ratio is close to &/p,$ = 0.66, as 
spected in the harmonic potential approximation.‘4 
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PREPARATIONS OF SOME TRIBUTYLTIN PHOSPHATES 
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ABSTRACT 

Different complex tributyltin organophosphates have been prepared; in some cases 

the organotin cation is directly linked to the phosphate group, in other cases it is linked 

to a carboxylate or to a thioate function in a RO-P substituent. The direct phosphorylation 

of a tributyltin hydroxy salt is only possible for a marked covalent salt. Intramolecular 

rearrangements were observed. 

The combination of the tributyltin group g well-known fungicide) to an organo- 

phosphate with similar properties gives the compound a wide spectrum of toxicity. Numerous 

organotin phosphates have therefore already been described in the literature 
l-3 

. We report 

here on the syntheses of some new tributyltin organophosphates which are in fact parents of 

organophosphorus pesticides. They were prepared by direct action of organophosphorus acid 

or salt on bis(tributyltin)oxide (TBTO) or tributyltin chloride (TBTCl). Direct phosphory- 

lation of a tributyltin hydroxy salt was found to be difficult and could be used only in a 

few caseq. 

EXPERIMENTAL 
1 
H and 31 P NMR chemical shifts are expressed in 6 units, referenced to TMS and a 

85% H3P04 solution. Butyl protons are not reported. 

Chromatograms (glc) were carried out on a SE30 column at 150°C, allowing the 

identification of Bu Sn 
4 

and TBTCl formed in some reactions. 

The C, H. N analyses are reported in the table. 

The tributyltin compounds used in this work were prepared by adding TBTO (0.1 

3 
mole) to a solution of acid (0.2 mole) in acetone or benzene (100 cm ) in the presence of 

calcium sulphate' (log) under refluxing conditions for 3h. The product was isolated after 

filtration and evaporation of the solvent. 

Bis(tributyltin) 2-aminoethyl phosphate 1 was obtained by decantation after addition of 50 ____-_____--_-______~-~~~~~~~~-~~~~~~~- 5 
3 

cm of acetone solution of TBTCl (11.6 g. 35.6 mmol) to 100 cm3 of aqueous solution of 

dipotassium 2-aminoethyl phosphate (3,9g, 17.8 mmol)- NMR:6 ppm: 3.7 t(2) 2.75 t(2) 

Tributyltin bis(2-bromophenylamido)phosphate 3 ____________________~~~~~~~~~~~~~~~~_~~~~~~~ ?r Potassium bis(Z-bromophenylamido)phosphate 

(prepared by action of 2-bromoaniline (37.2g, 0.216 mole) on phosphoryl trichloride (15.3;:. 

0.1 mole) in 200 cm3 of ether at O'C. followed by hydrolysis in 200 cm 
3 

of alcoholic potas- 

sium hydroxide (0.1 mole)) and TBTCl (0.1 mole) were heated for 30 min in refluxing ethanol. 

After KC1 filtration and ethanol evaporation, compound 2 was recovered as a liquid. 

* Author for correspondence 
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Tributyltin bis(dimethylamido)phosphate $ was precipitated by adding 100 cm3 of acetone _~_--------~-~~-~~_-~-~~-~---~~---~ 

solution of TBTCl (33.8 mmol) to 50 cm3 of an aqueous solution of the potassium salt(33.8 

mmol) obtained from hydrolysis of bis(dimethylamido)chlorophosphate- NMR:b ppm: 2.45 d(12) 

Tributyltin ethyl (diethoxydithiophosphoryl)succinate 0 _______-___________-________I___________~~~~~~~~~~ - The hydrogen ester was obtained by 

the Chen method4. Compound 0 was prepared by action ok' TBTO on the hydrogen ester under 

acetone reflux and in the presence of calcium sulphate - NMR:6 ppm: 4.2 m(7) 2.95 d(2) 

Bis(tributyltin) 2,4,5-trichlorophenyl thiophosphate Q - The thiophosphorylation was carried _______________________-_------------------------- 

out according to the literature 
8 . Two equivalents of triethylamine and of tributyltin 

glycolate were then introduced at - 17°C. After stirring for 90 min at room temperature, the 

mixture was treated with a 2% sodium carbonate solution and then extracted by petroleum 

ether. After evaporation of solvent, compound Q was isolated in liquid form. 

Phosphorylation of tributyltin compounds - _______________-_______________________ The phosphorylation was carried out by adding 

28.6 mm01 of each of the two reactants, potassium carbonate (15g) and in some cases copper 

powder (O.lg) in 150 cm3 of solvent (PhH or THF). After stirring for 2h. the mixture was 

filtered, evaporated and analysed. 

Tris(tributyltin) tris(2,3,5-trichloro-6-pyridyl) tetra(thiophosphate) @ - Chlorpyrifos -----_-_____________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--____ 

(5g, 14.2 mmol) and tributyltin glycolate (10.4g, 28.5 mm011 were heated at 130°C for 2h 

under reduced pressure. Compound &z slowly precipitated after addition of methanol- 

Molecular weight by vapour osmometry : Found (1620 + 2OO)g, Calc.: 1810g. 

Table: Analytical Data, Found% (Calc.%) 

Compound Formula C H N 

k C26H6CNo4PSn2 liquid 43.8t43.42) 8.4(8.41) 1.7(1.95) 

2 C24H37Br2N202PSn liquid 42.Oc41.47) 5.8t5.37) 319(4.03) 

4 % C16H39N202PSn F=173OC 43.6t43.56) 8.1(8.91) 6.Ot6.34) 

5 + C22H4506PS2Sn liquid 42.4c42.66) 7.2t7.32) 

C30H56C1303PSSn2 liquid 41.3C41.34) 6.6t6.47) 

C51H84ClgN309P4S4Sn3 solid 34.1l33.83) 4.7c4.67) 3.Ot2.32) 

b 

RESULTS AND DISCUSSION 

Compounds &, 2 and $ were obtained by action of the potassium salt on TBTCl. The 

structure of +, was corroborated by the disappearance of v(P=O) band and the value of 31P 

chemical shift7. 1 was slowly hydrolysed. the appearance on the IR spectrum of the two 

deformations 6(NH2) and 6(NH3+) at 1670 and 1590 cm 
-1 

, which were also observed for the 

potassium hydrogen salt, is consistent with the following reaction: 

(NH2CH2CH2C)PO(OSnBu3)2 c H20 .-) (NH2CH,CH,0)PO(OH)(OSnBu3) + l/2 TBTO (1) 

4 
631P = - 4.9 ppm 

5 
632P = - 6.4 ppm 

The tvo anidophosphates 9 and ,4 are easy to prepare and stable. Their structures 

were monitored by their IR spectra. 

Compound 2 was synthesized by action of TBTC on the organophosphorus acid in the 

presence of calcium sulphate as drying agent'. The IR spectrum showed that the carboxylate 

group is monooentate and that there is no coordination between the ester function and the 

tin atom: 
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vIC=O) = 1740 cm 
-1 

ua*WO) =1660 cm 
-1 

5 
CH2CCOSnBu3 -1 

% 
u(P=S) = 830-810 and 660 cm 

The third method of preparation investigated was 

tributyltin compound. 

the direct phosphorylation of a 

The phosphorylation of two equivalents of tributyltin glycolate by dichloro-2.4, 

5-trichlorophenyl thiophosphate was probably accompanied by the rapid hydrolysis of the 

condensation product in the course of preparation. The compound Q which was formed underwent 

a slow intramolecular rearrangement which was revealed by gas chromatographic analysis. 

/O\. ._p [C13C6H20jSP,o,SnBu2 + Bu4Sn (2) 

? 

The action 

formula Y2PXCl with X 

Y substituent. 

of tributyltin 2-hydroxyethane thioate on chlorophosphates of general 

=S or 0 and Y = OEt, OCH2CC13 or NMe2 depends on the solvent and the 

For X = S and Y = OEt , compound Q was obtained in benzene in the presence of 

potassium carbonate and copper powder. In the absence of copper, an isomerisation P=S/P=O, 

responsible of the appearance of the v(P=O) at 1250 cm 
-1 , was observed. In THF,the 

partially isomerised potassium salt, revealed by its IR spectrum, was isolated. . 

(EtO),PSCl r PhH. Cu+(Et0)2PS(OCH2CH2SnBu3) ,8 v(P=S) = 815-790, 675 cm-l 

L 
+ -I- (3) 

HOCH2CH2SSnBu3 
THF - (EtO)PO(OK)(SCH2CH20H) + (EtO)PS(OK)(OCH2CH20H) ,9 

v(OH)=3400 cm 
-1 

v(pO;)=1145 cm 
-1 

v(P=S)=7BO-760.660 cm 
-1 

For X = 0 and Y = 0CH2CC13, in the same conditions, potassium bis(2.2,2-trichlo- 

rdetnyl)phosphate '$2 always precipitated. The second product of the reaction was the initial 

organotin compound or TBTCl in the presence of copper powder. The great insolubility of the 

salt &Q is responsible for the lack of reaction with TBTCl. 

For X = 0 and Y = NMe2, product J.. decomposes slowly following reaction (4). The 

1,4-dithiacyclohexane was identified by its NMR spectrum; its formation possibly involved a 

sulphonium cation 
5 . 

(Me2N)2PO(OCH2CH2SSnBu3) 

11 

.-~(Me2N)2PC(OSnBu3) + S<z::>S 

Ir% ,4 2 2 

Similarly, the phosphorylation of tributyltin 4-amino salicylate did not give 

the desired product. In THF, the dipotassium salt ~H,C,H,(COCK)O]PS(OEt)(OK) 4,2 of the O- 

phosphorylated product precipitated. In benzene, both hydroxy and amino functions reacted; 

the 4-amino salicylic acid which was formed crystallised. In the remaining liquid there was, 

as well, a slow rearrangement between TBTCl formed in the reaction and compound 42 according 

to reaction (5). 

(Et0j2PSNH 0 Q COOSnBu3 + TBTCl _e (Et0j2PSNH 0 

-Q 

COO-SnBu2 

\ 

+ Bu4Sn (5) 

&9 0PS(OEtJ2 G! OPS(OEt)O 

g31 P ppm : t$ : - 57.3 $2 + k$: - 68.8 -60.8 and - 56.5 

Tetrabutyltin was detected by its chromatographic peak. The constitution of the mixture 

J.2 + ;,4 was monitorea by the 
31 
P spectra. The 

31 
P chemical shift decreases when an OR group 
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is replaced by a NS$ group; it increases in an ionic salt or in an aromatic phosphate7. We 

therefore attribute the major signal at - 68.8 ppm to the structure Ar-NH-PS(OEtj2. the 

signal at - 60.6 ppm to the group Ar-0-PS(OEt12 and the signal at - 56.5 ppm to the ionic 

group Ar-0-PS(OEt)-. 

In the same conditions, 4-nitro-2-hydroxy, 2,4-dihyciroxy and 4-hydroxy benzoate 

of tributyltin gave the potassium salt of the acid only. 

These different experiments showed that the direct phosphorylation of a tributyl- 

tin hydroxy salt does not generally give the expected product because the nucleophilic 

attack on the phosphorus atom can occur by the salt function if this is too ionic. For this 

reason, the best results were obtained in benzene solutions. 

The transesterification of an organic commercial phosphate (R0j2PSY by tributyl- 

tin glycolate was not successful.The desired proauct (RO),PSY(OCH,CUOSnRu,) which was formed 

transiently was solvolysed by the ROH alcohol resulting from the reaction, and hydrolysed 

by water formed by dehydration of glycolate. In the case of chlorpyrifos. we isolated the 

unknown tetra(thiophosphate) ;,5. 

The direct substitution of an etnyl group in triethylphosphate by trimethyitin 

has been achieved recently by heating trimethyltin halogenide with the phosphate'. We 

observed that this reaction cannot work with the tributyltin moiety, possibly because the 

covalent character of the tributyltin halogenide is too high. . 
In conclusion, we must underline the difficulties entailed in the preparation of 

complex tributyltin phosphates. The most stable compounds are monotributyltin which.contain 

an amido group and could constitute products with interesting anti-fouling properties. 
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Abstract 

The condensation of e-aminobenzenthiol with 2-thiophenecarboxaldehyde 

yields 2-thiazolin-2-ylthiophene rather than the expected Schiff base. 

However, upon reaction with metal ions, the thiazoline rearranges to 

the expected thiolate Schiff base. Complexes of the Schiff base with 

Ni(II), Cu(II), Zn, Cd, Pb(II), Ag(1) and Pd(I1) have been isolated 

and characterized. 

It is well established now that the condensation of an aldehyde with an aminethiol, such as 

g-aminobenzenthiol, does not yield the Schiff base as would the amine if no thiol groupwas 

present. The sulphur atom of the thiol group tends to form another S-C bond. Cyclization 

takes place with the resulting formation of a thiazole (as in the case of 2,6_pyridinedicar- 

boxaldehyde') or a thiazoline (as in the case of 2,5-thiophenedicarboxaldehyde2).The purpose 

of the present work was to check the behaviour of 2-thiophenecarboxaldehyde and to investi- 

gate.the reactions of the resulting thiazoline or thiazole with metal ions. 

Experimental 

Preparation of 2-thiazolin-2-ylthiophene: A solution of 2-thiophenecarboxaldehyde 6.729, 

0.06 mole) in ethanol (12 cm3) was treated with g-aminobenzenethiol (7.509, 0.06 mole) in 

ethanol (12 cm3). The mixture was refluxed for 3% hrs. Concentration of the solution led 

to the formation of a pale yellow product which was recrystallized from ethanol. Yield;6.92g 

(53%). M.pt. 94-95'C. Found: C, 60.53; H, 3.69; N, 6.48; S, 29.36. Calc. for CIIHgNS2; 

C, 60.24; H, 4.13; N, 6.39; S, 29.24%. IR spectrum: wNH at 3300 cm-l. 

Oxidation of 2-thizaoline-2-ylthiophene: Oxidation was carried out by bubbling air for four 

hrs in a benzene solution of 2-thizaoline-2-ylthiophene. The oxidation product was 2-thia- 

zol-2-ylthiophene. Found: C,6D.83; H, 3.30; N, 6.46; S, 29.51. Cal. for C11H7NS2; C, 60.80; 

H, 3.25; N, 6.45; S, 29.14%. NO band was observed in the IR spectrum above 3100 cm -1 , indi- 

eating the absence of vNH. 

* Author to whom correspondence should be addressed. 
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Reactions of Z-thiazoline-Z-ylthiophene with metal ions: The ligand was reacted with the 

metal ions investigated according to the following procedures: 

(i) A hot solution of the ligand (0.219 g, 1 nzaole) in ethanol (7 cm3) was added to a hot 

solution of the metal salt (0.4 nnnoles) in ethanol (10 cm3). The precipitate that was 

formed was filtered off, washed with ethanol and ether, respectively, and dried in vacua 

over P205. This procedure was followed for the reactions of CuC12.2H20, Pb(CH3C00)2, 

Cd(CH3C00)2.2H20, Zn(CH3C00)2.2H20 and CU(CH~COO)~.H~O. Acetone was used as a solvent in 

the reaction of CU(C~O~)~.~H~O. 

The same procedure was applied for the reaction of AgC104 except that the reaction 

mixture had to be stirred for two hours at room temperature in order to precipitate the 

product. 

(ii) The reaction of the ligand with dichloro-bis-(benzonitrile)palladium(II) was carried 

out by stirring a mixture of benzene solutions of the ligand and the Pd(I1) complex for one 

hour at room temperature. The product obtained was filtered off and washed with benzene, 

then dried in vacua over P205. 

(iii) Bis-(acetylacetonato ) nickel(I1) was reacted with the ligand by mixing boiling ben- 

zene solutions of Ni(accac)2.H20 and the ligand. An immediate wine-red colouration was 

observed. The mixture was concentrated in a hot water bath and petroleum ether (llO-12O'C) 

was added. The reddish-brown precipitate that separated was filtered off, washed with pet- 

roleum ether, and dreid in vacua over P205. 

Results and Discussion 

The reaction of 2-thiophenecarboxaldehyde with g-aminobenzethiol afforded a product whose 

IR spectrum shows a band at 3300 cm-I (assigned to vNH) but no absorption at 2600 cm -1 

(the vSH region). Thus the Schiff base 2-thiophen-2-yl-IN(phenylen-2-thiol)aldimine) &is 

ruled out. By comparison with the behaviour of 2,5-thiophenedicarboxaldehydd2 the product 

is characterized as 2-thiazolin-2-ylthiophene(9. This is further substantiated by the 

absence of uCzN in the IR spectrum of the product. The uCEN band is observed in the 

oxidized product 2-thiazol-2-ylthiophene(g) at 1590 cm-'. The vNH disappeared in the 

thiazole(I&). Both the thiazoline IJ and the thiazole g have not hitherto been reported. 
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HN 
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TABLE I 

Reactions of Some Metal Ions with 2-Thiazoline-2-ylthiophene 

Melt Salt 

CuC12.2H20 

CU(CH~COO)~.~H~O 

Cu(C104)2.6H20 

Pb(CH3C00)2 

Cd(CH3C00)2.2H20 

Zn(CH3C00)2.2H20 

AgC104 

Ni(acac)2.H20 

Pd(C6H5CH)2C12 

Product Colour 

Cu(SB)Cl Mustard 

Cu(SB)(CH3COO).l/2H20 Dark Brown 

Cu3(SB)4(C104)y2H20 Brown 

Pb(SB)2 Yellow 

Cd(SB)(CH,COO).l/2H,O Yellow 

Zn(SB)2 Orange-Red 

Ag4(SB)3C104.H20 Yellow 

N~(SB)~.H~~ Reddish-Brown 

Pd(SB)C1.H20 Red 

Decomposition 
point(oC) 

185-190 

155O 

238-240 

225-228 

285-290 

230 

180 

153-157 

over 360 

TABLE II 

Element Analyses of the Reaction Productsof 2-Thiazoline-2-ylthiophene with Metal Ions 

Analyses* % 
Compounds 

c I! !! s Cl - 

Cu(SB)Cl** 42.53(41.63) 2.45(2.54) 4.60(4.42) 19.80(20.21) 10.57(11.17) 

Cu(SB)(CH3COO).l/2H20 44.41(44.62) 3.17(3.46) 4.62(4.00) 19.33(18.33) 

CU~(SB)~(C~O~)~.~H~O 40.58(40.39) 2.85(2.47) 4.66(4.33) 18.95(19.79) 4.89(5.48) 

WS8)2 40.43(41.03) 2.62(2.51) 4.31(4.35) 19.20( 19.92) 

Cd(SB)(CH,COO).l/2H,O 39.19(39.15) 2.89(3.03) 3.73(3.51) 16.02( 16.08) 

Zn(56)2 52.28(52.67) 3.34(3.22) 5.66(5.59) 24.94(25.57) 

Ag4(SB)3C104.H20 32.35(32.92) 2.15(2.18) 3.67(3.49) 16.30(16.00) 3.10(2.95) 

Ni(SB)2.H20 52.96(51.47) 3.66(3.53) 5.29(5.46) 23.85(24.98) 

Pd(SB)Cl.H20 34.28(34.93) 2.44(2.66) 3.97(3.70) 16.86(16.97) 9.38( 11.23) 

* (Calo); ** SB is 2-thiophen-yl-{N-(phenylen-2-thiolate)aldimine) 

The results of the reactions of 2-thiozolin-2-ylthiophene IJ_with some metal ions 

are listed in Tables I and II along with the elemental analyses of the reaction products. 

The behaviour of 2-thiazoline-2-ylthiophene _IJ, is distinctly different from that of the 

corresponding 2,6-pyridine dithiazole (and dithiazoline) and 2,5-thiophene dithiazoline. 

The reactions of transition metal ions with 2,6-pyridine dithiazole result generally in the 

formation of complexes in which the thiazole rings remain intact. The ligand behaves simply 

as a disubstituted pyridine bonded to the metal through the pyridine nitrogen'. With 

2,5-thiophene dithiazoline, however, one or both of the thiazoline rings may open, depending 

on the stoichiometric requirements of the complexes2. This may be due to the reluctance of 

the thiophene sulphur atom to bond to the metal ions. It has been observed that while 
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2,6-pyridinedicarboxaldehyde readily forms complexes with several transition metal ions3, 

no complexes could be obtained from the reaction of 2,5-thiophenedicarboxaldehyde wfhh 

metal ions4. 

The reactions of Z-thiazolin-2-ylthiophene with the metal ions investigated in 

this work are invariably accompanied with the opening of the thiazoline ring and the re- 

arrangement of the ligand to the Schiff base 2-thiophen-yl-{N-(phenylen-2-thio)aldiminel(A). 

Thus the complexes obtained were of the form MSBX (M = Cu, Pd; X = Cl; M = Cu, Cd; X = 

acetate) and M(SB)2 (M = Pb, Zn, Ni). SB stands for the conjugate base of the Schiff 

base I. The perchlorates of Cu(I1) and Ag(1) afforded the complexes CU~(SB)~(C~O~!~GH~O 

and A<4(SB)3C104.H20, respectively. The Schiff base ligands in these latter complexes 

bridge the metal ions. No absorption above 3100 cm-l occurred in the spectra of the an- 

hydrous complexes, indicating the absense of NH bonding. Moreover, uCcN was invariably 
-1 observed about 1590 cm . These observations along with the elemental analyses, support 

the formulation of the ligand as the anion of the Schiff Base& 

The complex Pd(SB)C1.H20 was decomposed with aqueous KCN and the organic ligand 

was recovered. It was identified as the original thiazoline g. Thus in the absence of 

metal ions the free Schiff base apparently rearranges in a fast reaction to the more 

favoured thiazoline. 
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Migration Controlled by the Nature of Ancillary Ligands.+ -- 

By David C. Griffiths and G. Brent Young,* 

Chemistry Department, Imperial College of Science and Technology, 

London, SW7 2AY. 

(Received 20 June 1983: accepted 21 June 1983) 

The novel complexes L2Pt(CH2CMe2Ph)2 CL2 = l,+cod, 2,2'-bipy, 2,2'-bipym; L = PEt3, 

PPh3] readily undergo cyclisations to afford L2Pt(2-C H CMe2CH2) 
64 

with elimination of 

E-butylbenzene at rates dependent on L2; reaction is fastest for the bulky monodentate 

Ph3P, while chelating ligands generally decrease lability. 

Hydrogen migrations provide some of the major rearrangement paths for organotransition 

metals. The1 E-elimination is especially facile for alkyl-metals and has received much 

attention. 
1 Where this option is suppressed, however, it may be supplanted by an o- 

hydrogen abstraction2 or, as has emerged more recently, migration from a more remote v-3 

or 6-carbon.3'4 We now report a &elimination from a novel dialkylplatinum(I1) precursor 

L2PtR2, * which affords a platinacyclopent-2-ene. We have discovered that the facility of 

the transformation is critically dependent, inter alia, on the ancillary ligand L 

(Scheme). 

Dineophyl(l,+cyclooctadiene)platinum(II), la, is obtained as colourless crystals 

from the reaction of excess neophylmagnesium chloride with (cod)PtC12 in tetrahydrofuran 

at temperatures not exceeding ambient (yield 68%). ' H n.m.r. parameters appear in Table 

1. Particularly diagnostic of la are the 1:4:1 triplets at 3.07 ppm fJ,,_, = 38 Hz] and 

2.24 pbm rJpt_H = 88 Hz], characterising the platinum-bound alkene and methylene 

hydrogens, respectively. 

When a toluene solution of la is heated, smooth quantitative conversion to the 

platinacyclopentene 2a is observed, with concomitant liberation of an equivalent amount 

of tert-butylbenzene. These events may be followed conveniently by 1 
H n.m.r. 

spectroscopy; 2a has two distinct platinum-bound alkene environments which generate 1:4:1 

resonance patterns at 4.64 L2Jpt_H = 44 Hz] and 5.08 ppm fJPt_H = 37 Hz], while the 

metallacyclic methylene hydrogens appear at 2.29 ppm ~~~~~~ = 88 Hz] (Table I).' 

The diene ligand in la can be replaced by a variety of nitrogen and phosphorus donor 

ligands. Treatment of a chloroform solution of la with 2,2'-bipyridyl yields lb. If 

reaction is conducted at room temperature, however, metallacyclisation occurs at an 

appreciable rate and 2b is the predominant product. Optimal preparation of bright red, 

crystalline lb involves reaction at 10°C in toluene with a large excess (ca. SO-fold) of 

2,2'-bipyridyl and with rigorous exclusion of air.6 Reaction is complete in 4 days. In 

notable contrast toluene solutions of the corresponding 2,2'-bipyrimidyl derivative ic 

+%eophyls = 2-methyl-2-phenylpropyl 

*To whom correspondence should be addressed. 
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are thermally inert at ambient temperatures, even in air. Wine-red crystals are recoverfjd 

after 10 days’ reaction of equivalent la and bipyrimidyl. Temperatures in excess of 40 C 

are required to generate 2c at significant rates. In the ‘H n.m.r. spectrum of a 

tolueneil8 solution, the methylene triplet at 2.73 ppm for lc is replaced by another at 

2.88 ppm (ultimately of 50% relative intensity) while the methyl resonance of tert- 

butylbenzene (1.14 ppm) appears simultaneously. 

Displacement of x,5-cyclooctadiene by tertiary phosphine ligands is much more rapid; 

metathesis is complete at 20°C in 2-24 hours e Dineophyl- 

bis(triethylphosp~e)plati~~(II), ld, can be isolated as colourless prisms. This 

derivative undergoes cyclisation at 35’C in toluene to give 2d. In this case, 31P n.m.r. 

spectroscopy is more convenient as a reaction monitor; the 1:4:1 triplet for Id gives way 

to a corresponding triplet of AR quartets, characteristic of 2d (Table 1). 

Interaction of la with triphenylphosphine, on the other hand, leads directly to 2e. 

The intermediate dialkyl le is too labile even at O°C to be isolated. It can, however, 

be detected as a transient intermediate by 31 P n.m.r. spectroscopy (Table 1) in freshly 

mixed solutions of la and a large (ca. s-fold) excess of triphenylphosp~ne. 

The metallacyclisations conform to first order kinetics. Rate constants are 

presented in Table 2 (reaction of ld is too rapid at 60’~ for its rate to be reliably 

measured by 31P n.m.r. spectroscopy). We are now engaged in extensive kinetic studies 

airned at elucidating the mechanism of the rearrangement but some preliminary comments are 

pertinent. 

Although decomposition solvents and temperatures do not coincide, the indications 

are that neophyl complex Id is appreciably more labile than its neopentyl- 3b and 2,2- 

dimethylbutylplatinum4d analogues . Cyclisation of Id to give 2d is retarded by the 

presence in solution of triethylphosphine, in accord with a pathway in which phosphine 

dissociation normally occurs prior to cyclisation. 3h,4d Significantly, ring-closure in 

complexes with chelating ligands, la-&, is unifornly much slower, although we have yet 

to examine fully the effect of a bidentate diphosphine for more legitimate comparison. 7 

The rate constant for formation of 2e from le is estimated to be 2 4.0 x 10W4 set-’ 

,at ambient temperature, in the presence of a five-fold excess of triphenylphosphine. 

Under analogous conditions, cyclisation of Id is negligibly slow. The two phosphines 

differ appreciably in bulk’ and the contribution of steric congestion in controlling 

cyclisation and elimination in related dineopentylplatinum complexes has been 

emphasised. 9 Whether the rate-difference reflects easier phosphine dissociation or 

c_rowded transition state geometry has yet to emerge. Electronic disparities, moreover, 

cannot be entirely discounted. 

Bipyridyl and the nominally isosteric bipyrimidyl, however, do create different 

electronic environments at the metal, on the evidence of u.v.fvisible spectra. The 

lowest energy metal ligand charge transfer transition (dv-s*) which appears at 477 xus for 

lb is shifted to lower energy at 502 run in the bipyrimidyl analogue lc. lo In spite of 

this , we detect no significant rate-difference in their rnetallacyclisations. 

Related cyclisations of dialkylplatinum complexes have been proposed to involve 

transient hydridoalkylplatinum(IV) intermediates, 324 and a hydridoiridium(II1) product of 

neophyl cyclisation has recently been isolated. 3c The thermal rearrangement of la is 

remarkable for its cleanness, in view of the lability of cyclooctadiene derivatives of 

Pt(IV) towards alkene loss, 11 and the complicated thermolytic behaviour of previously 

observed (cod)PtR2.1a 
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Under the relatively mild conditions required for these reactions, the 

metallacyclopent-2-ene is the only significant organometallic product. At present, we 

detect neither metallacyclobutane formation3 (via attack on ligand methyl substituents) 

nor rearrangement to 2-tert-butylphenylplatinum species, 13 to any appreciable extent. 

Moreover, we have observed no coupling or deuterium-abstraction products ascribable to 

free radical participation. The rates and products of thermal decomposition of 1 are, 

however, affected by the presence of dioxygen, and by the use of halo-carbon solvents. 

The mechanistic significance of these observations is being explored. We are, in 

addition, studying the related, but comparatively less labile, asymmetric dialkyl 

L2Pt(Me)(CH2CMe2Ph), 3, which affords 2 by elimination of methane. 

We thank the SERC for a studentship (to D.C.G.) and Johnson-Matthey, p.l.c., for 

their generous loan of platinum. Equipment grants in support of this research from the 

Royal Society and the University of London Central Research Fund, are also gratefully 

acknowledged. Thanks are additionally due to Sue Johnson and Dick Sheppard for F.T. 

n.m.r. measurements. 
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Table 1 

N.N.R. Characteristics of Neophylplatinum and Platinacyclopentene Complexes. a,b 

COMF’OUND 6 ‘H ppm: Hydrocarbyl Ligands (J,pt_a) [Assignment] 

CH2 1 CH3 1 Aromatic 

la (C8H12)Pt(CH2CMe2Ph)2C 2.23 (88) X.53(6) 7.45 dd (JH _H = 8) [Kg 
2 3 

7.17-6.92 m IH~,H~] 

2a ~C8H12)Pt(2-~6H4CMe2~H2) 
d 

2.29 (89) 1.44 7.26-700 m 

lb (bipy)Pt(CH2CMe2Ph)2 2.78 (86) 1.78 7.68 dd (JR _H = 7) B21 
2 3 

7.04-6.64 m F3,fi41 

2b (bipy)Pt(2-C6~4~Me2~H2) 2.91 (96) 1.81 7.31-6.84 m 

Ic (bipym)Pt(CH,CMe,Ph), 2.74 (87) 1.78 6.78-6.60 :$ 7.68 dd (J ;-; F21 
-3' 4 

2c (bipym)Pt(Z-C6H4CMe2CH2) 2.87 (97) 1.76 7.25-6.98 m 

ld (Et3P)2Pt(CH2CMe2Ph)2 f,h 2.26 tm (64) 1.73 7.65 dd (JH 3=7)1?121 
2 _H 

7.38-7.1s m Ik3,H4j 

2d (Et3P)2Pt(2-~6H4~Me2~H2) f,i 2.14 tt (561 1.73 7.27-7.16 m 

('J Pt-H 
= 6 Hz) 

le (Ph3P)2Pt(CH2~Me2Ph)2J g g g 

2e (Ph3P)2Pt(2-C6H4CMe2CH2) f,k 2.37 tt (62) 1.71 e 

(2J Pt-H 
= 5 Hz) 



Notes 

Footnotes to Table 1. 

a; All spectra recorded in d*-toluene unless otherwise stated. 

b; Coupling constants in Hz if observed. 

c; alkene CH: bH = 3.87,2J(Pt-H) = 38; 

d; alkene CH: gH1 = 5.08,6H, = 4.64, 2J(Pt-H1) = 38, 2J(Pt-H2) = 42. 

e; Obscured. 

f; 'H spectrum recorded in d%ensene. 

g; Complex too labile at ambient temperature to be observed by 1H n.m.r. 

(see text). 

h; 6P: 0.74 ppm; 'J(Pt-P)= 1678 

i;bP 1: 13.25 ppm; 'J(Pt-P1) = 1833 ; 6P2: 10.62 ppm; 'J(Pt-P2) = 1857; 

2J(P1-P2) = 13 

j; 6P: 27.17 ppm; 'J(Pt-P) = 1668. 

k; 6Pl: 35.02 ppm; lJ(Pt-Pl) = 1949 ; 6P2 34.72 PP~; 'J(Pt-P2) = 1813; 

2J(Pl-P2) = 9 

Table 2 

First Order gate Constants for Rearrangement 1+2.a 

Complex 1 k (set-' x 10 ' 

la (C8H12)Pt(CH2CMe2Ph), 60 3.0 

lb (bipy)Pt(CH2CMe2Ph)2 60 1.8 

lc (bipym)Pt(CH,CMe,Ph), 60 1.8 

Id (Et3P)2Pt(CH2CHe2Ph)2 35 22.3 

a Thermal decomposition carried out in toluene, under 

argon. 
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I 

‘\ P 
Pt 

A ‘\ \/ 
L' b 2 6 Pt + 

toluene L/ 3 

c 

(a) Lx = 1,5-cyclooctadiene (cod) 

(b) LL = 2,2'-bipyridyl (bipy) 

(c) L2 = 2,2'-bipyrimidyl (bipym) 

(d) L = triethylphosphine 

(e) L = triphenylphosphine 
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Abstract-Metallic Pr, Nd and Dy reacted with iodoethane at room temperature or 65°C in tetra- 

hydrofuran (THF) but Gd, Ho and Er did not. The reaction of PhLnI complexes (Ln*Eu, Sm. Yb) 

withN,N-dimethylbenxamide gave benzophenone in good yields whilst the reaction of EtSmI with 

benzaldehyde afforded reduction and coupling products of benzaldehyde. 

The formation of complexes of type RLnI by the lanthanides (Ln) such as Ce, Sm, Euand Yh 

was first reported by Evans et al.' We have reported reactions of phenylytterbium iodide 

(PhYbI) with carbonyl compounds. 2,3 We wish to report here the reactivity of Pr, Nd, Gd, Dy, 

Ho and Er to iodoethane, and the reactions of RLnI withN,N-dimethylbenzamide and benxaldehyde. 

Each lanthanide metal was allowed to react with iodoethane in THF at room temperature 

or 65OC. The results are listed in Table 1, and the data in the table show that Pr, Nd and 

Dy react with iodoethane to give coloured solutions which presumably contain EtLnI u complex- 

es, whereas Gd, Ho and Er did not react. 

Table 1. Reactivity of rare earth metals to iodoethane 

Ln Pr Nd Gd DY Ho Er 

That 

RYbI 

Reacts yesa yesb no b yesb no b no b 

aReaction temp: room temperature. b Reaction temp: 65'C. 

Yb reacts easily with organic halides such as iodoethane or iodobenzene to give divalent 

o-complexes' is due to filled f14 electronic configuration of Yb2+. 

The chemical behaviour of RLnI, prepared in situ, toward N,N-dimethylbenxamide and 

benzaldehyde was investigated. The reactions of PhYbI complexes with dimethylbenzamide gave 

benzophenone in good yields. The results are summarized in Table 2. For comparison, the 

Table 2. Reactions of PhLnI with N,N-dimethylbenxamide 

Run 
Ln Phi Temp 

mg-atom mm01 OC 
Yield of Ph2C0, % 

1 Eu 0.75 0.5 -20 63a.c 

2 Eu 0.75 0.5 r.t. 57a 

3 Yb 0.5 0.75 r.t. 60bsc 

4 Sm 0.5 0.75 65 

5 Mg 0.5 0.75 r.t. 20b 

aYields are based on metal. byields are based on Phi. CRefluxed for 2 h. 

result with the Grignard reagent, phenylmagnesium iodide, is also listed (run S), which shows 

that the reactivity of Eu and Yb complexes toward the benzamide is higher than that of the 

Grignard reagent. The RSmI complex did not react with the benzamide (run 4) but it was 
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found to cause reduction and coupling of benzaldehyde to give benzyl alcohol, benzoin, benzyl 

benzoate, and hydrobenzoin in 10, 18, 8 and 1% yields, respectively. This reductive nature 

of Sm2+ is attributed to the lower potential of Sm: Sm*/Sm2' -1.55 V, Yb3+/Yb2+ -1.15V and 

Eu3+/Eu2+ -0.43 V.1 In the reaction of RSmI with PhCHO, one electron transfer from Sm 2+ eo 

T 
Et-Sm-I + PhCHO 'H" ,PhCH,OH + 

O T 
Ph-E-0-C-Ph 

T.L. L 
Ph-C-_li-Ph + 

hi 0 fI 

H H 
+ Ph-&&Ph 

h 6H 

PhCHO would occur to give a radical anion Ph-&l-O- which 

EXPERIMENTAL 

Metats 

undergoes the coupling reaction. 4 

Samarium, gadolinium and ytterbium were ca. 40 mesh powders from Research Chemicals. 

Praseodymium, neodymium, dysprosium, holmium and erbium ingots (Research Chemicals) were 

freshly cut. 

Reaction of lanthanide metuts with iodoethane 

In a 50-cm3 centrifuge tube, 0.5 mg-atom of lanthanide metal and a magnetic stirring bar 
. 

were placed under air and the tube was sealed with a serum cap. After the tube was dried by 

heating under nitrogen, 1 cm3 of THF, which was freshly distilled under nitrogen from sodium 

benzophenone ketyl, was added by a syringe. Then 1.0 mm01 of iodoethane was added slowly to 

the tube at room temperature or 65°C and the mixture was stirred at room temperature or 65*C 

(see Table 1). Colour of the resulting solutions are light brown (Pr), grey (Nd) and grey- 

green (Dy). 

Reaction of PhLnI with N,N-dimethylbenewnide 

In the similar manner as above, reactions were performed adding dimethylbenzamide (0.5 

mmol) to the THF solution of PhLnI, prepared from lanthanide metal and iodobenzene at -20°C 

in 3 cm3 of THF. The mixtures were stirred overnight and then in some cases (see Table 2) 

refluxed for 2 h. The resulting mixtures were quenched by ZN-HCl and the products were 

extracted by ether. From the ethereal layer benzophenone was obtained and sometimes a trace 

amount of triphenylcarbinol was also detected by GLC. 

Reaction of EtSmI with benaaZdehyde 

Reaction was carried out using Sm (0.5 mg-atom), iodoethane (1.0 mmol) and benzaldehyde 

(0.5 mmol) in THF (2 cm3) at room temperature with stirring overnight. 'The products were 

separated by medium-pressure column chromatography (silica gel) and identification of the 

producis was done by comparison with authentic samples. 
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ABSlWUX The reaction of Mn(CO)50C103 with nitriles,L, and dinitriles,LL,in a 

wide variety of conditions affords cationic pentacarbonyls, [M(0)5(L)] Cl04 and 

[~CcO),(LL)]ClO4 and fat-tricarbonyls, [~W)3(L)3]C104 and [KO)~WI~(~GL)~~(OO)~] 

RESULTS AND DISC!USSIcN The reaction of &1(03)5DClO3 with nitriles,(1/3 nr&r 

ratio) in refluxing CHC13 gave cationic tricarbonyl derivatives fac-[_M(cO)3(L)3]C1041, 

(L: EtCN, Ui2=CHCX2(N, PhCN, PhCX2CN). InCH2C12 atrcanteqerature the reactiongave a 

mixture of pentacarbonyls [Mn(CO)5(L)]C104 (which are initially formed) and the tricarbonyls 

fac-[MnKD)3(L)3]C104; - franthe resulting solutions ~epentacarbonylswereisolated in low 

yield; by using eguimolecular ratio, at -lOT, the formation of fat-tricarbonyl was greatly - 
reduced, buttheyieldsmenot improvedduetothelowsolubilityof theprecursorneutral 

perchlorate. All attempts to promote further substitution have failed: use of EeoH as sol- 

vent led to the formation of a fat-tricarbonyl derivative, possibly fac-[W(CO)3@tOH)3] 

ClG*, not previously described, which could not be characterized since it was obtained as an 

oil by solvent evaporation; IR (cm-l) 7 00 (CE2C12) 2040 s, 1935 br,s. 

SimilarreactionswithdinitrilesGL, (GL:NCCH2CN, NccH2CX2CN,NCCH2(H2CH2CN, 

o-C~H~(CN)~), in CH2C12 at roan temperature in l/3 ratio led to precipitation of white- 

yellow solids, identified by IR spectroscopy as mixtures of the corresponding penti- and 

tricarbonylderivatives. Attempts to separate pure pentacarbonylsby succesive recrystalliza- 

tionswere unsuccesful, altboughanalyticaldata are very close to the expec@d for 

[FWO)5~LrL)]C104. The bh~(co)50C103 reacted with a three fold excess of dinitriles IrL in 

refluxing CBC13 giving, through the intern&iate pentacarbonyls, the tricarbonyls fac- - 
[KqW p IrL)3~~CO)3]~C104)2r which must be diners in accordance with conductivity data 

at various axxentrations, and their structures are probably those in which the dinitriles 

are bridging tiMn(CO)3 groups. 

The pentacarbcnyls show fours CObands inCIi2C12 or in CHC13. Althoughunaxmon, 

since IR spectra of pentacarbonyls usually exhibit only three absorptions (2 Al + E) in the 

7 CD region, this behaviour is not unique and sane pentacarbonyls can be found in the lite- 

rature with four 3 CC barxls2. Using the cotton-Kraihanzelmethod2, the Bl bad which is I& 

IR active for rigorous C4v synmetry,mustappearat2106cm -lwhich supports theviewthat 

the band at 2122 cm-' maybe theBl!mde. Theweak~CNabsorptionsof coordinatednitriles, 

athigherwavends than that of free ligands, indicate that all the nitrilesatxddinitri- 

lesarebound to themetalthrough thenitrogen. 

~ALAllthereactionswereca~~iedoutunderN~ andinabsenceof light. 

Preparation of [Mn(CO)~(L)]C104(General m&hod) A mixture of M(CD)5GC1033 in 

* Author for correspondence 
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Ui,Cl,, mined fran 0.3 g (1.09 na'ol) of h(CG)5Br, and L was stirred. The yellow oil 

which resultsfrantherenwaloftheaolvMtinMCLlD,~~with EX20txextractthe 

ulreacted L and the fac-[~(co)3(L)3]c104. Theresultingsolidwas recrys~lizedfrun 

CH2C12/EtCXi. IR (an-77 CO (CH2C12 or CHC13) 2165'w, 2122 w, 2080 s, 2045 m, for all ths 

pentacarbonyls. The specific conditions for each reactifm (neutral perchlorate/ligand no1 

ratio, solvent, time, tgnperature and yield), snalytical and conductivity data for the catio- 

nit psntacarbanyls were as follows: 

L: EtCN, l/2.5, CHCl3, 8 h, rxxxn Nature, 39%. M.P. 87T.A, 92 S an2 rn~l~~.(The solvent 

used for all conductivity nmasuremen ts was MsN02).? CN (nujol) 2315 cm-'.Found C 27.49, H 

1.59, N 3.97. Calc. C 27.49, H 1.44, N 4.00 %. L: CH2=CHCH2CN, l/2.2, CHC13, 9 h, llxm 

temperature, 21%. M.P. 96T.Aa93 S cm2 sol-1.0 CN (nujol) 2310 cm-l. Fouoyl C 29.20, H 1.41 

N 3.31. Calc. C 29.30, H 1.39, N 3.87%. L: PhCli2CN, l/l, CH2C12, 33 h, -lOT, 25%.M.P.92"C. 

Slope 1434. ? CN (nujol) 2317 an-I. Found C 38.55, H 1.82, N 3.78. Calc. C 37.94, II 1.71, 

N 3.40%. 

Preparation of,.[m.(OD)3(L)3]C104 L: EtCN. Tb a solution of M~-I(CO)~OCLO~ (prepared 

fmn 0.3 g, 1.09 nnol, of W(cO)5Br) in 40 cm3 of CHC13, 0.2 cm3 (2.49 nsol) of EtCN was 

added. Afterrefluxing 2 h, the solventwas &reovedunderred~~!edpressure. Theresidwawas 

washedwithhexanetiextractunreac ted L. Yield 65%. M.P. 98°C. Slope 2004. IR (cm-l) 7 CC 

(CH2C12) 2070 s, 1977 br,s;q CN (nujol) 2300. Fbund C 35.06, H 3.63, N 10.17. Calc. C 35.71, 

H 3.74, N 10.40%. L: PhCN. Itwasobtainedby the procedure abovedescribed. Yield 65%. ' 

M.P. 97T.l\,, 93 S cm2 moi? IR (cm-l) ? CC (CHC13) 2070 s, 1983 br,s;p CN (nujol) 2270. 

Found C 53.12, II 2.79, N 7.67. Calc. C 52.62, H 2.76. N 7.50%. L: CH2=cHCH2cN arxlPhcH2cx. 

They were rrot characterized because of the formation of uncrystallizable oils. Their IR spsc- 

tra (Cli2C12) in the ? Co region are the sams (an-') 2070 s, 1985 br,s. 

Preparation of fat-[(CO) Mn(y LrL)3m(0)3J(C104)2 L-L: NCCH2CH2CN~ A mixture of 

Mn(CO)5GC103 (fran 0.25 g (0.91 tmol) of m(CQ5Br) in 50 can3 of CHC13 and 0.218 g (2.73 

ssol) of NCCH2CH2CN was refluxed for 18 h. The resulting oil was washed with CH2C12 and Et20. 

Yield 50%. Pecrystallized frun Me2CO/Et20. It blackens at 188T without melting. Slops 316 . 
4 

IR (cm-l) 7 CO (Me2CO) 2065 s, 1983 br,s;? CN (nujol) 2310. Found C 30.09, H 1.70, N 11.70. 

Calc. C 30.15, H 1.69, N 11.72%. LL: oC6H4(CN)2. Itwaspreparedusingasimilarprcce- 

dure. Yield 38%. It blackens at 193T. Slope 3674. IR (cn-lj ‘J CO (Me2CO) 2075 s, 1955 br,s; 
JCN (nujol) 2275. Found C 42.09, H 1.17, N 9.53. Calc. 41.82, H 1.40, N 9.75%. For LL: 

~~2~Nand2CH2~2~Nthel~scouldnotbepurified. 

NYIESANDREFE~ 

l.- Ekx a review of the field, see Carprehensive Organanatallic Chemistry. G. Wilkinson, 

F.G.A. Stone, E. Abel. Vol. 4,pp 31-32. Pergamon Press. Oxford. U.K. 1982 

2.- F.A. ootton and C.S. Rraihanzel, J. Am. Cha. Soc.,1962, 84, 4432 

3 .- R. U&n, V. Riera, J. Gimsno, M. Laguna and M.P. Ganmsa, J. Chem. Sot., (Dalton)., 

1979,996 

4 .- Slope of ths straight line which results fran plotting A,-&versus Ce, wherehe is r 

the eguivalent conductivity,&is I\e at infinite dilution, and Ce is the equivalent concen- 

tration. The value 143 and 200 are in the expe&ed range for 1:l electrolytes and the values 

316 and 367 are in the expect& &nge for 1:2 electrolytes when MeNo2 is used as solvent.- 

R.D. Feltham and R.G. Hayter, J. &em. Sot. 1964, 4587 
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BOOK REVIEW 

Gmelin Handbook of Inorganic Chmisby. 8th Edi- 
tion S~anotin Compoand& Part 10. Mono- and 
Diorgano~~ Compomnks. Published by the 
Gmelin Institute for Inorganic Chemistry of the 
Max Planck Society for the Advancement of Soi- 
ence. Springer-Verlag. Springer-Heidelberg-New 
York. 1983. xi+ 352 pp. DM 993. US % approx. 
397.20. 

previous volumes on organotin compounds in this series 
have dealt with tetraalkyltins, trialkyltin hydrides, and 
allcyltin halides and pseudohalides. Volume 9 covered 
trialkyltin-sulphur compounds, and this companion vol- 
ume covers the mono- and di-allcyltin compounds 
of sulphur, and the few organo-selenium and 
organotin-tellurium compounds which are known; and 
it ends with the sentence: “Grganotin-Polonium Com- 
pounds: No organotin-polonium compound has yet 
been prepared”. The literature is covered up to the end 
of 1980. 

This volume follows the established form for the 
series, which is now written wholly in English. The entry 
for (CH,)&(SCH&, the 6rst in the book can serve as 
an example. It covers more than two pages and includes 
17 references. The first paragraph deals with the prepa- 
rative methods the second with physical properties, and 
the third with spectroscopic properties. ‘H NMR, and 
IR and Raman data are tabulated. Two paragraphs then 
cover chemical reactions, and the 6nal one deals with 
applications: indeed the industrial applications provide 
an important aspect of this volume, as the dialkyltin 
organosulphur compounds are widely used as stabilisers 
of p.v.c. 

Related compounds are collected together in tables, 
and there is a formula index covering 70 pages. 

Organotin chemists who have access to these volumes 
are indeed fortunate, and will salute the industry of 
Herbert and Ingeborg Schumann who write them. The 
next volumes, which will cover the centrally-important 
organotin-oxygen compounds are eagerly awaited. 

A. G. DAVIES 
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DEPOLYMERIZATION KINETICS OF Ru,(O#+ 
AND CHARACTERIZATION OF THE REACTION 

PRODUCT: DIMERIC RI@) ION 
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Laboratorium voor Radiochemie, Katholieke Universiteit Leuven, Celestijnenlaan 2OOF, 

3030 Heverlee, Belgium 

(Received 13 September 1982; accepted 5 February 1983) 

Ah&act-Perchloric acid solutions of Ru,(O# + were prepared by the controlled- 
potential reduction of Ru(IV) at platinum electrodes in a high-speed coulometric cell. The 
solution spectrum of Ru.,(OH)i+ is reported. Tetrameric Ru(II1) ion decomposes in a 
reaction which is first-order with respect to its concentration, but independent of the 
acidity, to another species of the same valence state which is believed to be a dimeric ion 
(Ru,(OH)‘:+ or similar). 

Electrochemical reduction of this species yields Ru2+ which can be reoxidized only to 
Ru3+ , the most stable of the Ru(III)-aquo ions. 

Ruthenium(IV) exists in non-complexing media products possibly are formed in less acidic solu- 
(e.g. acid perchlorate solutions) as a tetrameric ion, tions. The further reduction of tetrameric Ru 
formulated as Ru,(OH);‘c (or Ru40i+, etc.).‘.’ On (III)-ion to Ru(II) occurs at more cathodic poten- 
platinum rotating disk electrodes, two reversible tials and can be observed only on mercury elec- 
waves are observed for the reduction steps trodes.66 According to this scheme, tetrameric 
Ru(IV)-,Ru(3.5)+Ru(III), each wave being the Ru(III)-ion slowly decomposes into another more 
sum of two one-electron steps:) stable species of the s’ame valence state which was 

1st wave 

2hd wave 

,- 0.653 V 
1 

Ru,(OH);,+ (IV) 0.650 V Ru,(OH):,+ (3.75) 0.656 V _ Ru,(OH:+(3.5) 

I o.469v 1 
Ru,(OH;+(3.5) O.493 Ru,(OH)‘,+(3.25) 0.455 v 

Ru,(OH:+ (III) 

Ru.,(OH):+(III) 5 2Ru,(OH): + (III). (I) 

Potentials (vs. nhe) and species are given for 
1.0 M HClO, solutions (the high charge on these 
ions most probably is reduced by perchlorate 
complex or ion-pair formation); more hydrolized 

*Author to whom correspondence should be ad- 
dressed. 

hypothesized to be a dimeric species (vi& infa).3 
The existence of such a follow-up chemical reac- 
tions was already indicated by Wehner and 
Hindman who noticed profound changes in the 
UV absorption spectrum of Ru(II1) solutions pre- 
pared by electrolytic reduction of Ru(IV) at plat- 
inum electrodes, when stored at 0°C under an inert 
atmosphere (see also Refs. 1 and 3). 

_- 
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This paper reports on the depolymerization ki- 
netics of Ru,(OH)i+ and on the electrochemical 
reduction of its decomposition product (dimeric 
Ru(III)-ion). 

EXPERIMENTAL 

Acid perchlorate solutions of Ru(IV) were pre- 
pared and analyzed as described previously.3 

Solutions of tetrameric Ru(III)-ion for spec- 
trophotometric studies were prepared, in an air 
thermostat under inert atmosphere, by electrolysis 
at a platinum gauze electrode in a high-speed 
coulometric cell (p N 3.5 x lop2 set-‘; for a 
definition of p, see Bard’); complete electrolysis 
was achieved in about 180-200 sec. The solution 
was then transferred immediately to a spec- 
trophotometer cell and the spectral changes were 
recorded as a function of time (Beckman Acta M 
IV spectrophotometer). The spectrum of 
Ru,(OH)j + was obtained by recording a spectrum 
immediately after the preparative electrolysis and 
correcting it for the small amount of dimer (less 
than 5% at O’C) already formed during the elec- 
trolysis time. The concentration of the dimer was 
estimated by treating the mass transfer and the 
follow-up chemical reaction during the electrolysis 
as a system of consecutive first-order reactions 
using experimental values of p and k, (vide infra). 

zso 300 400 500 

Fig. 1. Absorption spectrum of (1) Ru.,(OH),8+ and (2) 
Ru,(OH); + in 1.0 M HCIO, solution. Inset. De- 
composition kinetics of Ru,(OH)i + : 

log(chNC,, - Azw) vs time (O’C). 
plot of 

Electrochemical experiments were carried out 
using a PAR Model 303 SMDE (static mercury 
drop electrode) and a PAR Model 174A polar- 
ographic analyzer; other experimental details have 
been reported elsewhere.3 

RESULTS AND DISCUSSION 
The spectra of tetrameric and dimeric Ru 

(III)-ions are shown in Fig. 1. The spectrum of 
dimeric Ru(II1) contains a single peak at 290 nm 
(tg” = 2360 + 50), in agreement with the work of 
Wallace and-Props? (Wehner and Hindman’ re- 
ported a peak at 300 nm). The spectrum of tetram- 
eric Ru(III)-ion, not previously reported in the 
literature, exhibits plateaus at 285-310 nm and 
390-405nm (6 $“‘= 730 + 10) (the formal molar _ 
absorptivities were calculated using the analytical 
concentration of ruthenium, C,,). 

lives, as expected for a reaction that is first order 
with respect to the concentration of Ru,(OH)i+. 
The rate constant k, was found to be independent 
of the solution acidity over the range 0 I pcH I 2. 
Values of ki are 2.37 (kO.03) x lop4 sec’(O”C), 
9.82( k 0.20) x 10e4 set-’ (IS’C) and 2.47 
(fO.06) x 10m3 set-‘(25°C); the energy of activa- 
tion is calculated as 63 kJ/mole. Furthermore, it 
was established by direct potentiometry (using 
glass electrodes) that protons are neither consumed 
nor liberated in the reaction. These facts seem to 
suggest that the stoichiometry of the follow-up 
chemical reaction is adequately represented by (1); 
it must be stressed however that an unquestionable 
proof of the existence of a dimeric Ru(II1) aquoion 
has not been given thus far. 

The depolymerization kinetics of tetrameric 
Ru(III)-ion was studied by recording the spectral 
changes at 290 nm and plotting log($C,, - A290) 
vs time, as is shown in Fig. 1, inset; from the mass 
balance and the postulate of additive absorbances 
it follows that (chic& - A290) is proportional to 
the concentration of Ru,(OH)i+ (this is true, irre- 
spective of whether the product of the follow-up 
chemical reaction is a dimeric ion or not). Such 
plots were linear over at least two to three half- 

Methods such as ion exchange, solvent extrac- 
tion and potentiometry cannot be used, at least in 
perchloric acid solutions, to investigate the ionic 
nature of this Ru(II1) species since it is slowly 
oxidized by perchlorate ion (Wehner and 
Hindman’ already implicitly dismissed the possi- 
bility that the species is a chloro-complex, chloride 
being produced in the oxidation reaction). 

Some indirect evidence for the existence of a 
dimeric Ru(II1) species was obtained from the 
following experiment. 

A solution of 2,2’-bipyridine in toluene 



Depolymerization 

(10 - 3 M) was added to a solution of “stable” 
Ru(II1) (absorption maximum at 290mp). The 
organic ligand was slowly extracted into the aque- 
ous phase with formation of an intensely green 
coloured complex. The aqueous phase was then 
50-fold diluted with acetonitrile and the spectrum 
was recorded; the complex absorbs at 410 nm and 
640 nm. According to Weaver et aL9 a high in- 
tt?fJZQ, km PTmzgj bflfd u: ,zTkmt +%%h?TJ k &iE- 
acteristic for oxo-bridged dimers such as 
[(bipy)r(H,0)RuORu(H,0)(bipy)J4+ (these au- 
thors preferred the diaquo-p-oxo formulation over 
the di-,u-hydroxy formuIation proposed by Dwyer 
et al.” for similar 1, lo-phenanthroline complexes). 

The electrochemical reduction of dimeric Ru 
(III) has been studied by poIarography (sampIed 
DC) and cyclic voltammetry. Over the acidity 
range 0 I pcH I 2, a single polarographic wave is 
cbserued with Fs= - Q.290 V rs SCE (for 
1 .O M HClO, solutions and t = 1 s). The electrode 
reaction involves one electron per ruthenium atom 
and, therefore, corresponds with the reduction step 
dimeric Ru(IIIj + Ru(II). The number of electrons 
involved in the reduction was estimated by com- 
paring the diffusion current with the diffusion 
cuTrent for Q&e r‘&YL&X% steps of UYQV() UT&s 
identical conditions of concentration, drop time, 
etc, a X%X<< &+3m+i&&JTl JL%.J$ G,c,r&& I%.?&&%~ 

A 

+0.2 0 -0.2 -0.4 -0.6 

Fig. 2. Cyclic voltammogram at the HMDE of 
Ru,(OH)‘:+ solution in 1.0 M HClO, (25°C). Scan rate: 
0.1 V/s. Numbers between brackets indicate successive 

scans. 

kinetics of Ru,(OH): + 1109 

coulometry is impossible since Ru(I1) is oxidized 
by perchlorate ion during the experiment. The 
half-wave potential is independent of the ruthe- 
nium con=nQation but shifts to more negative 
values if the solution acidity is decreased 
(dEi/dlog cu + = - 0.044 V/decade). Furthermore, 
the half-wave potential shifts to more negative 
values for shorter drop times 
@~&XI~< = - &ZZ? ?+?l3ZZZl$, &Xi*. G?L&iZ&& 
the irreversibility of the electron transfer process. 
The cyclic voltammogram obtained for a solution 
of dimeric Ru(II1) at the HMDE, shown in Fig. 2, 
exhibits a single reduction peak A on the first scan 
but the corresponding anodic peak is absent on the 
reverse sweep (as expected for an irreversible reac- 
tion); instead, a new reversible couple B/C is 
produced which can be identified with the 
Ru’+/Ru’+ couple (E4 = 0.002 V vs SCE) in good 
agreement with the measurements of Meccer and 
Buckley.” During successive scans, the height of 
peak A decreases while the height of peaks B/C 
increases; similarly, the ratio of the peak heights 
A/B(C) increases at slower scan rates. These obser- 
vations are in agreement with a reaction scheme 
where the irreversible charge transfer step is fol- 
lowed by 8 &em&51 reaGt&n, s5& zis 

H 

(Ru-0 + Rur+ 3 (Ru-&Ru)’ + 

LH+ 2Ru2+. 
k2 

Obviously, the overall reaction is the reduction of 
dimeric Ru(II1) to Ru2+ which can be reoxidized 
to Ru3 + , the most stable of the Ru(III)-aquo-ions. 
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Abstract-The crystal and molecular structures of c-Hex-DAB (c-hexyl-N=C(H)-C(H)=N-c-hexyl; 
DAB = l+diaza-1,3-butadiene) and of tranr-[PdCI,(PPh,)(r-Bu-DAB)] are reported. Crystals of c-Hex- 
DAB are monoclinic with space group C,, and cell constants: a = 24.70(l), b = 4.66@(2), c = 12.268(3) A, 
j = 107.66(4)“, Z = 4. The molecule has a flat E-s-tram-E structure with bond lengths of 1.258(3) 8, for 
the C=N double bond and 1.457(3) A for the central C-C’ bond. These bond lengths and the N=rC 
angle of 120.8(2)0 indicate that the C- and N-atoms are purely sp2-hybrid&d and that there. is little or 
no conjugation within the central DAB skeleton. Crystals of frans-pdCl,(PPh,)(t-Bu-DAB)] are triclinic 
with space group PT and cell constants: a = 17.122(3), b = 18.279(3), c = 10.008(S) A, a = 96.77(2), 
/I = 95.29(3), y = 109.79(2). Z = 4. The r-Bu-DAB ligand is coordinated to the metal via one lone pair 
only. In this 2e; o-N coordination mode the E-s-mm-E conformation of the free DAB-ligand is still 
present and the bonding distances within the DAB-ligand are hardly affected. [C=N 1.261(10) A; C-C’: 
1.479(10) A (mean).] The Pd-N-, N=C- and central CC-bond lengths are compared with those found 
in other metal -R-DAB complexes. 

During the last few years much attention has been 
paid to the coordination properties of cumulated and 
conjugated hetero double bond systems such as: 

pseudo allenes, e.g. (R)N=C(HkN(R)- ,laS2 
O=C(RjC-,‘“J (R)N=N-N(R) - ,laJ (R)(R’)C= 
S=O,lb (R)N=S=0,2c, (R)N=S=N(R);z’ 

pseudo butadienes, e.g. (R)N=C(H~(OEt)=O,‘” 
(R)N=N-N=N(R),‘d*“b (R)N=C(Hw(H)=N(R).2a*2b*3 

The use of 1 ,Cdisubstituted- 1 ,Cdiaza- 1,3- 
butadiene (R-DAB), a member of the group of 
a-diimines (see Fig. l), has been especially successful 
and many new R-DAB-metal complexes have been 
synthesized.3A,8s9 

If one compares R-DAB with other a-diimines, it 
is clear that the R-DAB ligand is much more versatile 
in coordination behaviour. It is not only possible to 
donate the free electron pair on each of the nitrogen 
atoms, but also to use the n-electrons for coordi- 
nation. As expected this use has not been observed for 
2,2’-bipyridine and l,lO-phenantroline, because here 
the s-electrons are part of an aromatic system. With 
R-DAB as a ligand, changes on the metal centre can 
be accommodated by changing the coordination 

*Author to whom correspondence should be addressed. 

a b 

0-l N -43 
R- 

C d 

Fig. 1. Some well known a-diimines. l,lO-phenantroline 
(a), 2,2’-bipyridine (b), pyridinealdimine (c), R-DAB (d). 

mode of R-DAB. For example, loss of a CO-group 
from CoMn(CO),(R-DAB) results in a change of the 
R-DAB coordination from the 4e; o-N, a-N’- to the 
6e; a-N, a-N’, q*-C=N’-coordination mode.’ 

The various coordination modes of R-DAB are 
shown in Fig. 2. Figure 2(a) illustrates the 0-N mono- 
dentate (2e donor mode) which has been postulated in 
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7 
M-N 

L” / 
H-C \ N 

I?’ 
a 

Fig. 2. The coordination modes of the R-DAB ligand: 2e; a-N (a), 4e; a-N, u-N’ bridging (b), 4e; a-N, 
G-N chelating (c), 6e; u-N, u-N’, t$C=N’ or u-N, p-N’, q*-C=N’ (d), Se; u-N, u-N’, q2-C=N, q2-C=N’ 

(e), 4e; q*-C-N, q*-C=N’ (f), 2e; u-C (g). 

e.g. rruns-[PdCl,(t-Bu-DAB)$ and is found in trum- 
[pdCl,(PPh,)(t-Bu-DAB)] (this report). Until now the 
a-N, a-N’-bridging (4 donor) mode (Fig. 2b) has 
only been found in d*-metal complexes of Pt(II), 
Pd(II), Rh(I), e.g. in [(P~CI,(PBU,)}&-Bu-DAB)].* 
The o-N, a-N’-chelate (4e donor) mode (Fig. 2c) is 
the most common one and has been found in many 
low-valent metal comolexes. 

Relatively few examples are known in which the 
R-DAB also uses its x-electrons for coordination, 
though in the last few years the number has been 
growing rapidly. The u-N, u-N’, q*-C=N’ or a-N, 
p-N’, q*-C=N’ coordination (6e donor) mode, de- 
picted in Fig. 2(d), has been observed in 
MM’(CO),(DAB) (M=M’=Fe, Ru, OS; M=Mn, Re; 
M’=Co) and Ru2(CO),(DAB), complexes.336*7 The 
o-N, (r-N’, q*-C=N, ~*-C!=N coordination (8e do- 
nor) mode (Fig. 2e) in which the DAB uses its 
maximum number of 8 electrons for coordination has 
been found R~-KWP-W,XDAW, 
Ru,(CO)~(DAB), an: Mn2(C0)6(DAB).“‘o 

The bonding situation recently found in 
Ru,(CO),(c-Hex-DAB) can best be described as be- 
ing intermediate between the 6e- and 8e-donor 
mode” because one C=N side of the DAB is strongly 
q*-C=N bonded, while the other side is bonded only 
very weakly.7 

In the free R-DAB ligand the conformation at the 
C=N bonds is the E(unti) one. This conclusion was 
based on IR, NMR, and dipole-moment 
measurements’k’6,‘9 and on an electron diffraction 
study in the gas phase on ?-Bu-DAB.” This 
configuration is also found in all metal-R-DAB 
complexes. The conformation of the C-C’-bond is 
not quite clear. In the gas phase 20% of the t- 
Bu-DAB molecules has a s-tram conformation (tor- 
sion t = 180”), while 80% has a gauche conformation 

tOther bonding possibilities are: $C,N, q*-C=W coor- 
dination mode (4edonor) (Fig. 20, which has been pro- 
posed for cyclic ctdiimine systems,12 while in 
1,4-d&a-1,3-butadiene-2-yl-complexes there is a bond be- 
tween a central C-atom of the R-DAB and the metal (Fig. 
2g).” 

(7 = 65”)” In solution conformations are present 
with torsion angles between 90 and 140” according to 
dipole-moment measurements.16 Such a torsion 
around the C-C’ bond is also found in diketones.” 
IR, Raman, UV and PES measurements on the other 
hand support the conclusion that the free R-DAB 
molecule predominantly exists in a s-mms con- 
formation.‘4,‘9.” MO calculations on R-DAB and 
related hetero-butadienes such as biacetyl*’ and 
2,2’-bipyridine** also give the s-mm conformer as 
the most stable one.23 

In order to obtain both the conformation of the 
free ligand in the solid state, as well as precise bond 
lengths and angles, we have carried out an X-ray 
study of c-Hex-DAB: c-Hex-N=C(H)-C(H)=N-c- 
Hex. The data on bond lengths and angles obtained 
are more precise than those obtained earlier via a 
diffraction study in the gas phase on t-Bu-DAB.” 
Accordingly we have now a better point of reference 
for the interpretation of the molecular distances in 
the R-DAB ligand in a great number of metal- 
R-DAB complexes for which the crystal structures 
are known. 

In order to see if 2e; u-N-coordination affects the 
geometry of, or bonding distances within the R-DAB 
ligand, we have also completed an X-ray in- 
vestigation on rrans-[PdCl,(PPh,)(t-Bu-DAB)]. This 
compound’s crystal structure also represents the first 
example in which the R-DAB ligand is bonded in the 
2e; a-N bonding mode fashion (Fig. 2a). This coor- 
dination mode as well as the dynamic properties of 
trans-[MCl,(PR,)(t-Bu-DAB)] (M = Pt, Pd; R = 
aryl) in solution have already been put forward on 
basis of ‘H, 13C-, “P-, IsN- and ‘95Pt-NMR mea- 
surements.5v24 

Syntheses 

EXPERIMENTAL 

Synthesis of c-Hex-DAB?4 and trans-[PdCl,(PPh,)(r- 
Bu-DAB)IS have been carried out according to literature 
methods. Recrystallization from diethyl ether and 
dichloromethane/pentane, respectively, yielded single crys- 
tals suitable for X-ray measurements. 
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Darn collection and structure determination of 1,4 - di- 
cyclohexyl - 1,4 - diaza - I,3 - butadiene, C,,Hr,N, 

Crystals of c-Hex-DAB are monoclinic with space group 
C,,, with 4 molecules in a unit cell of dimensions 
a = 24.70(l), b = 4.660(2), c = 12.268(3) A and 
/3 = 107.66(4)“. A total of 1150 intensities were measured on 
a NONIUS CAD 4 diffractometer using graphite mono- 
chromated CuK, radiation, 326 of which were below the 
Z.Sa(I) level and were treated as unobserved. No absorp- 
tion correction was applied (crystal dimensions 
0.3 x 0.3 x 0.05 mm; p = 4.54 cm-‘). The structure was 
solved by means of the symbolic addition programme set 
SIMPEL.ZS Refinement proceeded by block-diagonal least- 
squares calculations, anisotropic for C and N, isotropic for 
H. The H-atoms were located in a AF-synthesis. The final 
R value for the 824 observed reflexions was 0.055. A 
weighting scheme w = (0.66 + F, + 0.011 F@-! was used 
and extinction corrections 

1+ cos’ 28 

> 

-! 

1 + cos2 28/sin 26 

with g = 1.2 x 10e5 were applied.? 

tran.r-[PdCl,(PPh$r-Bu-DAB)], C,sH,5Cl,N,PPd 
Crystals of the title compound are triclinic with space- 

group P’I and cell constants a = 17.122(3), b = 18.279(3), 
c = 10.008(5) A, a = 96.77(2), /i = 95.29(3), y = 109.79(2). 
There are four molecules in the unit cell, that is two in the 
asymmetric unit. A total of 7979 reflexions were measured 
on a NONIUS CAD 4 diffractometer using graphite 
mono-chromated MoK, radiation, 1762 of which were less 
than 2.5a(I) and were treated as unobserved. No absorp- 
tion correction was applied (crystal dimensions 
0.4 x 0.2 x 0.25 mm; p = 8.90cm-‘) The positions of the 
two Pd-atoms in the asymmetric unit were derived from an 
E2-Patterson synthesis. A AF-synthesis based on the con- 
tributions of the Pd-atoms revealed the remaining non- 
hydrogen atoms except those of the methyl groups. These 
showed up in a subsequent AF-synthesis as rather diffuse 
peaks. Anisotropic block-diagonal least-squares refinement 
reduced R to 0.057. A AF-synthesis at this stage indicated 
the hydrogen atoms, except those of the tert-butyl groups, 
and made clear that these methyl groups are subject to 
disorder. Since it was not possible to devise a satisfactory 
description for this disorder we have not introduced it in 
the model. Continued refinement with 34 non-methyl 
hydrogen atoms fixed at their calculated positions, con- 
verged to R = 0.049 for the 6217 observed, reflexions. A 
weighting scheme o = (1 .O + F, + 0.018 F@ -3 was used and 
the anomolous scattering of Pd was taken into account. 
Computer programmes were taken from the X-RAY 
systemz6 and PLUT0.27t 

RESULTS AND DISCUSSION 

The molecular geometries of c-Hex-DAB and 
truns-[PdCl,(PPh,)( t -Bu-DAB)] are depicted to- 
gether with the atomic numbering in Figs. 3 and 4 
respectively. 

tSupplementary Material consists of a list of the final 
coordinates and equivalent isotropic thermal parameters 
and anisotropic thermal parameters of c-Hex-DAB and of 
frans-[PdCI,(PPh,)(r-Bu-DAB)]. Copies are available on 
request from the Editor at Queen Mary College. Atomic 
coordinates have also been deposited with the Cambridge 
Crystallographic Centre. 

Molecular geometry of c-Hex-DAB 
The bond distances and angles of c-Hex-DAB are 

listed in Table 1. In the solid state the molecular 
geometry of the R-DAB molecule is centrosymmetric 
with a flat E-s-trans-E conformation; deviations 
from the least-squares plane through 
C(2)-N(l (l)-C(l’)=N(l’)-C(2’) are less than 
0.002(Z) F . This conformation is different from that 
found in the gas phase” (vi& supra), but corresponds 
well with that predicted by MO-calculations.23 The 
bond distances of C(l)-C(l’) and C(l)-N(1) (1.457(3) 
and 1.258(3) A respectively) are very near to the 
C(sp2)-C(sp2) and C(sp2)=N(sp2) standard single and 
double bond lengths (1.48 and 1.27 A, respectively)28 
which would imply little conjugation in the central 
N=C-C=N-part of the c-Hex-DAB molecule. The 
cyclohexyl ring is in a chair conformation with an 
average C-C distance of 1.517(6) A and an average 
C-C-C angle of 111.4(4)“. The angle between the 
planar part C(3)C(4)C(6)C(7) of the cyclohexyl ring 
and the flat N=C-GN part is 88”. 

Molecular geometry of tram+[PdCl,(PPh,)(t - 
Bu-DAB)] 

The crystal structure of this compound contains 
two independent, but very similar molecules, A and 
B. Some bond lengths and -angles are listed in Table 
2.t 

The Pd-coordination plane in trans- 
[PdCl,(PPh,)(t-Bu-DAB)] is approximately square 
planar; deviations from the least-squares plane 
through Pd, Cl(!), C1(2), N(1) and P are less than 
0.091( 1) and 0.109(2) for molecules A and B re- 

Fig. 3. Molecular geometry of c-Hex-DAB with atomic 
numbering. 

6 C26 

Fig. 4. Molecular geometry of ~run.r-IpdC&(PPh,) (t- 
Bu-DAB)] with atomic numbering. 
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Table 1. Bond lengths (A) and bond angles (“) with ESD’s in parentheses in c-Hex-DAB 

Table 1 : Bond lengths (8) and bond angles (') with e.s.d.'s in 
parentheses in c-Hex-DAB. 

C(l)-C(1') 1.457(3) N(l)-C(l)-C(1') 120.8(Z) 

C(l)-N(1) 1.258(3) C(l)-N(I)-C(Z) 117.7(Z) 

N(l)-C(2) 1.456(3) N(l)-C(Z)-C(3) lD9.2(2) 

C(2)-c(3) 1.518(3) N(l)-C(2)-C(7) 108.9(2) 

C(2)-C(7) 1.521(3) C(3)-C(2)-C(7) 110.7(2) 

C(3)-C(4) 1.524(3) C(2)-C(3)-C(4) 111.3(2) 

C(4)-C(5) 1.513(4) C(3)-C(4)-C(5) 111.6(2) 

C(5)-C(6) 1.509(4) C(4)-C(5)-C(6) 111.6(2) 

C(6)-C(7) 1.519(3) C(5)-C(6)-C(7) 111.2(2) 

C(2)-C(Z)-C(6) 112.0(2) 

Table 2. Some bond lengths (A) and bond angles () with ESD’s in parentheses in 
trans-[PdCl,(PPh,Xr-Bu-DAB)] 

Mo1ec.A Mo1ec.B Mo1ec.A Mo1ec.B 

Pd - Cl(l) 2.303(3) 2.309(3) Cl(l)-Pd-Cl(L) 171.13(8) 170.15(8) 

Pd - U(2) 2.300(2) 2.292(3) Cl(l)-Pd-P 90.51(8) 80.88(8) 

Pd - P 2.241(Z) 2.244(2) Cl(l)-Pd-N(1) 89.5 (1) 90.4 (2) 

Pd - N(1) 2.130(7) 2.126(5) Cl(L)-Pd-P 90.75(8) 91.81(8) 

P - C(1) 1.831(8) 1.824(g) o(2)-Pd-N(1) 88.8 (2) 88.7 (2) 

P - C(7) 1.821(7) 1.818(6) P-Pd-N(1) 177.3 (2) 178.7 (2) 

P - C(13) 1.826(8) 1.822(7) Pd-P-C(l) 118.6 (2) 115.9 (2) 

N(l)-C(19) 1.265(10) 1.265(12) Pd-P-C(7) 105.9 (3) 107.9 (3) 

N(l)-C(21) 1.494(8) 1.494(9) Pd-P-C(13) 116.5 (3) 116.2 (3) 

N(2)-C(20) 1.238(12) 1.275(12) C(l)-P-C(7) 107.3 (3) 106.9 (3) 

N(2)-C(25) 1.484(9) 1.496(9) C(l)-P-C(13) 100.6 (4) 100.6 (4) 

C(19)-C(20) 1.485(10) 1.472(10) C(7)-P-C(13) 107.3 (4) 108.8 (4) 

Pd-N(l)-C(19) 119.1 (5) 117.6 (5) 

Pd-N(l)-C(21) 119.3 (5) 120.8 (5) 

C(19)-N(l)-C(21) 121.5 (7) 121.6 (6) 

N(l)-C(19)-C(20) 124.1 (8) 122.4 (8) 

C(19)-C(2D)-N(2) 118.6 (8) 118.6 (8) 

C(20)-N(2)-C(25) 119.6 (7) 119.0 (7) 

spectively. This coordination plane makes an angle of 
87.4” (mean) with the N=C-C=N plane. The con- 
formation of the 2e; a-N coordinated t-Bu-DAB 
molecule is the E-s-tram-E one, which is the same as 
in the free ligand. 

The N=C-C=N skeleton is approximately planar; 
deviations from the least squares plane are less than 
0.005(6) and O.O29(8)A for molecules A and B, 
respectively. 

The above mentioned coordination mode of the 
t-Bu-DAB-ligand brings the H(20) atom into the 
neighbourhood of the Pd-atom, above the coordi- 
nation plane. The calculated distances are 2.60 and 
2.58 A for molecules A and B, respectively, which is 
less than the sum of Van der Waals radii for Pd and 
H, being 3.1 A.” This geometry is similar to that 
found in [tram-{PtCl,(PBu,)j,(t-Bu-DAB)] in which 
the t-B&DAB is bridged bonded4 (see Fig. 2b). The 
extreme low field shift (9.91 ppm) of this H(20) atom 

in ‘H NMR measurements indicates that the same 
conformation is present in solution.’ The Pd. . . H 
interaction can be best described as a very weak 
one.495 

The Pd-Cl bond distances are comparable with 
those found in other complexes with a truns 
Cl-Pd(II)-CI configuration: they all fall in the range 
2.29-2.31 A,“ being equal to the sum of the covalent 
radii for Pd and Cl.” 

The Pd-P bond distances (2.241(2) and 2.244(2) for 
molecules A and B respectively) compare well with 
other Pd(II)-P distances in complexes in which there 
is a nitrogen donor ligand trans to the phosphine.3’ 
The Pd-N bond distances of 2.130(7) and 2.126(5) A 
for molecules A and B respectively are exceptionally 
long. In other W(H) complexes with a P-atom in 
tram 
2.06 3’a K 

osition, Pd(II)-N bond distances are normally 
and in Pd(II)C12(imine)2 complexes, 

Pd-N(imine) bond distances are found between 2.01 
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and 2.05 A.‘O The longest previous Pd(II)-N(sp’) 
bond distance, to our knowledge, is 2.092(9) A found 
in [PdBr(PPh,)(pyridine)]1.3’b 

Comparison of structural data of the 
N=C-C=N-skeleton in free and metal coordinated 
R-DAB ligands may provide an answer as to the 
extent of cr- and a-bonding operative in their com- 
plexes. 

Figure 5 shows that n-backbonding in either the 
a-N-monodentate or a-N, a-N’-chelate coordination 
fashion, comprises interaction of the ligands LUMO 
with a filled metal d-orbital. Any contribution of this 
backbonding would then lead to (i), shortening of the 
M-N- and C-C- and (ii), lengthening of the 
C=N-bondlengths.? These trends have indeed been 
observed for the C=N- and C-C’- but not for the 
M-N-bond lengthst in a variety of complexes where 
n-backbonding can be expected to be operative.2b 
This expectation is justified by the presence in these 
complexes of a metal in a low formal oxidation state 
in combination with either a R-DAB ligand with 
enhanced s-accepting properties (e.g. if R = aryl)35 or 
other ligands with poor x-accepting capacity. In 
trans-[PdCl,(PPh,)(t-Bu-DAB)] none of the features 
favouring x-backbonding are present. This seems to 
be reflected by the similarity of the C=N- and 
C-C/-bond lengths in u-N-bonded t-Bu-DAB, i.e. 
1.265( 10) and 1.478(10) A, when compared with 
those found for free c-Hex-DAB, i.e. 1.258(3) and 
1.457(3), respectively. Such data indicate that in the 
absence of rr-backbonding, pure o-N-coordination 
does not affect the C=N- and C-C/-bond lengths. 
This conclusion is supported by the C=N- and C-C- 
distances found in e.g. [PtC12(PBu3)]2(t-Bu-DAB)4 
and [PtCl,(C2H3C6H,)(t-Bu-DAB)]*b containing 
a-N, a-N’ bridge and a-N, a-N’-chelate bonded 
t-Bu-DAB ligands, respectively. 

M DAB 

Fig. 5. x-Backbonding from a filled d orbital to the LUMO 
of the R-DAB ligand in a R-DAB-metal complex. 

Acknowledgements-We thank the Netherlands Foundation 
for Chemical Research (SON) and the Netherlands Or- 
ganization for Pure Research (ZWO) for financial support. 

p-his bond length behaviour in the metal- 
heterobutadiene system is particularly found in metal- 
tetraaza-1,3-butadiene complexes. Tetraaza-1,3-butadiene, 
R-N=N-N=N-R, has a LUMO with the same character as 
that of R-DAB and an even stronger x-backbonding capac- 
ity,32 which results in shorter M-N- and central N-N- and 
long N=N-bond lengths in their complexes.‘d 

$In [MnBr(CO),(c-Hex-DAB)] the C=N-, C-C’- and 
Mn-N-bond lengths arc 1.28, 1.49 and 2.05& re- 
spectively,33 whereas in [Mn(r-Bu-DAB),] these . bond 
lengths are 1.32, 1.38 and 2.06 A.” 
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Abstract---Variable temperature ‘H NMR spectroscopy has been used in the study of 1,3-intramolecular 
shifts of the M(CO), moiety in complexes of the general formula m(CO),L], (M = Cr or W), 
L = SCH,SCH,SCH, SCH,SCH,CH,CH, and SCH(Me)SCH,CH$H,. For the 1,3,5-trithian complexes 
precise energy barriers for the process have been obtained by detailed computer simulation of the static 
and dynamic spectra. Our results suggest that the magnitude of AG l (298.15 K) for the 1,3-shift is largely 
dependent upon the skeletal flexibility of the ligand system. In this context we have investigated the X-ray 
crystal structure of the highly substituted trithian complex [w(CO),{b-SCH(Me)SCH(Me)SCH(Me)}]. 

In 1975 Schenk and Schmidt’ reported a novel 
fluxional phenomenon in the Group VI metal pen- 
tacarbonyl complexes of /?-2,4,6-trimethyl-1,3,5- 
trithian; [M(CO),{SCH(Me)SCH(Me)SCH(Me)j] 
(M = Cr and W). Line shape changes in the 60 MHz 
‘H NMR spectra between - 10 and + 30°C implied 
an equilibration of the three methylene protons, along 
also with the equilibration of the three methyl groups. 
This was suggested to be a consequence of an intra- 
molecular commutation of the M(CO), moiety over 
all three donor sulphur atoms. The analogous motion 
was not, however, observed in the unsubstituted ring 

complexes w(CO),(SCH,SCH2SCH2)] (M = Cr and 
W); the NMR ‘H spectra at + 30°C were consistent 
with the heterocyclic hgand 1,3,5-trithian w- 
ordinating to a M(CO), group via a single sulphur 
atom. 

By detailed computer simulation of static and 
dynamic spectra we have previously calculated 
and reported2 accurate Arrhenius and Eyring 
activation parameters for the above “ 1,3-shift” 
of an M(CO), moiety in the complexes 
w(CO),{SCH(Me)SCH(Me)SCH(Me)}] (M = Cr 
and W). It was postulated that these complexes un- 
dergo 1,3-shifts rapidly at room temperature, whereas 
those of the 1,3,5trithian and 1,3_dithian are static at 
this temperature, because of the ring conformation of 
B-2,4,6-trimethyl-1,3,%trithian. We suggested that 
steric factors force the M(CG), group into an axial 

*Author to whom correspondence should be addressed. 

position, the corresponding equatorial conformer be- 
ing highly unfavoured. In the axial complex the other 
sulphur lone pairs are ideally placed for a facile 
1,3-shift. By contrast, in the other (non-methyl substi- 
tuted) complexes, ring reversal and inversion of 
configuration at the sulphur atoms (both processes 
are fast at room temperature), change the relative 
positions of the M(CO), group and sulphur atom 
lone pairs, thus reducing the probability of a 1,fshift. 

We now report the X-ray crystal structure of 
[W(CO,){SCH(Me)SCH(Me)SCH(Me)}], confirming 
ease of access for the l$-shift of the W(CO), moiety. 
Furthermore, we have now carried out dynamic 
NMR studies on the complexes w(CO),L] (M = Cr 
or W); L = SCH,SCH,SCH,, SCH2SCH2CH2CH2 
and SCH(Me)SCH,CH,CH2, which are found to un- 
dergo 1,3-shifts at well above room temperature. 
Accurate energy barriers (AG’) have been obtained 
for this process in the two complexes of 1,3,5-trithian, 
and are compared with the corresponding 
)?I-trimethyl-trithian complexes. 

Preparations 

EXPERIMENTAL 

Ligands were prepared using literature procedures 
1,3,5&ithian,’ fi-2,4,6-trimethyl-l,3,5-trithian, 1,3- 
dithian, 2-methyl-l ,3dithian.6 The complexes 
Fr(CO),{SCH(R)SCH(R)SCH(R)}](M = Cr or W, R = H 
or Me) and [M(CO),(SCH,SCH,SCH3]] (Me = Cr or W) 
have been previously reported.‘.* ]M(CO), 
{SCH(Me)SCH,CH+ZH,}] (M = Cr or W), are hitherto un- 
known and were prepared by a general method for the syn- 
thesis of [M(CO),L] complexes described by Connors et a1.9 

1117 
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All reactions and manipulations were performed under an 
atmosphere of dry nitrogen. Freshly distilled nitrogen 
purged anhydrous solvents were used, as solutions of the 
complexes were noted to decompose rapidly on exposure to 
air. The yellow crystalline solids were however fairly stable 
in the atmosphere, and were all obtained in 3&60”/, yield 
(Table 1). 

Svectroscovic studies 
a IR specira of the metal carbonyl region of the complexes 

were obtained on a Perkin-Elmer 299B soectroohotometer. 
Variable Temperature NMR spectra were &corded at 
5-10°C intervals on a JEOL MH-100 spectrometer. A 
JES-VT-3 unit was used to control the Drobe temwratures. 
which were measured, using a Comark digital thermometer 
type 5000 attached to a Cu/Cu-Ni thermocouole. to an 
&&acy of at least * 1°C. 

. , 

Due to the decomposition of solutions of the complexes 
in air, all NMR samples were made up by adding the 
crystalline complex to an NMR tube fitted with a Tanerlok 
(Wilmad Glass Co. Inc.) joint. The appropriate solvent 
(CJ), or C,ClJ and hexamethvldisiloxane were then dis- 
iil&d”into thk t;be under vacuum, which was then filled with 
dry nitrogen. 

Crystallographic studies 
Crystal data: C,,H,,O,S,W; triclinic, a = 9.704(4), 

6 = 13.041(2), c = 14.073(3)& a = 88.55(2), B = 72.85(3), 
y =81.39(3)“, space group PT, 2=4, D,= 1.988gcn-‘, 
F(000) = 960. MO-K,, radiation, 1 = 0.71069& 
p = 69.30 cm- I. Data collection: Nonius CAD4 four circle 
diffractometer. 3140 independent reflections of which 2427 
had I >o(I). The three standard reflections showed an 
uneven and unrecoverable loss of intensity (averaging about 
10%) during collection. 

Structure solution and refinement 
The structure was solved using a multi solution tangent 

formula procedurei and was refined with a full matrix least 
squares analysis. Hydrogen atoms were located geo- 
metrically, and the refinement, with anisotropic temperature 
parameters on all non-hydrogen atoms, converged with 
R = 0.08l.t 

RESULTS 

The Crystal Structure of 
(/&ZH(Me)SCH(Me)SCH(Me)j]. 

lY(CO), 

The crystal of the above complex contains two 
unique molecules I and II, as shown in Fig. 1. 

In each of these the tungsten atom has an octa- 
hedral coordination sphere with the carbonyl groups 
at five sites and a sulphur atom of the methyl substi- 
tuted trithian ligand at the sixth position. Selected 
bond lengths and bond angles are given in Table 2. 

In both complex molecules the ligand is the b-form 
of 2,4,6-trimethyl-1,3,5-trithian, which has the chair 
conformation, and three methyl groups in the equa- 
torial positions. The S-C, and similarly C-Me bond 
lengths are not significantly different (mean 1.81(4) 
and 1.52(6)A respectively) in I and II. These compare 
with mean lengths of 1.81(8) and lSl(3)A in the free 
ligand.” The coordinated sulphur atom uses only one 

tCopies of atomic co-ordinates, thermal parameters and 
observed and calculated structure factors has been deposited 
as supplementary material with the Editor from whom 
copies are available on request. Atomic co-ordinates have 
also been deposited at the Cambridge Crystallographic Data 
Centre. 

of its lone pairs of electrons to form the W-S bond, 
namely the pair that is “axial” with respect to the 
ligand methyl groups. The sum of the interbond 
angles at this sulphur atom is 328(2)” and 331(2)” for 
molecules I and II respectively, demonstrating its near 
exactly tetrahedral nature. 

The W-S bond lengths (mean 2.553(5@ com- 
pare well with 2.556(8)A in a similar bond 
in thiomorpholin-3-thione-pentacarbonyltungsten,’z 
and it is only slightly less than the sum of the covalent 
radii values of sulphur and tungsten (1.04 and 1.58A 
respectively).‘3s’4 

Any distinction between W-C bonds of the carbo- 
nyl groups cis and trans to the ligand atom is not well 
defined, in comparison with those in structures re- 
ported for some analogous complexes.‘2J5J6 Con- 
sequently, there is no really observable trMs effect. 
The variation in W-C (1.84(3) - 2.11(3)& of the four 
pseudo planar carbonyl groups may well reflect the 
erratic decomposition of the crystal, it was originally 
a gold orange and changed to an opaque black under 
the action of X-rays. 

The two unique molecules differ essentially in a 
rotation of 23” about the W-S bond; an equivalent 
OC-W-S-C(Me) torsional angle in the two molecules 
is 173” and 150” for molecules I and II respectively. 
This places the two methyl groups closest to the 
tungsten atom in an approximately staggered con- 
formation relative to the cis carbonyl groups. 

Variable temperature ‘H NMR studies 
The spectra of each type of ligand complex are best 

described individually. 

1,3,5-Trithian complexes 
The spectra of these complexes m(CO), 

(SCH$CH$CH,)] at room temperature are as re- 
ported previously.’ The occurrence of two singlets in 
an intensity ratio of 2 : 1 (with the most intense 
resonance at high frequency) is consistent with: (i) 
The trithian ligand coordinating via one of its sul- 
phur atoms to the single M(CO), moiety, (ii) the 
complexes undergoing rapid sulphur atom inversion 
and six-membered ring reversal to equilibrate axial 
hydrogen environments on individual ring methylene 
groups.2 

Increase of temperature above ambient caused 
identical changes in both the chromium and tungsten 
complexes. The two ‘H singlets were observed to 
broaden and coalesce (ca. 75 and 87°C for the 
chromium and tungsten complexes respectively), 
eventually giving rise to a sharp singlet on further 
increase in probe temperature. A non-exchanging 
sharp singlet, attributable to the free ligand, was 
observed throughout the temperature range studied. 

The above reversible spectral changes, along with 
the absence of free ligand exchange imply an equi- 
libration of all methylene hydrogen environments by 
an intramolecular commutation of the M(C0)5 moi- 
ety over all sulphur atom coordination sites via a 
series of 1,3-shifts. A diagrammatical representation 
of this is given in Fig. 2 (the M(CO), group is shown 
axial to the ligand for reasons to be discussed later). 

The full dynamic nuclear spin problem for this 
system is shown in Fig. 2. A lack of long-range 
coupling, however, permits the reduction of the com- 
plex situation to a simple A(66.6%)+ B(33.3%) 
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Fig. 1. Crystal structure of [w(CO),{kH(Me)SCH(Me)S&(Me)}] showing the two unique molecular 
conformations (I and n). 

Fig, 2. Dynamic nuclear spin problem for the 1.3~shift 

process in the complexes ~(CO)&CH2SCH,S~Hz)J 
(M=Cr or W). 

problem. This allows spectra to be simulated using 
the DNMR8 computer program. A visual com- 
parison of experimental and computer simulated 
spectra, until “best-fits” were obtained, yielded the 
rate of the 1,3-shift at the various temperatures 
investigated. A series of experimental spectra of the 
complex [Cr(CO),(kCH,SCH,SkHJ] and their com- 
puter simulation is illustrated in Fig. 3. The static 
NMR parameters utilized in the computations are 
given in Table 3. Plotting these rate constant data 

T/T 

Fig. 3. Variable-temperature ‘H NMR spectra of the com- 
plex [Cr(CO).&CH,SCH,SCHJ] and their computer syn- 

theses. 



A dynamic nuclear magnetic resonance study 1121 

Table 2. Selected bond lengths (A) and bond angles ( ‘, in [w(CO),{B-$CH(Me)SCH(Me)SCH(Me)jl 
a) bond lengths 

W(l)-S(11) 

W(l)-C(lOl) 

W(l)-C(102) 

W(l)-C(103) 

W(l)-C(104) 

W(l)-C(105) 

2.553(6) 

1.87(3) 

2.06(3) 

1.92(3) 

1.84(3) 

2.11(3) 

b) bond angles 

67(l) 

86.1(E) 

174.1(S) 

95.8(9) 

99.5(S) 

c(101)-w(1)-c(102) 93(l) 

c(101)-w(1)-c(103) 89 (1) 

c(101)-w(1)-c(104) 178(l) 

c(101)-w(1)-c(105) 92(l) 

C(102)-W(l)-C(103) 90(l) 

C(102)-W(l)-C(104) 87(l) 

c(lo2)-w(l)-c(lo5) 173(l) 

c(103)-w(1)-c(104) 89(l) 

c(103)-w(1)-c(105) 85(l) 

c(104)-w(1)-c(105) 89(l) 

175(2) 

175(2) 

177(2) 

174(2) 

176(3) 

W(Z)-S(21) 

W(2)-C(201) 

W(2)-C(202) 

W(2)-C(203) 

W(2)-C(204) 

W(2)-C(205) 

S(21)-W(2)-C(201) 

S(21)-W(2)-C(202) 

S(21)-W(2)-C(203) 

S(21)-W(2)-C(204) 

S(21)-W(2)-C(205) 

c(201)-w(2)-c(202) 

C(201)-W(2)-C(203) 

C(ZOl)-W(2)-C(204) 

C(201)-W(2)-C(205) 

C(202)-W(2)-C(203) 

C(202)-W(2)-C(204) 

C(2021-W(2)-C(205) 

C(203)-W(2)-C(204) 

C(203)-W(2)-C(205) 

C(204)-W(2)-C(205) 

w(2)-c(201)-0(21) 

W(2)-C(202)-O(22) 

W(2)-C(203)-O(23) 

W(2)-C(204)-O(24) 

W(2)-C(205)-O(25) 

2.553(7) 

1.97(3) 

2.00(3) 

1.87(3) 

2.07(3) 

2.03(3) 

84.6(B) 

93(l) 

173(l) 

99.1(8) 

92.e(8) 

91(l) 

90(l) 

176(l) 

92(l) 

84(l) 

90(l) 

174(l) 

87(l) 

91(l) 

67(l) 

173(3) 

17413) 

177(3) 

173(2) 

169(2) 

Table 3. ‘H NMR parameters for the methylene protons in the complexes [M(CO),(kCH,SCH,S~H,11 
(M=CrorW) 

Complex Solvent Av(AB)/Hz p(A) (=’ p(B) (” T2*/db) 

[CK (CO’ 5 &z$i21 ] C6D6 20.26 0.66 0.33 0.127 

[W(CO) 5 (&i2scH2sAt21 1 '2'l4 19.85 0.66 0.33 0.133 

(a) Populations. 

lb) Effective transverse relaxation time, T2* = (nAv/ (where Av4 is the natural line width at 

half height). 

according to the Arrhenius and Eyring equations 
(using least squares fitting), yielded the activation 
parameters for the 1,3-shift process. These are 
reported in Table 4 along with those previously 
obtained2 for the complexes FI(CO), 
{SCH(Me)SCH(Me)SCH(Me)}] (Me = Cr or W). 

The Arrhenius plot for the intramolecular 1,3-shift 
in the pentacarbonylchromium(O) complex of 
1,3,5-trithian is shown in Fig. 4. 

1,3,-Dithiun and 2-methyl-1,fdithian complexes 
The room temperature ‘H NMR spectra in C,D, 

POLY Vol. 2. No. 11-B 

of the complexes ~(CO),(SCH,SCH,CH,CH~] 
(M = Cr or W), show a singlet and three complex 
multiplets in an intensity ratio of 1 : 1 : 1 : 1. The 
latter are attributable to the -(CH,),-portion of the 
heterocyclic iigand. An examination of molecular 
models shows this to be an AA’BB’CC’ spin system. 
This simphfkd system is generated from the room 
temperature equilibration of two ABCDEF type spin 
systems by rapid ring reversal and ligand sulphur 
atom inversion (see Fig. 5). These belong to the two 
structures possible for each of the 1,fdithian com- 
plexes; the M(CO), moiety can be axial or equatorial 
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Fig. 4. Arrhenius plot for the 1,3-shift process in the complex [Cr(CO),(kH,SCH,SkHJ]. 

1 1 , I 

160 - 

l-60 - 

140 - 

lOg&M 

1.20 - 

100 - 

0.80 - 

O-60 - 

I I I 

2.03 2.00 2.93 298 3-03 3.08 

10%/T 

ABCDEF RSTUVW 

RR 

Fig. 5. The effect of ring reversal and sulphur inversion on 
the _iCHJ,-nuclear magnetic spin system in the complexes 

[M(CO),(&ZH,SCH,CH&IJ (M = Cr or w). 

to the l&and ring. Thus, equatorial and axial protons 
on methylene C, (and likewise those on C5 and C,) 
achieve chemical (but not magnetic) equivalence as a 
result of the above two rapid fluxions, generating a 
“pseudo-plane” of symmetry in the ligand ring. HOW- 
ever, in the methyl substituted complexes 

[M(CO),{kH(Me)SCH,CH,dH,)] (M = Cr or W), 
the substituent on C, destroys this symmetry element, 
which results in the retention of an ABCDEF spin 
system. This explains the considerably increased com- 
plexity of the -(CH&multiplets observable in the 
room temperature spectra of the 2-methyl-1,3_dithian 
complexes. 

Heating C,D, solutions of the above four com- 
plexes to cu. 90°C resulted in only a slight broadening 
of the multiple& but changing the solvent to 

ds-toluene, and increasing the temperature to 120°C 
produced extensive changes in the spectra line shapes. 
The resonances arising from the methylene protons 
on C, and Cs (which occur at high frequency w.r.t. 
the C, multiplet) were observed to partially coalesce, 
and simultaneously the C, methylene proton multi- 
plet broadened. 

Such spectral changes are consistent with the com- 
mencement of the equilibration of the two 4,6-carbon 
methylene environments; AA‘BB’CC’ z$ CC’BB’AA 
in the 1,3_dithian complexes (see Fig. 6), 
ABCDEF Z$ EFCDAB in the 2-methyl-1,fdithian 
complexes. This indicates that the M(CO), moiety 
has started to commute between the two 
1 ,fpositional sulphur atoms. Unfortunately a fur- 
ther rise in the probe temperature produced 
braodened free ligand lines in the spectra indicative 
of the commencement of infermolecular ligand ex- 
change and thermal degradation of the complexes. 
This is also indicated by the irreversible colour 
change of the solutions from yellow to brown. As 
total coalescence could not be obtained we were 
unable to carry out a full line shape analysis, and can 
report only the qualitative observation of 1,3-shifts 
without numerical data for activation parameters. It 

AA’BB’CC’ * _ C C’BB’A A 

Fig. 6. The effect of M(CO), 1,3-shifts on the 
-(CHJ,-environme.nt in the complexes [M(CO), 

SCH,SCH~CH,CHJ] (M = Cr or w). 
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is notable, however, that AG* for a shift in the 
1,3-dithian complex is higher than in the correspond- 
ing 1,3,5trithan complex; a factor which may be 
associated with the reduced probability of access to 
a suitably placed sulphur atom for the 1,fshift. 

DISCUSSION 

Of all the activation parameters, AG* has been 
recognised as the least susceptible to temperature and 
rate errors.” We therefore base our discussion of the 
relative ease of 1,3-shifts in these complexes upon the 
AG* (298.15 K) values listed in Table 4. 

The intramolecular nature of the 1,3-shift in these 
complexes is indicated by the absence of exchange 
with added free ligand, and is confirmed by the 
numerical values of log,d and AS * (Table 4), these 
being all close to 13 and 0 respectively. 

The X-ray crystal structure of the complex penta- 
carbonyl-B-2,4,6-trimethyl-1,3,5-trithiantungsten(O) 
would appear to confirm our previous reasoning’ 
as to why the M(C0)5 moiety undergoes rapid 
1,3-shifts at ambient temperatures in the complexes 
lM(CO), {SCH(Me)SCH(Me)SCH(Me)}] (M = Cr 
br W), but not in those of 1,3,5trithian etc. The rigid 
chair conformation of fl-2,4,6-trimethyl-1,3,5- 
trithian with all methyl groups equatorial, forces 
the M(C0)5 group to adopt exclusively the 
sterically less hindered axial position. Low tem- 
perature ‘H NMR spectra of the complexes 

[M(CO),{SCH(Me)SCH(Me)SCH(Me)}] (M = Cr 
and W) showed the predominance (> 95%) of one of 
the two possible conformers, thereby virtually cer- 
tainly confirming the retention of the solid state 
conformation in solution. In such a structure the 
axial lone pairs of unto-ordinated sulphur atoms are 
held at a constant distance from the M(CO& moiety, 
and further, are directed in such a way as to greatly 
facilitate a 1,3-shift via an easily accessible seven 
coordinate intermediate. In the complexes 

[M(CO),(SCH,SCH,SCH,)] [M = Cr or w], however, 
ring reversal and ligand sulphur atom inversion inter- 
convert conformers of similar ground state energy, 
thus changing the ideal relative positioning of 
M(CO), groups and sulphur lone pairs. This increase 
in ligand “flexibility” makes the probability of a 
commutation more remote, and is reflected by an 
increase in AG+ of cu. 10 kJmol-’ between the 
trimethyl substituted and the unsubstituted trithian 
complexes. 

The suggestion that ligand “flexibility” is a major 
influential factor in determining the magnitude of 
AG’ for 1,3-shifts across a -S-CH,-S- ligand sys- 
tem, is further supported by the following examples 

of pentacarbonyltungsten complexes which are or- 
dered in terms of increasing flexibility, and also 
increasing AG + values 

[w(CO)$CH(Me)SCH(Me)SCH(Me)], 

68.47 _+ 0.02:; 

[w(C0),(SCH,SCH,SCH,)], 78.33 + 0.26”; 

[W(CO),(SCH2SCH2SCH,SCH2)], 83.44 rfr 0.5819; 

[W(CO),(MeSCH,SMe)], 84.65 + 0.66”; kJ mol - ‘. 

In all of these classes of complex it is notable that 
activation energies for pentacarbonylchromium com- 
plexes are consistently co. 3 kJ mol- ’ lower than their 
tungsten analogues. 
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Abstract-The interactions of SbCl,, SbBr, and SbI, with N,N-dimethylformamide (DMF); 
N,Ndimethylacetamide (DMA) and tetramethylurea (TMU) have been studied in 1,2dichloroethane 
solution. The equilibrium constants and the respective variations of enthalpy for 1: 1 and 1: 2 species were 
obtained by means of the incremental calorimetric titration technique. From AH; values., the acidity order 
SbCl, > SbBr, > SbI, and the basicity order TMU > DMA > DMF were established. The ionization in 
solution such as autocomplex formation and halides displacement are discussed using conductometric 
titration values. 

The majority of p-block elements in lower valence 
states have a lone electron pair which gives rise to an 
irrcegmar coordination in tie adbucr 5onned. Ttis 
lone pair of electrons in antimony(II1) halides is 
wx&tere& ta beepre~attiinauZl_v a? s-character, Aue to 
th~e’jatiY.na~‘m’%&, m6recrhes~~e~-S”D-X an&es are 
97-W. The38 f&g%3 ir%!ieate th& the St-X bend. 
involves mainly the metal p-orbitals. The lone pair 
leads to a high electron density close to the metal, in 
spite of the difference in electronegativities of the 
atcoms’m ‘Ihe m&h-hriirhebonh anh ConsepuenYry, 31 
shum\b be bjffic& ‘lo accommoda1e a Letis base in 
the coordination sphere. For 5 :5 ahon&forma’rjon a 
rehybridisation is required to arrange the new ligand 
in a trigonal-bipyramidal geometry, where the lone 
pair is lying in an equatorial position. Identically, with 
two molecules of bases an octahedral geometry is 
formed, the lone pair occupying one site of coordi- 
nation. X-Ray structure determinations of SbCl, ad- 
ducts of aniline’, tetramethylthiourea3 and tri- 
phenylarsine4 illustrate this behaviour, where the 
strain of the lone pair causes a highly distorted geom- 
etry. 

The Lewis acid properties of these metal halides are 
dir@?& by an in&r8aW in &oorcziRafioR nWzz&?~ of 
the metal through the formation of a u ligand-metal 
bond. In solution this beltaauiaur can he iUstrated by 
the interaction of SbCl, with some aliphatic and 
aromatic amides.’ Molecular adducts are formed in 
1: 1 and 1:2 stoichiometries, these reactions being 
folIowed by vibrational spectroscopy. The relative 
dcnar ability at the amides coward SK{, as a tied 
acid was established by means of carbonyl and 
antimony-chloride frequency shifts. Thus, in benzene 
the order is DMA > DMF >NMA (NMA= 
N,,~~~~~‘carni~~,~Ihi~~l:~~~,ir,cp#~~~~~n~ 
such as chloroform. In agreement with these results, 

*Author to whom correspondence should be addressed. 
tPermanent address: Departamento de Qulmica- 

CCEN, Universidade Federal da Faraiba, Campus I- 
Cidade UniversitPria, 58000 Jo20 Pessoa, Paraiba, Brasil. 

in an aprotic solvent the basicity order 
TMU)DMA)DMF was recently obtained using a 
ca1orime%xic tecYmi9ueP 

Thermodynamic parameters involving the equi- 
Vzkium bezween Sbx,, &ss~~veb in I,.~-&cltla- 
r&inane anb a x&us ti3 ‘i_xanhs have &en I&- 
stin&tic&$$ &t&W&. AxWng $!%3se ligW&-j, tier8 
are oxygen donors such as pyridine N-oxide, dimethyl 
sulphoxide and triphenylphosphine oxide, which 
showed successive formation of 1: 1 and 1: 2 adducts 
in tk&nt% hp. where X, ) K_,. M D abrup’r Wmrence 
was obseruet% in the enthaYip& d these sips d CDM- 

&na%on. The ‘irgan& WJQ an& C,H,ND gave ti,& 
stability constants at the first step of wmplexation, in 
comparison with the analogous phosphorus and ni- 
trogen donors, which presented small enthalpies of 
formation. However, three moles of aliphatic amines 
reacted quantitatively with metal-halides to produce 
very large exothermic enthalpy changes. In this case, 
it was suggested that the aliphatic amines are wordi- 
nated to the halogen in the adducts rather than to the 
metal. 

In this paper, SbX3 were calorimetrically titrated 
with N,N-dimethylformamide (DMF); N,N- 
&n&2~.8~W22k!J.e (D2&BA) a.& t.&?AW~~~kz?~ 
(TMU) in the assumed inert solvent 1,2dichloro- 
ethane. Ram the iaccemeatal ca~ariutetric titration 
results, the stability constants and the variation of 
enthalpy for the two steps of coordination of these 
oxygen donors ligands were calculated. 

Materials. All solvents for preparation of metal halides, 
for calorimetry and for conductance measurements were 
carefully dried, distilled and stored over molecular sieves. 
N.Ndimethvlformamide:* N.N-dime~~vlacetamide9 and 
tetramethylurea’O were previously distilled and dried over 
barium oxide or sodium carbonate. After standing over- 
night these solvents were distilled through an efficient 
column under reduced pressure, collecting the fractions at 
36°C and 30mmHg; 30°C and 6 mmHg and 80°C and 
30mmHg for DMF, DMA and TMU, respectively. After 
distillation these solvents were stored over molecular sieves. 

All the manipulations concerning the metal halides were 

1125 
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carried out under an atmosphere of dry nitrogen on a 
vacuum line or in a dry-box. Antimony chloride (Carlo 
Erba) was purified by sublimation in vacuum, giving a 
melting point of 73”C, literature 73°C.” Antimony tri- 
bromide was prepared from the reaction of antimony with 
an excess of bromine in carbon disulphide under an atmo- 
sphere of nitrogen. When the antimony vanished, the sohr- 
tion was pumped to dryness and the solid was crystallized 
twice in carbon disulphide to give a product of melting point 
96°C literature 96”C.‘* Antimony triiodide was prepared by 
means of a direct reaction of the metal and iodine in 
benzene. After filtration the product was dried in oacIu) and 
recrystallized in toluene, giving a melting point 17O”C, 
literature 17O”C.‘* 

Calorimetric measurements. All calorimetric experiments 
were performed with the solvent 1,2-dichloroethane by 
means of a LKB 8700-2 precision calorimetric system. The 
titrand solution at (25.00 f O.OS’C) was incrementally ad- 
ded to 9O.Ocm’ of the desired solution, already in the 
calorimeter vessel and the heat recorded or described 
previously.‘3J4 The calorimeter’s performance was checked 
using the enthalpy of titration of hydrochloric acid with 
tris(hydroxyamino)methane. is The metal halides were ti- 
trated twice with each of the three ligands. In a typical 
example, an SbCI, solution (1.30 x lo-* moles.l-‘) was 
titrated with a DMF solution of 0.15 moles.l-‘. A new 
titration of the same SbCI, solution was carried out with 
a DMF solution 1.16 moles. I - ‘. The final volume in each 
case was ca. 100cm3 and the relative number of moles of 
SbCI, to the number of hgand was 1.3/l and 10/l with 
between 15 and 25 points. 

The net enthalpy for each increment of titrand (Q”) was 
calculated after subtracting the heat of dilution. The effect 
produced by the ligand solution was determined when its 
solution was added to 90.0 cm3 of 1,Zdichloroethane (Qs). 
The heat of dilution of the metal halide solution was 
calculated after the addition of solvent to the calorimeter 
vessel containing 90.0 cm3 of the halide solution (Qc). Thus, 
the variation of enthalpy due to the chemical reaction (Q,& 
can be obtained by: Qob. = QA - Qr, - Qc. The K,, K,, AH, 
and AH2 values are related to the interactions of metal 
halides (SbX,) with the hgands (L): 

SbX, + L = SbX, . L; K,, AH: 

SbX, . L + L = SbX, .2L; K2, AH; 

where 

I 

K, = ISbX, . L\/ISbX,~~L~ and 

1 

K2 = ISbX, .2Ll/ 
SbX, . LllL. A previously described procedure of calcu- 
ation was ollowed to find, K,, K2, AH f and AH; values. 
This method consists in adjusting the points of the ti- 
trations of the calculated curve (Q,& to the experimental 
one (Q.,,& In this procedure the function 
U = Z (Qob, - Q&* is minimized by using a least square 
programme.‘3~‘4 

Conductance measurements. The metal halides were con- 
ductometrically titrated at (25.00 + O.OZ’C) with the hgands 
in 1,2dichloroethane to high concentration of metal 
halide/hgand; i.e. about l/10. In these series of mea- 
surements a Metrohm Herisau Konduktoskop E 365 bridge 
was used. 

RESULTS AND DISCUSSION 

The progress of the reaction between the metal 
halides SbXj (X = Cl, Br, I) and the ligands L 
(L = DMF, DMA, TMU) was studied in 
l,Zdichloroethane, which is considered to be a very 
poor interacting solvent. The results of a typical 
calorimetric titration are listed in Table 1 and the 
enthalpies of dilutions QB and Qc are given in Tables 
2 and 3, respectively. The plot of the heat obtained 
against the volume is presented in Fig. 1. From these 
incremental calorimetric titrimetry values the thermo- 

Table 1. Titration of 90.0 cm3 of SbCl, solution (1.30 x 
1O-2 M) with 0.15 M DMF solution 

V/cm 3 

90.00 

90.25 

90.54 

90.78 

91.29 

91.85 

92.65 

93.45 

94.45 

95.46 

96.67 

98.17 

100.00 

- Qobs'J 

0 

0.44 

0.88 

0.66 

1.50 

1.29 

2.07 

1.75 

2.20 

1.86 

2.13 

2.09 

1.76 

- Z Q,,,/J 

0 

0.44 

1.32 

1.98 

3.4; 

4.17 

6.84 

8.59 

10.79 

12.65 

14.70 

16.87 

18.63 

Table 2. Dilution of 90.0 cm3 of DMF solution (0.15 M) 
with 1,Zdichloroethane 

V/CllB 3 Q obdJ ' 'obdJ 

90.00 0 0 

90.49 0.46 0.46 

91.14 0.53 0.99 

91.91 0.56 1.55 

92.70 0.56 2.11 

93.63 0.64 2.75 

94.04 0.68 3.43 

96.02 0.69 4.12 

97.29 0.73 4.85 

90.74 0.79 5.64 

100.00 0.74 ' 6.38 

Table 3. Dilution of 90.0cm3 of SbCl, solution (1.30 x 
IO-* M) with 1,2dichloroethane 

V/C”, 3 'obsJJ ' 'obstJ 

90.00 0 0 

90.63 0.28 0.28 

91.72 0.38 0.66 

93.15 0.36 1.02 

95.15 0.38 1.40 

97.44 0.38 1.78 

100.00 0.43 2.21 

dynamic parameters of Table 4 were calculated. In an 
attempt to obtain information about the ionic behav- 
iour in 1,2dichloroethane, the metal halides were 
conductometrically titrated in the same range of con- 
centration as that carried out in the calorimetry mea- 
surements. The plot of Fig. 2 represents the ionic 
character of the metal halides when titrated with 
tetramethyhtrea. The curves of distribution of SbBr,, 
SbBr, * DMF and SbBr, * 2DMF species in Fig. 3 
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Table 4. Stability constants and the corresponding variation of enthalpies for interactions of antimony 
halides with the ligands 

Acid 

SbCl3 

SbBr3 

SbI3 

K~/oD~-~ II 

1160 f 1 

460 f 1 

79 i 1 

473 f 1 

(900 t 41105 

800 f 1 

(320 f 2)103 

(140 f 2)105 

(600 f 2)103 

- Ali;/kJ mol-' 

26.8 f 0.1 

36.4 f 0.1 

58.7 f 0.1 

28.9 f 0.2 

39.4 f 0.2 

42.8 f 0.2 

27.9 f 0.2 

28.6 f 0.2 

33.5 f 0.2 

K2Jd 
-1 

216 f 1 

1915 f 1 

25 f 1 

4220 f 2 

100 t 2 

1375 f 2 

(110 t 2)104 

(170 f 2)104 

(98 f 2)104 

-AU;/kJ mol-' 

20.9 t 0.1 

31.7 f 0.1 

38.0 t 0.1 

21.1 f 0.2 

29.2 t 0.2 

44.3 t 0.2 

17.6 + 0.2 

19.7 t 0.2 

21.2 f 0.2 

Fig. 1. Calorimetric titration of 90.0 cm3 of a 1.30 x 10e2 M solution of SbCl, with 0.15 M DMF solution. 
The experimental points in curves A, B and C represent the summation of QA’s, Qis and Qc’s, respectively. 

The calculated points in curve D represent the summation of the Qw 

Fig. 2. Conductometric titration of 90.0cm3 of metal halides with TMU in 1,2dichloroethane: 
1.42xl0-2MSbCI,and0.99MTMU,1.31x10-2MSbBr,and0.99MTMU;3.03x10-3MSbI,and 

0.28 M TMU. 
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Distribution curve of SbBr, ’ 2DMF and SbBr, . DMF adducts in the SbBr,-DMF 
1,Zdichloroethane at 298 K. 

3. 

were calculated from values of K, and K2 obtained 
from the titrations. 

The halides SbX, (X = Cl, Br) interact exother- 
mically with the amides. However, SbIS produces an 
endothermic effect in this process except with DMA in 
high concentration. In all cases the dilution leads to 
an endothermic effect more pronounced with SbI,, in 
spite of its lower concentration, due to its reduced 
solubility in the solvent. 

Calorimetric measurements between SbX, and 
DMA have been previously obtainedi with the fol- 
lowing AH? values: - 35.98 (SbCl,), - 30.96 (SbBr,) 
and -31.80 (Sb13) kJ mol-‘, which are comparable 
with our results. From these values the authors did 
not establish any acidity order for these metal halides. 
In the mean time, our AHf results (Table 4) demon- 
strate that TMU is a more suitable base to 
differentiate the acidity properties of the metal ha- 
lides, giving the order SbCl, > SbBr, > Sb13, as is also 
observed with triphenylphosphine oxide.’ This behav- 
iour is associated with the donor number of the 
ligands.” Whereas DMF and DMA have the values 
26.6 and 27.8, respectively, leading to similar en- 
thalpies; TMU with donor number 31, leads to a 
different AH,” values. 

The enthalpies values listed in Table 4 show an 
increase from DMF to TMU, reflecting the increasing 
donor number of these ligands. In all cases the basic- 
ity order TMU > DMA > DMF can be proposed, 
since any metal halide is tixed as acceptor. This 
sequence of basicity is clearly seen with SbCl,. On the 
other hand, the same sequence was previously estab- 
lished for the interaction of this acid with the above 
bases by means of the reactions in condensed phase,6 
viz. SbCl,(s) + L(e) = SbC& 1 L(e, s); AH;: 
-27.82 + 0.15; -37.96 + 0.16 and -44.86 If: 
0.27 kJmol-’ for DMF, DMA and TMU, re- 
spectively. 

The metal halides in the concentration range of the 
calorimetric titrations give the same specific conduc- 
tivity of the net solvent, thus they maintained their 

system in 

characteristic molecular properties in this medium. 
Although the metal halides present some degree of 
dissociation during the conductometric titrations with 
the ligands, the molar conductivity is much below that 
of 1: 1 electrolyte type behaviour.” Figure 2 shows a 
conductometric titration of SbXs with TMU. The 
conductance results reveal the donor-acceptor com- 
plex formation, which depends on the donor proper- 
ties of the ligand, the polarizability and the energy of 
Sb-X bond. The highest conductance values observed 
for SbI, (Fig. 2) fit very well with the most basic ligand 
and the characteristics of Sb-I bond. 

The stability constant values of K,, for the for- 
mation of the adducts of SbC&, increase from TMU 
to DMF, which is the inverse order of the donor 
ability of the ligands. This enhancement of the equi- 
librium constant in that sequence suggests that the 
autocomplex should be formed, producing ionic spe- 
cies in solution, with a consequent decrease of the 
amount of the adduct formed. This fact can be 
explained in considering the equations of formation 
of adduct and autocomplex:r9 

SbCI, + L + SbQ . L; 

K, = [SbC&, . L]/[SbCl,][L] 

ZSbCl, . L G SbCl,L: + SbCl; ; 

K, = [SbCl,L;][SbCI, J/[SbCI, . L]*. 

The autocomplex is more easily formed with TMU 
due to its highest donor power. In this way the K, 
value turns out to be the smallest among these values. 
For the second step of complexation TMU and DMF 
present K2 <K,, which are normally interpreted by 
statistical effects. Thus, K2 values for both ligands 
suggest the predominance of SbCI, .2L species in 
solution due to the reaction SbCl, . L + L 
e SbCI, .2L. However, the highest K2 value for 
DMA indicates an ionization in solution with the 
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displacement of chloride: SbCl, 1 DMA + DMA 
e [SbC& . ZDMA] + + Cl-. These results corrobo- 
rate with that found in the conductance titrations, 
where DMA presents a higher conductance in com- 
parison with other ligands. This behaviour also 
affects the interaction of SbBr, and DMA, where the 
K, value suggests the presence of ionic species in 
solution due to autocomplex formation: 
2SbBr, + DMA P [SbBr22DMA]+ + [SbBr,]-. A de- 
crease of this constant is observed with DMF and 
TMU; such results indicating the predominance of 
the formation of the adduct: SbBr, + L # SbBr, . L. 
In examining Kz for this system, higher values are 
shown for TMU and DMF. The displacement of 
bromide for these bases can be suggested as: 
SbBr, . L + L * [SbBr, .2L]+ + Br- . The lowest Ks 
value for DMA favours an equilibrium in the course 
of adduct formation SbBr, . DMA . + DMA 
Z$ SbBr3 ’ 2DMA. 

The equilibrium constants involving the ligands 
and Sb13 are all large in value (Table 4). The first 
species formation suggests that it might have an 
auto-association in solution. As previously described 
ionized species should prevail in solution, being more 
accentuated with DMA. For the second step of 
complexation, for all cases, an ionization occurs with 
exchange of ligand, with predominance of ionic spe- 
cies in solution. This fact is consistent with the 
conductometric data which show that Sb13 presents 
the highest degree of conductivity among the metal 
halides and that DMA more easily displaces the 
halides from SbX,. The conductivity order for the 
trihalides is SbI, > SbBr, > SbCl, and for the amides 
the displacement order of halide is 
DMA > TMU > DMF. 
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MAGNETIC AND ELECTRONIC CHARACTERIZATION OF 2: 1 
COPPER(I1) COMPLEXES OF A SERIES OF 

AMINOCARBOXYLIC ACIDS 
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Abstract-Copper(II) complexes with L-( - )-proline, pipecolinic acid, picolinic acid, anthra- 
nilic acid, 4-chloranthranilic acid, 3,5,-dichloroanthranilic acid, 4-nitroanthranilic acid, 
N-phenyl-anthranilic acid, and flufenamic acid anions were prepared and characterized. 
The copper complexes of the anions of proline, pipecolinic acid, and picolinic acid are 
soluble in polar solvents and display frozen solution EPR spectra with axial resonance 
parameters. The copper complexes of the ring-substituted anthranilates are highly 
insoluble or only slightly soluble in a few solvents. The EPR spectra of the copper-doped 
zinc(I1) analogues of these complexes display various degrees of rhombicity in their EPR 
parameters. The N-substituted anthranilates form insoluble complexes in aqueous solution 
which readily dissolve in organic solvents and undergo dimerization. 

Tne anion 0C anYnratiGic a& lo-animdoenzoic 
acid) is a unique ligand which forms highly in- 
soluble complexes suitable for gravimetric deter- 
mination of transition metals. Despite the in- 
solubility of anthranilate complexes, the 
bis(ant~ranilatopcop~c(~~~ complex is pku~~a- 
cologically active as an anti-inflammatory agent2, 
and rhodium and other metal complexes with the 
anthranilate anion have unusual catalytic 
Fraperties.3 

In 1975, Lange and Haendler4 reported the 
crystal and molecular structure of bis(anth- 
ranilato)copper(II). The local coordination geome- 
try is a distorted octahedron, with two amino 
nitrogens and two carboxylate oxygens occupying 
the equatorial coordination sites in a trans 
conCgw7&ion. A ca&wiqS oxygen from P <igad 0tl 
an adjacent complex molecule occupies each axial 
c-T&a&n si=&. T& p0<ym&~, <a&i&a%- 
bridged network is further stabilized by hydrogen 
bonds, and undoubtedly accounts for the unusual 
insolubility of this complex. 

A study of the copper(I1) complexes with a series 
(05 ti>nocarboxy>ate &an& 1Ya1 are s1mc1ma%y 
related to anthranilic acid is reported here. The 
objective of this study is the comparison of the 

*Author to whom correspondence should be ad- 
dressed. 

TPresent address: Water and Wastewater Programs of 
BioSoutce, Michigan Techno[ogical university, 
Houghton, MI 4993 I, U.S.A. 

Iiedrroriic an6 magntiic mm bi Y&se cum- 
plexes, and the correlation of these properties with 
structural differences. Due to the insolubility of 
some of these complexes, the complexes were stud- 
ied in both solution and the solid state. Further 
X-ray crystallographic study lras &een initiated. 

EXPERIMENTAL 

Preparation of complexes 
Aa,ueaus sa(uc<aas af the <&an& were prepa& 

by dissolving the free acid in a slight excess of 
dilute sodium hydroxide solution and adjusting the 
pH to 6-7 with dilute acid. The filtered ligand 
solution was added to an aqueous solution of 
copper(I1) acetate in a 2: 1 ligand-metal mole ratio. 
The complexes, except those of L-( -)-proline and 
pip&% acid, pti@a%& imm&iaQ5y as fine 
powders. The prolinato and pipecolinato com- 
p%%3 aTlt cxQVrne$y wa?lw sc&b5e, but were iSO- 

lated by gradual addition of less polar organic 
solvents to the aqueous solution. The products 
were collected by vacuum filtration, washed, and 
air dried. Copper-doped zinc(I1) and nickel(I1) 
CD~@EXS WEJE $YE&BJ& h ih’? ‘JG=mE _lVz&Z!~E~ 

using approx. 5 mol% copper(I1) acetate in nickel 
(II) or zinc(H) acetate. 

Reager& _erari nJ&hmfll_ and_ benZe% \aretle 
stored over 4A molecular sieves and used without 
further purification to prepare solutions of the 
complexes. Reagent grade dioxane was not pre- 
treated. N,N’-dimethylformamide (DMF) was 
carefully prepurified immediately prior to use.s 

1131 
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Table 1. Ligands and corresponding complexes 
Emoirlcal Formula Color Of 1 ccqlOsittee 

Parent Ligand IUPAC Name of Complex Solid Cmnplex CJlNlJtd #Sewed 

L-(-)-prOline L-pyrrolidlnc_Z-~rbor(yllc Jcld 

~ipecollnic acid Z-piperidine-urLwylic Jcid 

picollnic acid 2-pyrldinc-crrboxylfc Jcid 

anthranlllc acid 9-Jninobenzolc Jcid 

4-chloro- 2-amino.4-chlorobenoic Jcid 
Jnthranillc acid 

3.5-dichlom- 2-amino.3.5-dichloro- 
Jnthranilic Jcld bcnzolc JCid 

44tt-a 2-unlno.4-nitmbenzoic rcid 
Jnthranllic rcid 

N-phenyl- 
JnthrJni3iC Jcld 

N-phcnyl-2-~min0benz0lc JCid 

flufenuic Jcld N-(e;o.o-trlfluom-m-tolyl)- 
2-minobenzoic JCib 

Cu(Pro)2'2H20 

cu(PlP)2'2h20 

CU(PlC)2 

Cu(anth12 

Ni(anth)2 

Zn(anth)2 

Cu(canth)2 

Zn(canth)2 

Cu(dcanth)2'2H20 

Zn(dcanth)2 

Cu(nanth)2 

Zn(nanth)2 

Cu(panth)2 

Cu(panth)2'kC41 (b) 

Cu(panth)2 (c) 

Nf(panth)2 

Zn(pJnth)2 

Cu(fluf)2 

Cu(fluf)2'MeC4i (d) 

Cu(fluf)2 (c) 

Nl(fluf)2 

Zn(fluf)2 

dark purple 

blue 

purple 

light green 

pale blue 

pale green 

light gram 

white 

light green 

yell0u green 

9rJY 

yella 

tan 

dark green 

dark brown 

light green 

orange 

tan 

dark green 

reddish broun 

yella green 

sJlmn pink 

19:: 8:6 18!7 8!2 

17.9 7.9 17.8 1.8 

20.6 9.1 20.9 9.1 

18.9 8.3 19.4 7.9 

11.8 8.5 17.6 8.2 

19.3 8.3 19.2 8.8 

15.7 6.9 14.8 6.8 

16.1 6.9 15.8 7.0 

12.5 5.5 12.6 6.5 

13.7 5.9 13.9 5.8 

14.9 13.2 14.9 13.2 

15.3 13.1 15.4 13.2 

13.0 5.7 12.6 5.9 

12.2 5.4 12.3 5.5 

13.0 5.7 13.5 5.7 

12.2 5.8 12.0 5.5 

13.3 5.7 13.6 5.5 

10.2 4.5 9.6 4.0 

9.7 4.3 9.6 4.6 

10.2 49 10.0 4.6 

9.5 4.6 9.6 4.7 

10.4 4.5 10.2 4.4 

J) Nickel Jnd zinc cmplexes doped with 5 ~1% copper 

b) Prepared by recrystrllization of Cu(panth)2 

c) Preplred by the-1 decanposition of corresponding methJnOl SOlVJtO 

d) PrepJnd by mWYStJlliZJtiOII Of CU(flUf)2 

Hereafter, the complexes are designated by the 
empirical formulae listed in Table 1 with the ligand 
abbreviations shown. 

Elemetial analysis 
Composition of the complexes was determined 

by C,H,N and metal analysis. Metal content was 
determined gravimetrically by the anthranilate or 
ethylenediamine method.’ 

Magnetic susceptibility 
The magnetic susceptibility of complexes in the 

solid state was measured by the Gouy method.6 
Measurements were performed at room tem- 
perature in a magnetic field of 5.8 kG. The 
calibration constant, /I, was determined 
using HgCo(CNS), and checked against 
(NH&Fe(S0&.6H,O. Susceptibilities were cor- 
rected for the temperature independent para- 
magnetism of the copper(I1) ion (Nol = 
60 x lO-‘j cgsu). 

Visible spectroscopy 
Solution spectra were recorded on the Cary 14 

scanning spectrophotometer using matched quartz 
cells (1 cm pathlength) with pure solvent in the 
reference beam. Diffuse powder reflectance data 
were collected using a Beckman Model DU Quartz 
Spectrophotometer with reflectance attachment 
2580. The reflectance was measured relative to the 
reflectance of magnesium carbonate. 

X-Ray drraction 
X-Ray powder diffraction photographs were 

taken with a Philips 57.3 mm camera, and were 
exposed with nickel-filtered Cu J& radiation 
(J = 1.5418 A). Samples were contained in 0.3 mm 
glass capillaries. 

Electron Paramagnetic Resonance (EPR) spec- 
troscopy 

EPR spectra were recorded on the Varian E-4 
spectrometer operating at X-band frequency 
(9.5 GHz) with 100 kHz field modulation. The 
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magnetic field was calibrated with a proton nuclear 
magnetic resonance gaussmeter. Diphenyl- 
picrylhydrazine (DPPH, g, = 2.0037 + 0.0002)’ 
was used as a microwave frequency marker. Cylin- 
drical quartz tubes (3 mm I.D.) were used to 
contain all powder samples, all dioxane and ben- 
zene solutions at room temperature, and all solu- 
tions at liquid nitrogen temperature. A quartz flat 
cell was used for DMF and methanol solutions at 
room temperature. Instrument settings were se- 
lected to avoid power saturation, overmodulation, 
and lineshape distortion. 

EPR parameters were refined by computer sim- 
ulation of spectra using a FORTRAN program for 
S = 4 systems.8 Simulations were performed with a 
nitrogen hyperfine interaction from two mag- 
netically equivalent nitrogen donor atoms with 
couplings of 8-10 x 10-4cm-‘. Additional 
refinement was achieved by including various hy- 
drogen atom hyperfme couplings of l-4 x 
10e4 cm-‘. 

The temperature dependence of the intensity of 
the spin triplet EPR signal of Cu(panth),*MeOH 
and Cu(fluf),.MeOH was measured with a Bruker 
VT2000 variable temperature controller and Bru- 
ker ER200D spectrometer. A nonlinear least- 
squares program was used to obtain values of - 25 
by fitting the experimental signal intensity data to 
the Bleaney-Bowers equation9 

g2W2 1 - . 
IL= 3kT 1 +fexp(-2J/kT)+Na 

where the signal intensity is proportional to the 
molar susceptibility, x,,,. 

Calculation of bonding parameters 
Molecular orbital theory has been applied to the 

interpretation of EPR spectra of transition metal 
complexes. The theory and derivation of the equa- 
tions that follow are discussed more completely 
elsewhere.‘“‘s 

In DG symmetry, assuming a dxl _,,* ground state, 
the g and A values are predicted by 

gll - 2.0023 = ME -,“f;tr, {ah - a’BJ 

- a(1 - /l’)“‘T(n)/2) 

- 2Aaj? 

g’ - 2’oo23 = AE++duy2 
{ab - a’j?S 

- a’( 1 - /?2)“2T(n)/2} 

All = P(a2(- & - $) + (gll - 2.0023) 

+ +(gl - 2.0023)) 

where 1 is the spin orbit coupling constant, which 
is less than the free ion value & = 828 cm-‘, S is 
the overlap integral, T(n) is a function primarily of 
s-p hybridization of ligand orbitals, P is the 
electron-nuclear dipole coupling term, which is 
less than the free ion value PO = 0.36 cm - ‘, and 
& = 0.43 is the Fermi contact term. Typical values 
of S and T(n) are 0.076 and 0.333 for oxygen 
donor atoms, and 0.093 and 0.220 for nitrogen 
donor atoms, respective1y.i’ The energies of the 
individual electron transitions (A&x2 -y~dry, 
A&G - y~dxz,yz’3 etc.) were approximated by the 
energies from the absorption peaks in the visible 
spectra of the complexes in solution or in the 
reflectance spectra of the complexes as poly- 
crystalline solids. The so-called bonding parame- 
ters are the mixing coefficients of the molecular 
orbital wavefunctions constructed by taking linear 
combinations of ligand atomic orbitals and metal 
3d orbitals. The primed symbols refer to ligand 
antibonding orbitals, and the unprimed symbols to 
metal antibonding orbitals. Normalization of or- 
bitals yields a2 + a’2 = 1 for in-xy-plane o-bonding 
orbitals (neglecting overlap), /II2 + /I;’ = 1 for in- 
xy-plane x-bonding orbitals, and /3’ + /I” = 1 for 
out-of-xy-plane n-bonding orbitals. When a2, /II’, 
or b2 is equal to one, bonding in the corresponding 
orbital is ionic; values of 0.5 indicate that bonding 
is covalent. The degree of covalency can be used to 
compare the molecular structure of a series of 
related complexes in similar media. 

When xy-anisotropy in g is observed, the above 
equations must be replaced by the ones appropri- 
ate for crystal field symmetries lower than D+ In 
D, symmetry the in-xy -plane anisotropy arises 
from splitting of the d,, and d,,z orbital energy 
levels, while in C,, symmetry the anisotropy is also 
due to mixing of dx2_y2 and dz2 orbital character. 
The equations which predict the g and A values 
are”.‘2 

g, - 2.0023 = 
- 8Aa2/l12(cos2 6) 

AEdX2_,,2-dXv 

gu - 2.0023 = 
- 2b2b2(cos 6 + fi sin S)’ 

AEd,2 _,,2-du 

g, - 2.0023 = 
- 21a2y2(cos 6 - fi sin S)’ 

AEdx2_u2-dYZ 

A, = P[- Ka2 - ($)a2(cos 26) + ($a2y2(cos 26 

+ (a/3) sin 26)/AE,, + (+))la2j12(cos 26 

- (&3) sin 2S)/AE,, + 8La2j3,2 

x (cos2 S)/AE,,] 
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where @’ and yz are the bonding parameters for 
out-of-xy-plane n-bonding via the d,, and d, 
orbitals, respectively, and cos 6 and sin 6 are 
coefficients for d+,,2, dz2 orbital mixing. In DZh 
symmetry cos 6 = 1 and sin 6 = 0. 

The bonding parameters were calculated by an 
iterative method. A dXz_y2 ground state was as- 
sumed in all cases. All calculations employed 
& = 828 cm-’ because it is difficult to predict the 
extent of reduction of the spin orbit coupling 
constant. If no xy-anisotropy in g was observed, 
the equations for D, symmetry were used. If 
xy-anisotropy in g was observed, the equations for 
C,, symmetry were used, starting with cos 6 = 1. If 
B,‘, /I’, or yz was greater than one, the degree of 
mixing was increased by small increments to obtain 
the best fit. 

RESULTS 

Stoichiometry of the complexes 
Complexes with a 2: 1 ligand-metal mole ratio 

were prepared. The results of elemental analysis for 
N and metal content are in agreement with the 
empirical formulae listed in Table 1. IR spectra of 
the complexes in Nujol mulls between KBr plates 
were recorded on a grating spectrophotometer. 
The amine stretching vibrations of every copper, 
nickel, and zinc complex were shifted to lower 
frequency relative to the corresponding free acid, 
demonstrating that coordination through nitrogen 
occurs in each complex. 

X-Ray powder patterns 
The diffraction data are compiled elsewhere.i6 

For each ligand it was found that the powder 
patterns of the corresponding copper and zinc 
complexes were different. The Ni(panth), complex, 
as prepared, is amorphous. The powder patterns of 
Ni(anth), and Zn(anth), are the same, but the 
powder pattern of Ni(fluf), differs from that of 
Zn(fluf),. 

Single crystals of bis(pipecolinato)copper(II) di- 
hydrate have been grown and a full X-ray structure 
determination is in progress. 

Solubility 
The solvents used to test solubility were DMF, 

methanol, dioxane, and benzene, listed in de- 
creasing order of dielectric constant. Cu(canth),, 
like Cu(anth),, is insoluble in each of these sol- 
vents, whereas Cu(pro),*2H,O, Cu(pip),-2H,O, and 
Cu(pic), are soluble only in methanol, DMF, and 
water. Cu(panth), and Cu(flufl, are insoluble in 
water, but soluble in all the organic solvents. 
The complexes Cu(panth),.MeOH and Cu(fluf),. 
MeOH were obtained from methanol solutions of 

Cu(panth), and Cu(fluf),, respectively. Cu(d- 
canth),.2H,O and Cu(nanth), were slightly soluble 
in DMF and dioxane, but not in methanol or 
benzene. 

Visible spectra 
The spectral data are listed in Table 2. 

Cu(pro),*2H,O, Cu(pip),-2H,O, and Cu(pic), ab- 
sorb around 600 nm in DMF and methanol solu- 
tion. All the other soluble complexes absorb at 
much longer wavelengths. The spectra of the ben- 
zene and dioxane-soluble complexes are dominated 
by an intense absorption below 400 nm which is 
presumably a ligand band or ligand-metal charge 
transfer band. A shoulder on this intense band is 
observed near 400 nm for Cu(panth), in dioxane 
and Cu(fluf), in benzene. Powder reflectance data 
are also listed in Table 2. Well-resolved peaks at 
675, 625, and 575nm were observed for 
Cu(pro),.2H,O. The reflectance data of the dimeric 
complexes, Cu(panth),*MeOH and Cu(fluf),* 
MeOH, exhibit peaks near 675 and 475 nm. The 
other complexes exhibit a single broad peak in 
their reflectance data. 

Magnetic susceptibility 
The magnetic susceptibility data for the poly- 

crystalline complexes are summarized in Table 3. 
The magnetic moments of the copper complexes 
are in the range 1.8-2.0 B.M., excluding Cu@- 
anth),.MeOH and Cu(fluf),.MeOH. The observed 
moment of Cu(anth), falls between values of 1.84i’ 
and 2.0 B.M.” previously reported for this com- 
plex. The reduced room temperature magnetic mo- 
ments of Cu(panth),.MeOH and Cu(fluf),*MeOH 
are indicative of spin-spin coupling and suggest 
that these complexes have a dimeric structure 
similar to that of copper(I1) acetate, which has a 
room temperature magnetic moment of 1.39 
B.M.19 Grigor’eva et aI.” observed room tem- 
perature magnetic moments of 1.35 and 1.40 B.M., 
respectively, for N - 2,3 - dimethyl - phenyl - 
anthranilate and flufenamate complexes isolated 
from aqueous DMF solution. 

The observed magnetic moments of Ni(anth), 
and Ni(panth), fall within the range of values 
typically observed for nickel(I1) complexes with 
octahedral geometry (i.e. 2.9-3.4 B.M.).” Mag- 
netic moments of 3.2 and 3.4 B.M. were reported 
previously for Ni(anth)2.18*22 Although the ob- 
served magnetic moment of Ni(fluf), is lower than 
those typically observed for complexes with tet- 
rahedral or octahedral geometry, square planar 
complexes are normally diamagnetic.” Dimer- 
ization or polymerization leading to anti- 
ferromagnetic spin coupling is suggested, but addi- 
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Table 2. Visible spectral data 

Powder 
OMF MeOH Dioxane Benzene Reflectance 

Complex A 
max E 

h max ' A max k 'max r Data. Xaax 

Cu(pro)2'2H20 596 47 600 73 - - - - 675, 625, 575 

592 79 596 95 

627 35 630 68 

C~(P~P)~'~H~O 

CU(PiC)p 

Cu(anth)2 

Cu(canth)2 

Cu(dcanth)2'2H20 

Cu(nanth)2 

Cu(panth)2 (b) 

Cu(panW2 (d) 

C~(panth)~'MeOH 

Cu(fluf)2 (b) 

Cu(fluf)2 (d) 

Cu(fluf)2'MeOH 

75086 - - 

675 77 - - 

738 112 731 66 

729 135 732 70 

738 138 736 68 

759 74 725 78 

753 81 731 73 

753 92 738 60 

_ _ 

663 81 

675 15 

668 252 

669 256 

669 247 

672 166 

671 213 

675 242 

_ _ 650 

__ 600 

__ 650 

_ - 675 

__ 700 

__ 700 

682 49 c 

688 73 c 

688 63 675, 475 

711 44 c 

718 56 c 

709 62 675, 475 

a) Amx . in tvs 6 in cm-'Ii-' 

b) Original complex from aqueous solution 

c) No major peaks resolved 

d) Product from thermal decomposition of corresponding methanol adduct 

Table 3. Powder susceptibility data 

Complex T('k) x(10') xdia(106) x'm(103) reff(B.M.) 

1.36 1.8 

Cu(~ip)~'2H20 

Cu(pic)2 

Cu(anth)2 

Cu(canth)2 

Cu(dcanth)2'2H20 

Cu(nanth) 
2 

Cu(panW2 (b) 

Cu(panW2 (c) 

Cu(panth)2'MeOH 

Cu(fluf)2 (b) 

Cu(fluf)2 (c) 

Cu(fluf)2'NeOH 

Ni(anth)2 

Ni(panW2 

Nf(fluf)2 

294 

298 

298 

297 

298 

298 

299 

3.72 

3.71 

4.52 

4.36 

3.72 

2.63 

4.08 

-142.7 

-165.9 

-56.9 

-71.4 

-111.6 

-166.9 

-91.4 

1.49 1.8 

1.45 1.8 

1.54 1.9 

1.62 1.9 

1.51 1.9 

1.83 2.0 

1.50 1.8 

1.74 2.0 

0.88 1.4 

1.65 1.9 

1.56 1.9 

0.82 1.3 

3.44 (d) 2.9 

3.57 (d) 2.9 

0.59 (d) 1.2 

296 2.85 -106.2 

293 3.34 -106.2 

292 1.44 -128.6 

293 2.41 -150.2 

293 2.26 -150.2 

296 0.980 -172.5 

295 11.7 -71.4 

295 8.00 -106.2 

295 1.53 -150.2 

Corrected for T.I.P. of Cu(II), No = 60~10~~. 

Original complex from aqueous solution. 

Product from thermal decaaposition of methanol solvate. 

Corrected for presence of 5 mol% copper(I1) and T.I.P. of 

nickel(I1). No. = 500~10-~. 
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tional work on these nickel complexes is 
warranted. 

EPR spectra of the undiluted powders 
The parameters from the room temperature 

EPR spectra of the magnetically undiluted poly- 
crystalline copper(I1) complexes are summarized in 
Table 4. According to the classification scheme of 
Hathaway and Billing,” the spectra of 
Cu(pip),*2H,O, Cu(panth),, and Cu(fluf), are iso- 
tropic whereas Cu(pro),*2H,O has a lineshape cor- 
responding to an “exchanged-coupled” spectrum. 
Sastry and Sastryz3 demonstrated that a small 
ferromagnetic exchange coupling occurs in crys- 
talline Cu(pro),*2H,O with 25 = + 0.108 cm - ‘. 
The spectrum of Cu(dcanth),*2H,O has rhombic 
parameters. In the other complexes which have 
g, 2 2.04, the copper atom is probably in an axially 
symmetric environment of square planar or elon- 
gated octahedral geometry. The observed g-values 
of Cu(anth), are in excellent agreement with values 
reported by Ismailov.‘7 

The EPR spectra of Cu(flt@MeOH and Cu(p- 
anth),*MeOH exhibit zero field splitting (Fig. 1) 
characteristic of the triplet state of copper(I1) 
dimers. A low intensity signal near 3200 G that 
appears at low temperature is the singlet state 
absorption of residual monomer species. Only four 
principal Am, = + 1 resonance fields are expected 
in the triplet spectrum when the rhombic com- 
ponent of the zero field splitting is zero.” The four 
resonance fields in each spectrum are Hz, = 0, 
Hm = 378, H,=4622 and Hz= 57576 for 
Cu(fluf),.MeOH, and Hz, = 0, H,, = 541, H, = 
4622 and Hz = 54656 for Cu(panth),*MeOH. Av- 
eraged values of D calculated from” 

Table 4. Powder g-values 

9 92 93 

2.06 2.17 - 

2.11 - - 

2.06 2.17 - 

2.07 2.25 - 

2.07 2.25 - 

2.06 2.19 2.31 

2.05 2.26 - 

Q2.1 - - 

%2.1 - - 

a) Estimated uncertainty: +0.005. 

6 40’00 8060 G 

Fig. 1. EPR spectra of polycrystalline Cu(p- 
anth),.MeOH (A), and Cu(fluf),.MeOH (B) at liquid 

nitrogen temperature. 

HZ,, = k&x)*Wo - D lkeB))Ho 

H:, = k/gx)*Wo + D lkB)Wo 

Hi, = k/gz)*Wo - ~lkB))* 

f& = ke/gz)‘Wo + D /(g,B 1)’ 

are 0.30 f 0.03 cn-’ for Cu(panth),.MeOH, and 
0.28 f 0.01 cm-’ for Cu(fluf),.MeOH using 
g, = g,, = 2.07, g, = 2.34 (assumed values) and 
hv = 0.3195crn’ (from the DPPH frequency 
mark). 

The magnitude of the zero field splitting is 
temperature independent, but at liquid nitrogen 
temperature, the copper hypertine structure in the 
Hz, and Hz2 resonance fields is well-resolved. The 
seven-line pattern arises from the interaction of 
two equivalent I = : copper nuclei with the triplet 
state (S = 1) of the two unpaired electrons in the 
dimer unit. The observed splitting is about 70-80G 
or roughly a1,/2. The singlet-triplet energy sepa- 
ration ( - 2J) obtained from the least-squares non- 
linear regression fit of the temperature dependence 
of the signal amplitude of the HH resonance field 
to the Bleaney-Bowers equation is 213 cm-’ for 
Cu(fluf),.MeOH, and 375 cm-’ for Cu(p- 
anth),*MeOH (Fig. 2). Grigor’eva et al. reported 
- 25 = 240 cm-’ for the flufenamate complex.*’ 

EPR spectra of dilute solutions 
EPR parameters from spectra of dilute solutions 

are listed in Table 5. In methanol and DMF 
solution at room temperature, the prolinato, pipe- 
colinato, and picolinato complexes display the 
typical isotropic spectrum of copper with four 
hype&e lines arising from the interaction of the 
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1.4 1. B 2. 2 2. 8 3. 0 

TEMPERATURE cK>*lE 
-2 

Fig. 2. Temperature dependence of EPR signal amplitude of Cu(panth),-MeOH (A), and 
Cu(fluf),.MeOH (B), showing experimental data and nonlinear least-squares fit. 

Table 5. EPR parameters for dilute solution 

Isotropicb AniSOttWDiCC Bondinq Parametersc'd 
Complex 2 2 

Cu(pr0)~'2H~O 

Solvent go A0 g, gy g, Ax Ay Ax d s12 6 Y' 

DMF 2.116 81.7 2.050 2.050 2.251 18.7 18.7 190.1 0.82 0.81 0.66 - 

MeOH 2.120 71.6 2.054 2.054 2.263 8.5 8.5 178.4 0.81 0.87 0.72 - 

Cu(pip)2'2H20 DMF 2.115 74.1 2.050 2.050 2.245 18.4 18.4 186.0 0.61 0.82 0.69 - 

MeOH 2.117 70.5 2.056 2.056 2.249 15.5 15.5 181.9 0.81 0.84 0.74 - 

Cu(pfc)2 DMF 2.124 73.0 2.064 2.064 2.262 9.7 9.7 191.1 0.85 0.78 0.76 - 

MeOH 2.126 68.8 2.059 2.059 2.265 12.2 12.2 189.1 0.85 0.80 0.71 - 

Cu(dcanth)2'2H20 DRF G.13e 2.57.0e 2.060 2.060 2.369 20.0 20.0 147.0 0.84 0.93 0.66 - 

Cu(nanth)2 DMF ~2.10~ %80.0e 2.054 2.054 2.282 17.0 17.0 172.0 0.82 0.82 0.64 - 

C~(panth)~ DMF - - 2.070 2.070 2.370 9.0 9.0 147.0 0.84 0.96 0.71 - 

MeOH - 2.070 2.087 2.381 2 5.0 15.0 143.0 0.80 0.97 0.69 0.86 

Dioxane - - 2.066 2.181 2.368 8.0 25.0 162.0 0.88 0.95 1.2 1.2 

Cu(fluf)2 OMF - - 2.069 2.069 2.373 12.0 12.0 145.0 0.84 0.94 0.70 - 

MeOH - - 2.052 2.091 2.382 2 5.0 15.0 144.0 0.80 0.97 0.51 0.91 

Dioxane - - 2.060 2.188 2.365 2 5.0 25.0 164.0 0.88 0.94 1.1 1.2 

a) 

b) 
c) 
d) 
e) 

Solutions about 1.5~10~~ M. Values of g and A refined by computer simulation. Estimated uncertainty 

in g-values is + 0.001. The copper hyperfine couplings are reported as isotope-weighted averages 

(69.09% 63Cu 30 91% I. 65Cu) in units of 10e4 cm-l. Estimated uncertainty in A, is + 0.5~10~~ cm-l; 

greater incertainty in Ax, Ay. 

From spectra recorded at room temperature (~22'C). 

From spectra recorded at liquid nitrogen temperature. 

See text for definitions. 

Approximate values not refined by simulation. 

unpaired electron with the copper nucleus. The 
corresponding anisotropic frozen solution spectra 
have axial parameters (Table 5). Axial symmetry is 
most commonly observed for copper(I1) com- 
plexes, especially with amino acids.‘rJ”8 For these 
three complexes, the solvent has a more pro- 
nounced effect on the g and A values than does the 
ligand. Ammeter et aLz9 described the dependence 

POLY Vol. 2. No. 11-C 

of g-values, hyperfine coupling constants, and 
electron transition energies on the host lattice for 
bis(picolinato)copper(II). 

The room temperature EPR spectra of Cu(n- 
anth), and Cu(dcanth),-2H,O in DMF are broad- 
ened, and the copper hyperfine structure is poorly 
resolved. The frozen solution spectrum of the 
dichloroanthranilate complex suggests the pres- 
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ence of more than one species. The frozen solution 
spectrum of the nitroanthranilate complex more 
closely resembles the spectra of the prolinate, 
pipecolinate, and picolinate complexes than that of 
the dichloroanthranilate complex. 

The room temperature EPR spectra of CuL, and 
CuL,*MeOH (L = panth or fluf) complexes in 
methanol and DMF are severely broadened. In 
benzene and dioxane, a broad absorption in the 
1500-2000G region probably arises from forbid- 
den transitions of loosely coupled dimers. Rela- 
tively sharp features near 3200G in the dioxane 
spectra suggest that monomers are also present. At 
liquid nitrogen temperature, the frozen solution 
spectra of these complexes in DMF, methanol, and 
dioxane are the typical anisotropic spectra charac- 
teristic of monomeric copper(I1) complexes. In 
frozen benzene solution, a broad isotropic signal 
near 3130G was observed for the N-phenyl- 
anthranilate complex, whereas no signal could be 
detected for the flufenamate complex. Evidently, 
association of complex molecules occurs in solu- 
tion, but solvents with coordinating ability can 
disrupt aggregate or dimer formation. 

EPR spectra of copper-doped zinc(II) complexes 
Parameters from the EPR spectra of the poly- 

crystalline copper-doped zinc(I1) host complexes at 
liquid nitrogen temperature are listed in Table 6. 
The degree of xy-anisotropy is greatest for the 
dichloroanthranilate and nitroanthranilate com- 
plexes. The degree of dX2_y2 - d,z orbital mixing 
appears to be the greatest for the nitroanthranilate 
complex. The spectra from the Zn(panth), and 
Zn(fluf), host complexes are different in overall 
appearance compared to the other anthranilates. 
The linewidths are narrower, the xy-anisotropy is 
small or zero, gll > 2.4, and a-bonding orbitals 
have reduced covalent character (a* N 0.82 vs 

a2 N 0.75 for the anthranilates). In-xy-plane 
x-bonding has very little covalent character in all 
these complexes (j$* N 1.0). 

DISCUSSION 

Complexes described in this series can be sepa- 
rated into the following categories 

(1) Five -membered chelate ring structures. These 
complexes which include Cu(pro),*2H,O, Cu- 
(pip),.2H,O, and Cu(pic),, bear little relation to 
Cu(anth), and the other complexes in solubility 
and spectral characteristics. The EPR pa- 
rameters of these complexes are axially syrn- 
metric with g, = 2.05-2.06, 811 = 2.25-2.26, 
All = 178-191 x 10-4crr-1 and t1* = 0.81-0.85, 
j?,* = 0.78-0.87 and p’ = 0.66-0.76. Visible ab- 
sorption maxima are around 600 nm in solution. 
X-Ray crystallographic studies of Cu(pic),*2H,O, 
in which the water molecules are interstitial, and of 
Cu(pro),*2H,O have shown that the local coordi- 
nation geometry of each complex in the solid state 
is elongated octahedral.30*31 However, the axial 
bond lengths in these complexes are much longer 
than the axial bond length in Cu(anth)2.4 

(2) Monomeric six-membered chelate ring struc- 
tures. The variously substituted anthranilate li- 
gands form complexes of this type, but the N- 
substituted anthranilates also form dimeric 
complexes. With the exception of Cu(nanth), in 
DMF which has gll = 2.282 and thus probably has 
elongated octahedral geometry as do the prolinate, 
pipecolinate, and picolinate complexes, these com- 
plexes have gil> 2.3, Ai, > 170 x 10-4cm-’ and 
exhibit various degrees of xy-anisotropy. Two 
types of coordination geometry are evident. 

(a) Distorted tetrahedral. This geometry proba- 
bly occurs for the dichloroanthranilate, N-phenyl- 
anthranilate, and flufenamate complexes in solu- 
tion. These complexes are characterized by 

Table 6. EPR parameters for copper(I1) in zinc(I1) host complexes 

EPR Parametersa Bondina Parametersb 

Complex 

Zn(anth)2 

g, gy g, Ax Ay Az a2 812 e2 v2 cos6 

2.039 2.096 2.318 14.0 14.0 143.0 0.74 0.99 0.67 0.85 0.995 

Zn(canth)2 2.053 2.089 2.318 12.0 12.0 145.0 0.76 0.95 0.90 0.76 0.995 

Zn(dcanth)2 2.036 2.142 2.342 28.0 40.0 126.0 0.75 1.01 0.94 0.91 0.98 

Zn(nanth)2 2.008 2.148 2.311 29.0 58.0 112.0 0.76 1.02 0.97 0.66 0.925 

Zn(panth)2 2.069 2.069 2.438 2 5.9 2 5.9 122.6 0.85 1.2 0.77 - - 

Zn(fluf)2 2.058 2.087 2.402 5 0.8 5 1.8 142.6 0.82 1.08 0.60 0.92 1.00 

a) From spectra of polycrystalline samples recorded at liquid nitrogen temperature. 

Parameters refined by computer simulation. Estimated uncertainty in g is + 0.001. 

Copper hyperfine couplings are reported as isotope-weighted averages in units of 

10-4 cm-l. Estimated uncertainty in AZ is + 0.5~10~~ cm-'. Greater uncertainty in 

Ax and Ay. 

b) See text for definitions. 
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gl = 2.36-2.38, Al = 143-164 x 10-4cm-‘, and 
exhibit a pronounced solvent dependency in their 
EPR parameters. The EPR parameters show xy- 
anisotropy when the complexes are in MeOH and 
dioxane solution, but not in DMF. The N-phenyl- 
anthranilate and flufenamate complexes in dioxane 
show greatly reduced covalent character in both o- 
and x-bonding orbitals compared to all the other 
complexes in Table 5. Numerically, the shift to 
larger gl values observed for these complexes is 
related to their smaller electron transition energies 
relative to the prolinate, pipecolinate, and pico- 
linate complexes. 

The dx2_y2 ground state is not easily dis- 
tinguished from the c&,, ground state in C,, C,, D,, 
D.,.t,, C,, or Dzd symmetry on the basis of EPR 
parameters without the benefit of polarized single- 
crystal electronic spectra. However, the visible and 
EPR spectral data are consistent with distorted 
tetrahedral geometry for these complexes. The 
geometry is probably more nearly square planar or 
elongated octahedral when DMF is the solvent. 
The weaker donor solvents, MeOH and dioxane, 
probably allow twisting of bond angles in the 
equatorial plane to a more tetrahedral arrange- 
ment. The tetrahedral distortion is more evident in 
dioxane than in MeOH. 

(b) Rhombically-distorted elongated octa - 
hedral. This geometry probably occurs in the zinc 
host complexes with the anthranilate, chloro- 
anthranilate, dichloroanthranilate, and nitro- 
anthranilate ligands. The EPR parameters of the 
copper(I1) ion in these host environments are 
strongly dependent on the nature of the ligand 
substituents, and show pronounced xy-anisotropy, 
some degree of dX2_+ - dzz orbital mixing, little 
covalent character in the in-xy -plane II -bonding 
orbitals, and variable covalent character in the 
out-of-xy -plane R -bonding orbitals. This degree of 
variation in the EPR parameters would not be 
expected if the octahedral coordination environ- 
ment was completed by “axial” coordination of 
carboxylate oxygens from adjoining complex mol- 
ecules as it is in Cu(anth),.4 Thus, the chloro and 
nitro substituents are probably involved in coordi- 
nation, although whether they occupy “axial” or 
“equatorial” sites, and whether cis or trans 
configurations occur must be determined by full 
X-ray crystal and molecular structure analysis. 

(3) Dimeric structures. The N-substituted an- 
thranilates form dimeric as well as monomeric 
complexes in solution and in the solid state. The 
Cu(panth),*MeOH and Cu(fluf)iMeOH com- 
plexes in the solid state exhibit zero field splittings 
in their triplet EPR spectra and exchange energies 
comparable to those of copper(H) acetate and 

other carboxylate-bridged dimers.‘9v32 It was sug- 
gested in earlier studies that the dimer might be 
held together by bridging hydrogen bonds between 
the amine group and the carboxylate oxygen (i.e. 
-N-H---O=(-). 20*3*35 However, hydrogen bond- 
bridged dimers of copper(I1) complexes with 
amino alcohols exhibit small exchange energies 
( - 2J < 100 cm - ‘) and large copper-copper sepa- 
rations (> 5 A).36 X-ray crystallography showed 
that the copper-copper separation in Cub.DMF 
(HL = N-(2,3_dimethylphenyl)-anthranilic acid) 
is 2.613 A.37*38 

The EPR parameters of the copper(I1) ion in the 
zinc host complexes Zn(panth), and Zn(fluf),, are 
distinct in that gl > 2.4. Whereas the copper(I1) ion 
in zinc(I1) acetate has g11= 2.344,39 the typical 
range of gl values for dimeric copper(I1) carbox- 
ylates is 2.32-2.42.32 Thus, the zinc complexes are 
probably carboxylate-bridged dimers. Possible 
structures for the water-insoluble monomeric 
Cu(panth), and Cu(fluf), complexes and the corre- 
sponding nickel(I1) complexes are not obvious 
from the data presented above. 

CONCLUSION 

The copper(I1) complexes of ligands which are 
structurally related to anthranilic acid display a 
wide variation in solubility behaviour and magnetic 
characteristics. Further X-ray crystallographic 
work is warranted. 
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Abstract-Extracts with tri-n-octylammonium chloro complexes of Cu(II), Zn(I1) and 
Co(I1) of various compositions, including the N-deuterated compounds, were prepared and 
investigated by IR spectroscopy and conductivity measurements. Besides the well-known 
2: l-complexes (TOAH +)zMC142-, for which new assignments of vNH frequencies are 
given, complexes with a stoichiometric ratio TOA : M > 2 were found. Their cations contain 
the, groups (TOAH . . . Cl . . .HTOA) + and TOAH + and they are supposed to be 
3 : l-complexes (TOAH . . . Cl . . . HTOA)+TOAH +MClf - . The IR spectrum of the 
1: l-complex TOAH+CuCl; is given. The occurrence of the analogous 1: l-complex 
TOAH+ZnCl; could not be detected under the preparative conditions used. 

In preceding studies’, 2 the occurrence and condi- 
tions of formation of various extractable halo 
complexes in the system tri-n-octylammonium 
chloride&H, or C6D6 - MX, - HX[M = In(III), 
Fe(II1) or Ga(II1); X = Cl, Br or I] were in- 
vestigated by means of loading experiments, IR 
spectroscopic investigations and measurements of 
the conductivity of the metal bearing extracts. 

With the knowledge derived from these studies 
work was extended to the corresponding chloro 
complexes of Cu(II), Zn(I1) and Co(I1). 

Previous solvent extraction studies3m7 on such 
systems (or similar ones) stated the formation of 
2 : 1 -complexes (R,NH f)2MC1,2 - t)(M = Cu, Zn 
or Co). Aguilar et uI.**~ proposed in the case of Zn 
besides the 2 : 1 -complex a 3 : 1 -complex 
(R,NHCl),ZnCl,, based on distribution data 
treated by means of the LETAGROP program. IR 
spectroscopic investigations on the 2 : 1 -complexes 

*Author to whom correspondence should be ad- 
dressed. 

tcomplexes are here and subsequently written in 
monomeric form. 

were performed with the aim to elucidate their 
structure.4’s*‘*‘2 However, the published data con- 
cerning the positions and assignments of the vNH 
frequencies are uncertain or contradictory and 
therefore reliable conclusions cannot be drawn. 

The present study involves the investigation of 
Cu(II), Zn(I1) or Co(I1) bearing TOA extracts of 
various compositions by IR spectroscopy and con- 
ductivity measurements to determine the type of 
the complexes formed. For the sake of completion 
and extension of the arguments, analogous extracts 
were prepared starting from the corresponding 
N-deuterated systems (among them also Fe(II1) 
bearing extracts). 

EXPERIMENTAL 

The reagents CuC1,.2H,O, ZnCl,, CoC1,.6H,O, 
HCl and C6H, were of analytical grade. Deuterium 
chloride (20% DC1 in D,O, 99.9%) was supplied by 
VEB Berlin-Chemie, Berlin-Adlershof. Quality 
and supply of the other reagents used are given 
elsewhere.‘s2 
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Table 1. Preparation of the extracts for the IR spectra 

No.Complex+' Extract compo- Diluent Initial Initial 
sition, M org. phaee,M aqueous DhII 

TOA MII Cl P 
haee, M detd. 
Ii20 or D20) 

1 Cu-2:1 H 0.25 0.127 o*52 C6"6/C6D6 0.25 TOAH+Cl- 2 cuc12 0.068 

: 
I&Cl 
HCl 

2 Cu-2:1 D 0.25 0.127 005~ C6H6/C6D6 0.25 TOAD%- 2 CuCl 

: 
LiC12 
DC1 

3 Cu-1:1 H 0.25 0.25 C6D6 
4 Cu-1:l D 0.25 0.25 

5 Cu-3:l H++)O.25 0.083 
C6*6 

6 Cu-3:1 D++'0.25 0.083 
C6H6'C6D6 

C6H6'C6D6 
7 Zn-2:l H 0.25 0.124 O.5' C6H6/C6D6 0.25 TOAH+Cl- 0.5 gT12 0.33 

1 
8 Zn-2:1 D 0.25 0.124 O.5' C6H6/C6D6 0.25 TOA 

Ye5 fz2 
9 Zn-1:l H(?)O.25 0.20 0*68 C6H6/C6D6 0,25 TOA 

: 
ZnC12 0.042 
HCl 

10 Zn-1:l D(?)0.25 0.20 o*68 c6H6/c6D6 0.25 TOA ZnC12 

11 Zn-3:1 H++)0.25 0.083 
: DC1 

CsH6/C6D6 
12 Zn-3:l D ++)0.25 0.083 C6H6'C6D6 
13 Zn-2:1 11 0.125 0.0625 

14 Zn-3:1 H++)0.18750.0625 

ccl4 

15 Zn-3:1 H++)0.25 0.0625 

ccl4 

ccl4 

16 Co-2:1 X 0.25 0.129 0.52 C6H6/C6D6 0.25 TOAH+Cl- $25 ;oC;2 1.06 

0.5 DC1 

17 Co-2:1 D 0.25 0.129 0.52 C$6/C6D6 0.25 TOAD+Cl- $25 W2 

18 Co-3:1 H++)0.25 0.083 

0.5 DC1 

19 Co-3:l D++)O.25 0.083 
C6V6D6 

C6"6'C6D6 
20 Fe-l:1 D 0.25 0.25 C6X6/C6D6 0.25 TOA 63 FeC13 0.091 

DC1 

21 Fe-2:1 D 0.25 0.124 C6H6/C6D6 0.25 TOA 
Y25Pec13 97 DC1 

+) H: non-deuterated; D: N-deuterated ++) 3:1-complexes supposed 

Other preparation conditions: No. 3: 4 ml extract No. 1 +67 mg anhydrous &Cl2 

(24 h, 20 'Cl, some unsoluble residue remained. No. 4: do., but 4 ml extract 

No. 2. X0. 5: 2 ml extract No. 1 +l ml 0.25 M TOAH+Cl-. No. 6: 2 ml extract 

170. 2 +l ml 0.25 M TOAD+Cl-. No. II: 2 ml extract No.7 +l ml 0.25 Ifi TOAH+Cl-. 

No. 12: 2 ml extract No. 8 +I ml 0.25 I TOAD+Cl-. No. 13: Prepn. according to 

extract No. 7, 10 ml diluted with IO ml CC14. No. 14: do., 10 ml diluted with 5 ml 

0.25 L? TOAH+Cl + 5 ml CC14. NO. 15: do., IO mldiluted nith 10 ml 0.25 TOAH+Cl-. 

No 18. 2 ml extract No. 16 +l ml 0.25 M TOAH+Cl-. a No. 19: 2 ml extract No. 17 

+l ml 0.25 M TOAD%-. 

The preparation of the extracts and the mea- 
surements of the IR spectra and conductivities 
were carried out as described earlier’,’ The distri- 
bution coefficients DM were determined using %r, 
65Zn and ‘Wo, respectively. The extracts prepared 
for IR spectroscopy and their preparation condi- 
tions are compiled in Table 1. In most cases these 
extracts were duplicated with benzene and deu- 
terobenzene as diluents, written in Table 1 
“C6H6/C6D6)‘. In the deuterated SySteI'nS (aqueous 
phases with DzO and DCl) CuCl,, ZnCl, and 

CoCl, were used as anhydrous salts. The extracts 
for the conductivity measurements were prepared 
in the same or an analogous way, respectively, but 
with benzene as diluent only. 

IR SPECTRA 

The IR spectra of the extracts were taken in the 
range 1800-38OOcm-‘. They are given in Figs. 1 
and 2. The wave numbers of the vNH and vND 
absorptions are summarized in Table 2. 

The vNH bands of the 2: 1 -complexes 
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9). - --- 

- 

Fig. 1. IR spectra of the extracts(the numbers refer to Table 1). (a) 1, 7, 15. (b) . . . .2; -8, 
17. (c) -3; . . . . .4. (d) _g; . . . . . 10. (e) 5, 11, 18. (f) 6, 12, 19. (g) - 20; . . . . . taken 

from (1). (h) - 21; .... taken from (1). 

(TOAH +)rMCl,Z- (M = Cu, Zn and Co, resp.) ap- 
pear in the spectra uniformly as a double peak at 
274012790 cm-‘, moreover, an evident broadening 
of the vCH bands in the short wave region at 
3000 cm - ’ is observed. The IR spectra of the 
deuterated complexes (TOAD +)*MC1,2 -, how- 
ever, show only a single vNH band at 2180 cm - ’ 
(Zn, Co) and 2190 cn- ’ (Cu), respectively. Hence 
it follows that the vNH band in the spectra of the 
non-deuterated complexes is perturbed by over- 

3600 32oQ iiN cm-’ 

Fig. 2. IR spectra of Zn bearing extracts with different 
molar ratios TOA:Zn (diluent: CClJ. ~ 2:1;-- 

-- 3:l; . . . . . . 4:l. 

lapping with absorptions of the octyl groups, and 
thus the peaks occurring in this region do not 
reflect true shape and position of the vNH band. 
The peak at 2740 cm-l has to be considered as a 
coincidental amplification by a vibration which is 
to be assigned to the octyl groups, because it 
occurs in the IR spectrum of the free TOA, too. 
Thus the assignments given in earlier worklo 
could not be confirmed. 

The spectra of the 2: l-complexes show very 
weak absorptions at 3520, 3635 and 3680 cm- ’ 
indicating very small quantities of water in the 
extracts. The assignments for such absorptions 
were given in Ref.’ 

The IR spectra of the extracts with a stoichi- 
ometry which approximates that of the 
1: l-complexes of Cu and Zn respectively, exhibit 
essential differences. In the Cu bearing non- 
deuterated extract the vNH band, in spite of the 
nearness to the strong vCH absorptions, is found 
at 3015 cm -I, i.e. in the region expected for an 
1: l-complex. The corresponding band of the deu- 
terated extract is the vNH band at 2260 cm ‘. Its 
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Table 2. Wave numbers (in cm-‘) of the vNH and vND absorptions 

No. 
(act. to 
Table 1) 

Complex 
(IYIP Cu, Zn and Co, resp.) +.' NH .'ND $.g 

: 
(TOAH+)2M Cl:- 2:1 2790 s+) 

1.28 
16 

: 
(TOAD+),MCl;- 2:1 2180 e(Zn Co) 

2190 e(Cuj 
17 

3 TOAH+CuCl- 

TOAD+CuC? 
I:1 3015 sh 

2260 
1.33 

4 111 s 
9 TOAH+ZnC? (?) 

TOAD+ZnCl.i (?) 

l:l(?) 2790 e+) 
1.28 

IO l:l(?) 2180 e 

5 (TOAH...Cl... 

11 HTOA)+TOAH+MCl~- 

3rl++) 2500 sh 

18 :65:; wvbr 

6 (TOAD...Cl... 
:29 DTOA)+TOAD+MCl;- 

3:1++) 
2790+ e $ 1.28 

1998 w 
2043 2170 s E 

+++I 20 TOAH?eCl- TOAD+FeCIi 1:l 1:l 3122 8 2330 8 1.34 

(TOAH...Cl...HTOA)+ FeCl; +++I 2:l 2500 sh 
;?&!g z,br 

21 (TOAD...Cl...DTOA)+ FeCli 2:l 2000 8 1.28 

2045 s 

+) Apparent frequency; ++) 3:1-complex 

position is clearly distinguished from the position 
of the corresponding vND band of the 
2: l-complex of Cu (2190 cm-‘). Absorptions be- 
tween 2700 and 2800 cm-’ point to considerable 
quantities of 2: l-complex in the extract. In gen- 
eral, however, these IR spectra demonstrate the 
existence of the 1: l-complex TOAH + CuCl; (or 
TOAD + CuCl;). 

The Zn bearing extracts show a different picture. 
Their vNH and vND absorptions coincide almost 
entirely with those of the corresponding 
2 : 1 -complexes, although the stoichiometric ratio 
TOA:M of the extracts approximates 
l(O.25 M TOA; 0.20M Zn(,,,). Absorptions corre- 
sponding to the 1: l-complex of Cu are detectable 
only as broadenings of the vNH bands and the 
vND band respectively, when a direct comparison 
of the spectra is performed. It is obvious, that in 
the case of Zn the equilibrium of the reaction 
(TOAH +),MCl&,, + MCl,,,,$2TOAH + MCI,,,, 
is shifted strongly to the left side of the equation. 
A simultaneous extraction of ZnCl,.nH,O, indi- 
cated by the occurrence of a vOH band at 
3460 cm- ‘, suggests a complex stoichiometry of 
approximately 1: 1. To elucidate the question, 
whether there are additional complexes with molar 
ratio TOA: M > 2 besides the well-known 
2: l-complexes of Cu, Zn and Co or not, extracts 
with a stoichiometric ratio TOA: M = 3 : 1 were 

supposed +++) Taken from /l/ 

prepared. The IR spectra of the non-deuterated 
extracts show, besides the absorption at 
2790cm-‘, the three peaks of the vNH vibration 
at 2500 (as shoulder), 2558 and 2615cm-‘. 
These three peaks appear with almost con- 
stant frequencies in the IR spectra of all com- 
plexes comprising the group (TOAH . . . 
Cl. . . HTOA) + .l*’ This points to the existence of a 
further complex, which must comprise that group. 
The increased absorption in the region about 
2400cm-’ (compared with the IR spectra of the 
2 : l-complexes) and a weak vOH band at 
3420 cm -’ indicate the presence of quantities of 
the simple salt TOAH +Cll .H,O. This involves 
that equimolar quantities of 2: l-complex are 
present due to the extract stoichiometry 3: 1. 

-Figure 2 shows the IR spectra of Zn bearing 
extracts with molar ratios TOA:Zn 2: 1, 3 : 1 and 
4: 1. Carbon tetrachloride was used here as diluent. 
With increasing excess of TOA the intensity of the 
vNH band in the region about 2500-2615 cm - ’ 
increases, too. The extract with the stoichiometry 
4: 1 exhibits an even greater increase in the absorp- 
tion in the region about 2400 cm - ‘, compared with 
the spectrum of the extract 3: 1. Moreover, vOH 
bands of associated and free H,O respectively 
appear distinctly at 3420 and 3680 cm-‘. This 
indicates the presence of considerable quantities of 
TOAH+Cl-.H,O in the extract. 
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Going back to Fig. 1 there can be seen in 
the spectra of the deuterated extracts with the 
stoichiometric ratio 3: 1 that, apart from the 
weak shoulder at 2500cm-‘, the vNH bands at 
2558 and 2615 cm-’ are uniformly shifted to 1998 
and 2043cm-’ (vND). Thus it is clearly shown, 
that these peaks indeed mutually represent the 
group (TOAH . . . Cl. . . HTOA)+ or (TOAD. . . 
Cl . . . DTOA)+ and belong together. The absorp- 
tion at 2170 cm-‘, which is likewise to be assigned 
to a vND vibration, corresponds to the vNH 
absorption at 2790 cn- ’ in the spectrum of the 
non-deuterated extract. 

The Fe(II1) bearing extracts confirm the assign- 
ments stated for the vNH and vND bands. There 
is a good agreement between the vNH/vND ratios 
of the 1: l-complexes of Fe(II1) and Cu. The same 
holds for the 2: l-complex of Fe(II1) on the one 
hand and for the complexes of Cu, Zn and Co 
comprising the group. (TOAH . . . Cl . . .HTOA) + 
or (TOAD . . . Cl . . . DTOA)+ on the other. The 
shift of the vNH band of the 2: l-complex of 
Fe(II1) with deuteration shows the correlation of 
the peaks of this band very distinctly. 

CONDUCTIVITY MEASUREMENTS 

Earlier13 it was pointed out for the case of some 
trivalent metals that there is an unambiguous 
correlation between the values of the specific con- 
ductivity rc (and of the dielectric constant L, too) 
and the molar ratio TOA: Metal(,,r), which offers 
an additional possibility to characterize and iden- 
tify the extracted species. Thus K values of the 
extracts were also determined in the present work. 
They are given in Table 3. 

The measured values of K show a distinct 
decrease in the order Fe(III)-complexes > 
3 : l-complexes > 2: l-complexes. The top values 
for Fe(II1) are not surprising, because it is well 

known, that complexes with such univalent anions 
exhibit essentially higher rc values than correspond- 
ing complexes with bivalent anions.13 The values of 
the extracts with the stoichiometry 3 : 1 are clearly 
differentiated from those of the 2 : 1 -complexes thus 
indicating another kind of complex. A striking 
difference is observed among the 2: l-complexes, 
where the K value of the Cu-complex considerably 
exceeds the nearly equal values of the Zn- and 
Co-complexes. The K value of the extract with the 
1: l-complex of Cu is somewhat higher than that of 
the 2: l-complex, but does not reach the value of 
the 1: l-complex of Fe(II1). Therefore it may be 
supposed that this extract consists of a mixture of 
1: l- and 2 : l-complex. This assumption agrees 
with the IR spectroscopic findings. The extract 
which should contain the 1: l-complex of Zn has a 
K value somewhat lower than the value of the 
2: l-complex thus giving no evidence for the exis- 
tence of the 1: l-complex. 

CONCLUSION 

It has been shown, that in addition to the 
well-known 2 : 1 -complexes (TOAH +)rMC1,2 - 
of Cu, Zn and Co complexes bearing these 
metals can occur, which exhibit an increased 
stoichiometric ratio TOA: M and include the 
group (TOAH . . . Cl . . . HTOA)+. The occurr- 
ence of this group and the simultaneously 
detectable TOAH+-group in extracts with the 
stoichiometric ratio 3: 1 are certainly not com- 
plete evidence for the existence of a defined 
3: l-complex with the composition (TOAH . . . 
Cl . . . HTOA)+TOAH+MCl,*-. On the other 
hand Aguilar et a1.8,9, as already mentioned, 
proposed 3: l-complexes as a result of their work 
on the system R,NH + Cl - /C6H, - ZnCl, - 
LiCl - HCl (R = n-hexyl, n-octyl and n-dodecyl, 
resp.) with Zn concentrations from tracer amounts 

Table 3. Specific conductivity data K of the extracts. (Metal concentration: 0,l M; diluent: benzene) 

Complex Metal 

2:1 Fe(II1) 
1:1 Fe(II1) 

3:1t cu 
3:lT Zn 
3:lT co 

1:l cu 

2:l cu 
2:l Zn 
2:1 co 

(l:l(?) Zn 

Womplex supposed. 
STaken from’ 

K/Q-’ cm-‘/at 25 + 0.02”C 

6.02 x 10Wf 
2.75 x 10-5$ 

2.14 x 1O-5 
1.85 x 1O-5 
1.72 x 1O-5 

1.84 x lO-5 

1.54 x 10-5 
8.89 x lo-’ 
6.21 x lo-’ 

3.44 x 10-7) 
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up to 0.0135 M. The increasing concentration of 
(TOAH. . . Cl. . . HTOA) + -groups when going 
from the 3: 1 to the 4: 1 ratio is the result of the 
equilibrium between TOAH + , TOAH + Cl - and 
(TOAH . . . Cl. . . HTOA) + and does not neces- 
sarily show a distinguishable 4: l-complex. 

A striking constancy of the ratios vNH/vND is 
observed for all complexes investigated. Com- 
plexes with weak H bonds (vNH > 3000cm-‘) 
exhibit the ratio 1.33-1.34, such with medium 
strong H bonds (vNH 2500-2800 cn-‘) 1.28 (see 
ref l4 due to the well-known weakening of the 
H-bond by deuteration. This is valid not only for 
the complexes with Cu, Zn, Co and Fe(III), but 
also for corresponding complexes bearing the ele- 
ments Sn(I1, IV) and Sb(II1, V).” Knowing the 
constancy of these ratios the apparent frequencies 
of the vNH vibration of some complexes 
at 2790 cm- * can be corrected into true fre- 
quencies: Cu-2 : l-complex 2800 cm- ‘; Zn- and Co- 
2 : l-complex 2790 cm-‘; Cu-, Zn- and Co-3 : l- 
complex 2780 cm-‘. The reasons for the essentially 
higher rc value of the Cu-2 : l-complex (in 
comparison with those of the Zn- and CO-~: l- 
complexes) are not clear. The differences of 
the strength of the H bonds as shown by the 
vNH frequencies are insignificant. Statements 
on the anion structures in complexes of the 
type (R,NH+)2MCl~-(CuC1,2-: D22, C2:; 
ZnCll-: not clear; CoCl,Z-: Czv5, cannot verify the 
narticular behaviour of the Cu-2: I-complex, too. 

PI 

PI 
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PI 
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Abstract-2-(2-thienyl)Benzothiazoline and 2-(2-thienyl)benzothiazol have been syn- 
thesized and characterized by several techniques (IR, NMR, UV-VIS, MS) and elemental 
analysis. The reactions of a solution of 2-(2-thienyl)benzothiazoline with Zn, Cd, Hg(I1) 
and Pb(I1) ions have been studied. The spectral studies of the isolated complexes showed 
that the rearrangement of the benzothiazoline to the Schiff base, N-2-mercaptophenyl-2’- 
methyleneimine, had occurred. The factors influencing this rearrangement are discussed. 
Several complexes of 2-(2-pyridyl)benzothiazoline with Cd and Pb(I1) were synthesized for 
purposes of comparison. 

It has been well established that condensation of 
o-aminobenzenethiol with a carbonyl compound 
does not normally lead to the isolation of the 
corresponding Schiff base, but thiazoline or benzo- 
thiazoline is obtained.lA However, several 
workers2-13 have shown that in alkaline solution or 
in the presence of metal ions the cyclic structure of 
the above thiazoline or benzothiazoline rearranges 
to give Schiff base metal complexes. The role 
played by the metal ion in these rearrangements 
has been discussed by Thompson14 and Lindoy.” 

We are interested in the study of the complexing 
abilities and analytical applications of heterocyclic 
azomethines derived from pyridine - 2 - aldehyde, 
thiophen - 2 - aldehyde and pyrrol - 2 - aldehyde. 
Some results have been previously reported.‘“” In 
this paper, we present some of the results found in 
the study of 2 - (2 - thienyl)benzothiazoline. 

RESULTS AND DISCUSSION 

‘Structure and spectral and thermal properties of 
the ligand 

Condensation of o-aminobenzenethiol with 
thiophen - 2 - aldehyde in ethanol results in 
formation of 2 - (2 - thienyl)benzothiazoline (I). 

The IR spectrum of (I) shows a band of medium 
intensity at 3280 cm-’ assignable to N-H stretch- 
ing vibration’~4~18 and an intense band at 920 cm - ’ 
due to the C-S-C linkage.19 The appearance of 

*Author to whom correspondence should be 
addressed. 

these bands and the absence of v&-H) IR absorp- 
tion band in the region 2600-2550 cm - ’ confirm 
the existence of benzothiazoline structure. Two 
bands of medium intensity at 1585 and 1545 cm - ’ 
can be assigned to the thiazoline ring vibrations. 

The NMR spectrum of (I) shows the NH proton 
signal as a broad signal at 4.5 ppm. No signals, 
even weak, of the open ring tautomer (II) can be 
detected. The other protons of (I) appear as a 
complex multiplet centered at 7.32 ppm. The inte- 
gration curve is correct (1: 8). 

The mass spectrum of (I) shows the molecular 
peak (M’ +) at m/e 219 (45%) and the base peak 

- 2). Other important peaks are: 218 
:::2;), 136 (22.6x), 108 (34.4x), 83 (20.6%) and 
45 (24.7%). 

The thermal behaviour of (I) has also been 
studied. The DTG curve shows an endothermic 
peak at 96°C (melting of the compound) followed 
by a small exothermic effect at 127°C that 
was supposed to be due to the transformation in 
2 - (2 - thienyl)benzothiazol (III) by the loss of an 
hydrogen molecule from (I) (Scheme 1). 

By heating (I) at 127°C an intense orange crys- 
talline compound is formed. In the IR spectrum of 
this compound the following was observed: (1) the 
absence of an absorption which can be assigned to 
v(N-H) mode, (2) three strong bands at 1477, 1436 
and 1417cm-‘, and two bands of medium in- 
tensity at 1590 and 1540 cm - ’ (benzene and thiazol 
ring vibrations),30 (3) a strong band at 913cm-’ 
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(0 

assignable to the C-S-C linkage. The synthesis of 
2 - (2 - thienyl)benzothiazol (see Experimental) and 
further comparison of the IR and NMR spectra of 
both compounds confirm our previous sup- 
position. 

The electronic spectrum of (I) (Fig. 1) shows 
a band at 318 nm (6 = 122101. mol-‘cm-‘) 
and an inflexion (shoulder) at 255 nm 
(6 = 9600 1. mol - ’ cm-‘) which fully support the 
typical spectrum of the cyclic form of benzo- 
thiazoline.2’J2 The position of this band remains 
unchanged with the pH. 

Conversion to the Schiff base form is favoured 
by treatment of a solution of (I) in ethanol with 
alkali or sodium ethoxide. The addition of base is 
accompanied by the appearance of an intense band 
in the visible region (Fig. 2). We attribute this band 
to absorption by the sodium salt of the rearranged 

Fig. 1. Electronic spectrum of 2 - (2 - thienyl) 
benzothiazoline in ethanol (cont. 7’3. lo-’ M). 

form (Schiff base) of the ligand (n-n* or n--8* 
transitions of the double bond of the azomethine 
group). The addition of a large excess of sodium 
leads to an increase in intensity and a small 
bathochromic shift of this band. This is in accord 
with the observations of other authors.3*4,7*22-24 

Therefore, we conclude that in solution the 
ligand exists as an equilibrium mixture of (I) and 
(II) where the benzothiazoline form seems to pre- 
dominate almost exclusively. There is a partial 
conversion to the Schiff base form in the presence 
of a large excess of sodium. This conversion is 
being studied quantitatively; our results will be 
reported in due course. 

Rearrangement of the ligand in the presence of metal 
ions 

Reaction of a solution of (I) in ethanol with zinc 
acetate at room temperature yields a red crystalline 
complex whose composition is Zn(C,,H,NS,),. The 
IR spectrum of this complex does show absorp- 

A 

0.0 

0.6 

0.4 

a.1 

Fig. 2. Absorption spectra of 2 - (2 - thienyl) 
benzothiazoline (cont. 10m3M): (1) In ethanol; (2) In 
ethanol containing Na cont. 3 x 10e3 M; (3) Idem., 
6 x 10m3M; (4) Zdem., 1.2 x lo-*M; (5) Zdem., 

1.8 x IO-*M. 
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Scheme 2. 

tions at 1585, 1566, 1557 and 1548 cm-’ (Table 1) 
which can be ascribed to imine and aromatic ring 
vibrations. On the other hand, no C-S-C linkage 
band (characteristic of the closed ring structure) 
appears. These results indicate that the zinc ions 
promote the rearrangement of (I), so that the zinc 
complex of the tautomeric Schiff base is obtained 
(Scheme 3). 

(IV) was also prepared by reaction of thio- 
phen - 2 - aldehyde with a suspension of bis(o- 
aminobenzenethiolo) zinc in ethanol. However, the 
reaction progress slowly and it is difficult to 
establish its mechanism. Finally, (IV) was obtained 
by reaction of thiophen - 2 - aldehyde and o- 
aminobenzenethiol in the presence of zinc acetate. 
The mass spectrum of (IV) exhibited the band of 
isotopic peaks centred around the major peaks at 
m/e 500 (“Zn), 502 (66Zn) and 504 (68Zn). 

Reaction of a solution of (I) in ethanol with 
cadmium acetate yields a yellow compound whose 
composition is Cdz (C,,H,NS& (CH,-COO), (V). 
The IR spectrum of (V) shows two strong broad 
bands at 1548 and 1410 cm - l assignable to v (GO) 

and v(C-0) of the carboxylate vibrations, re- 
spectively. The position of these bands and the Av 
value (138 cm - ‘) indicate the presence of a bridg- 
ing acetate group in the molecule of this com- 
plex.2s28 Another important question is to deter- 
mine the nature of the ligand in this complex. The 
IR spectrum exhibits no band at 920 cm-’ (in the 
1000-900 cm- ’ range only two very weak bands 
appear). The absence of this ‘band suggests that in 
the presence of Cd ions (I) rearranges to give the 
Schiff base complex (V) (Scheme 4). The band 
corresponding to a complexed C=N stretching 
mode could not be identified because of the pres- 
ence of a broad intense band (due to the v(C=O) 
vibration) in the same spectral region. Un- 
fortunately, (V) was insufficiently soluble in non- 
polar solvents for NMR studies and insufficiently 
volatile for mass spectral characterisation. 

(V) was also obtained allowing to occur the 
formation of the ligand (from thiophen - 2 - 
aldehyde and o-aminobenzenethiol) in the pres- 
ence of cadmium acetate. 

The treatment of a strongly basic solution of (I) 

Comuound 

Table 1. Selected IR data” 

3 N-H , cm-l' Aromatic Vib. and C=N , cm 
-1 

\)(C=O). c.-1 U(C-O).cm_1 C-S-C link. vib. , cm 
-1 

I 3280 (m) 920 (8) 

IV 1585(s) 1566(s) 1557(sh) 1548(w) - 

V 1589(w) 1570(w) 1548(s,b) 1410 (6,b) 

VI f 1598 (6) 1589(w) 1569(s) 1550(u) - 

VII 1603(s) 1590 (m) 1568(s) 1550(w) - 

VIII 1596(s) 1566(m) 1551(w) - 

g key : B, strong ; m, medium ; sh, shoulder ; b, broad ; v, weak 

(II) (‘“1 

Scheme 3. 
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a>4 - ~:““,A? w = 
II 

(1) (“I Cdz( C,,‘$“%)Z (CHP’o) 

(VI 

+ (--J”O 
Scheme 4. 

in ethanol with cadmium acetate yields (V) from an 
orange solution. However, the colour of the reac- 
tion solution seems to indicate the existence of 
another different complex. This complex could 
only be isolated by reaction of a large excess of 
thiophen-Zaldehyde with a suspension of bis(o- 
aminobenzenethiolo) cadmium in ethanol. The or- 
ange crystalline compound thus obtained has the 
composition Cd(C11H8NS2)2, (VI) (Scheme 5). It 
can be seen from the IR data (Table 1) that the 
reaction occurs to yield the corresponding Schiff 
base complex. 

Thiophen - 2 - aldehyde reacted with o- 
aminobenzenethiol in the presence of mercury and 
lead acetates, respectively, to give crystalline com- 
plexes of the type M(C,,HBNS,),. The mercury 
complex (VII) can also be obtained by reaction of 
thiophen - 2 - aldehyde with a suspension of 
bis(o-aminobenzenethiolo) mercury (II) in ethanol 
(see Experimental). The IR data do show that in 

both complexes the ligand has rearranged to the 
imine form (Scheme 6). 

On the other hand, there is no indication in any 
of the previous complexes of participation in bond- 
ing of the thiophen sulphur atom. 

As mentioned above the complexes (V), (VI), 
(VII) and (VIII) are of light colour and (IV) is 
intense red, and all contain the ligand in the imine 
form. Lindoy and Livingstone, in a study of the 
rearrangement of 2-(2-pyridyl)benzothiazoline by 
metal ions, have pointed out that the light colour 
of the complexes suggests that the benzothiazoline 
has not rearranged to the Schiff base. In this case, 
they have postulated that the solids contain the 
deprotonated form of benzothiazoline as ligand. In 
order to find spectral evidences useful in our study, 
we have synthesized the following complexes of 
2 - (2 - pyridyl)benzothiazoline: Acetato (N - 2 - 
thiolophenyl - 2’ - pyridylmethyleneimine) cad- 

Scheme 5. 

Scheme 6. 
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mium, (IX) (yellow); Chloro 2 - (2 - pyridyl)benzo- 
thiazolinato cadmium, (X) (yellow); Bis (N- 2 - 
thiolophenyl-2’ - pyridylmethyleneimine) cad- 
mium, (XI) (intense red); Acetato bis (N - 2 - 
thiolophenyl - 2’ - pyridylmethyleneimine) lead 
(II), (XII) (intense red). On the basis of IR and 
UV-VIS spectra it is not possible distinguish the 
arrangement of the ligand in each of these com- 
plexes. However, from the IR spectra of (IX) and 
(XII) we think that a bridging acetate group is 
present in both complexes [(IX): v(C=O) and 
v(C-0) appear at 1562 and 1405 cm - ’ re- 
spectively, Av = 157 cm-‘; (XII): v(C=O) and 
v (C-O) appear at 1540 and 1400 cm -I re- 
spectively, Av = 140 cn- ‘I. 

Finally, we suggest the use of (I) as calorimetric 
reagent for the ions determination in view of the 
intense colours of some complexes in DMF (Table 
2). Thabet and Tabibian29 reported a highly sensi- 
tive and selective method for the micro- 
determination of zinc, and we have studied the use 
of the ligand for determination of Hg(I1) by extrac- 
tion of the complex into chloroform (A = 364 nm, 
e = 6200 1. mol-’ cm-‘) with successful results. 

EXPERIMENTAL 

Analyses and physical measurements 
Chemical analyses were performed by De- 

partment of Analyses and Instrumental Tech- 
niques (University of Granada). Conductance 
measurements were made with a Conductivity 
Meter Radiometer Type CDM 2e. Thermo- 
gravimetric measurements were performed with a 
Setaram GDTD-10 thermoanalyzer fitted with a 
B-70 electrobalance with thermocouples of 
Pt/Pt-Rh in an alumine base. IR spectra were 
recorded with a Beckman 4240 IR Spec- 
trophotometer in the 400@-250cm-’ range using 
the KBr pellets technique. UV-VIS spectra were 
recorded with a Beckman Acta III Spec- 
trophotometer using 1 cm quartz cells. NMR spec- 
tra were recorded with a Hitachi Perkin-Elmer 

Table 2. Electronic spectral data” 

Comwxmd A max nm E 1.mo1-l.m-1 

IV 449 5400 

V 426 4850 

VI 420 4600 

VII 365 6300 

VIII 425 1600 

XII 487 2150 

a Key : In DMF 

R-20 NMR equipment in CDCl, using TMS as 
internal reference. MS spectra were recorded with 
a Hewlett-Packard 5930 A Mass Spectrometer 
(70 eV). 

Syntheses 
2 - (2 - thienyl)benzothiazoline. This ligand was 

prepared by two routes: (1) As Thabet and Tab- 
ibian previously reported.29 These authors re- 
crystalized the compound from low-boiling petro- 
leum ether. However, we use more successfully a 
mixture of low-boiling petroleum ether-ethanol 
(4: 1); m.p. 94-95°C; yield 50%. Found: C, 60.66; H, 
3.97; N, 6.39. Calc. for C,,H,NS,:C, 60.24; H, 4.13; 
N, 6.39%. (2) Thiophen - 2 - aldehyde (0.05 mol) 
in ethanol (20 cm’) was added to o-amino- 
benzenethiol (0.05 mol) in ethanol (20cm3). The 
solution was heated under reflux for 30min, then 
allowed to cool and finally 40 cm3 of distillated 
water (cooled to 5’C) was added slowly with 
stirring. The suspension was let stand at 0°C for 
several hours and by this time a pale yellow 
crystalline compound had formed. This prod- 
uct was repeatedly washed with a mixture 
ethanol-water (1:l); m.p. 95-96°C; yield 75%. 
Found: C, 60.40; H, 4.10; N, 6.45%. 

2 - (2 - thienyl)benzothiazol. This compound was 
prepared using the method of Miller et aL2’ in the 
preparation of other benzothiazoles. 

FeCl, (0.444 g) in ethanol (15 cm’) was added to 
2 - (2 - thienyl)benzothiazoline (0.5 g) in ethanol 
(20 cm3). The solution was heated under reflux, 
then it was allowed to cool at room temperature 
and distillated water (cooled to 5°C) was added; 
the product formed as yellow crystals. Found: C, 
60.7; H, 3.4; N, 6.6. Calc. for C,,H,NS2: C, 60.8; 
H, 3.25; N, 6.45%. 

The NMR spectrum of this compound exhibits 
only a complex multiplet centered at 8.05 ppm. 

Bis(N - 2 - thiolophenyl - 2’ - thienylmethyl- 
eneimine) zinc. Zinc acetate dihydrate (0.11 g) in 
ethanol (15 cm3) was added to 2 - (2 - thienyl) 
benzothiazoline (0.25 g) in ethanol (20 cm3). Red 
crystals of the complex were deposited from an 
intense red solution. Then, the red crystals were 
separated by suction, washed with ethanol and 
distillated water, and dried in uacuo over CaCl,; 
yield 0.114 g (45.3%). Found: C, 52.70; H, 3.27; N, 
5.60; Zn, 13.00. Calc. for Zn(C,,H,NS,),: C, 52.64; 
H, 3.21; N, 5.58; Zn, 13.02%. 

This compound was prepared as above except 
that the formation of the ligand from thiophen - 
2 - aldehyde and o -aminobenzenethiol (1.25 g) was 
carried out in the presence of zinc acetate dihydrate 
(1.12 g) in hot ethanol (40 cm’); yield 2.1 g. Found: 
C, 52.80; H, 3.34; N, 5.61; Zn, 12.96%. 
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Finally this compound was also prepared by 
condensing thiophen - 2 - aldehyde (2 cm’) with a 
suspension of bis(o-aminobenzenethiolo) zinc? 
(0.313 g) in ethanol (50 cm’). The resulting sus- 
pension was heated for 6 hr. The product formed 
as red crystals; yield 60%. Found: N, 5.56; Zr 
12.95%. 

Acetato[bis(N - 2 - thiolophenyl - 2’ - thi- 
enylmethyleneimine) cadmium]. Cadmium acetate 
dihydrate (0.14 g) in ethanol (10 cm’) was added to 
2 - (2 - thienyl)benzothiazoline (0.23 g) in ethanol 
(20 cm3). A pale yellow compound was deposited 
from intense orange solution. The complex was 
separated by suction, washed with ethanol and 
ethanol-water (1: l), and dried in uucuo over 
CaCl,; yield 0.43 g (48.9%). Found: C, 40.10; 
H, 2.9; N, 3.76; Cd, 31.00. Calc. for 
Cd,(C,,H,NS,),-(CH,COO): C, 40.01; H, 2.66; N, 
3.89; Cd, 31.20%. 

ry(II)t (0.5 g) in ethanol (30cm3); yield, 100°A. 
Found: C, 41.8; H, 2.59; N, 4.40%. 

Bis (N - 2 - thiolophenyl - 2’ - thienylmethyl- 
eneimine) lead(ZZ). Thiophen - 2 - aldehyde (1.1 g) 
and o-aminobenzenethiol (1.2 g) were refluxed 
together in ethanol (30 cm’) for 5 min. 
Pb(CH,-COO),.3H,O (1.86 g) in ethanol-water 
(5 : 1, 30 cm’) was then added and the mixture was 
refluxed for a further 30 min. The resulting solu- 
tion was cooled at room temperature. The 
orange-yellow product which precipitated was 
filtered off, washed with ethanol-water and dried 
in uucuo over CaCl,; yield, 60%. Found: C, 40.76; 
H, 2.64; N, 4.35; Pb, 32.73. Calc. for 
Pb(C,,H,NS,),: C, 41.04; H, 2.50; N, 4.35; Pb, 
32.18%. 

This compound was also prepared as follows: 
thiophen - 2 - aldehyde (0.46 g) and o-aminoben- 
zenethiol(0.53 g) were refluxed together in ethanol 
(20 cm3) for 5 min. Cd(CH,COO),. 2H,O (0.82 g) 
in ethanol (20 cm’) was then added and the mixture 
was heated for 20min. The mixture was then 
cooled and filtered. The pale yellow compound 
obtained was washed with ethanol-water (1: 1), 
and dried in uacuo over CaCl,; yield 60%. Found: 
C, 40.20; H, 2.84; N, 3.8; Cd, 30.9%. 

Bis (N - 2 - thiolophenyl - 2’ - thienylmethyl- 
eneimine) cadmium. This compound was prepared 
by condensing thiophen - 2 - aldehyde (4 g) with a 
suspension of bis(o-aminobenzenethiolo) cad- 
miumf- (0.5 g) in ethanol (40 cm3). The resulting 
suspension was refluxed for 8 hr. The product 
formed as orange crystals was filtered and washed 
with ethanol; yield 60%. Found: C, 48.23; H, 2.84; 
N, 4.96; Cd, 21.00. Calc. for Cd(C,,H,NS,),: C, 
48.13; H, 2.94; N, 5.10; Cd, 20.47%. 

Bis (N - 2 - thiolophenyl - 2’ - thienylmethyl- 
eimine) mercury(ZZ). This compound was prepared 
allowing that the formation of the ligand from 
thiophen - 2 - aldehyde (0.22g) and o-amino- 
benzenethiol (0.25 g) was carried out in the pres- 
ence of mercury acetate (0.32 g) in hot ethanol 
(50 cm’). The complex formed as yellow crystals; 
yield 0.383 g (60%). Found: C, 42.00; H, 2.63; N, 
4.44. Calc. for Hg(C,,H,NS,),: C, 41.5; H, 2.53; N, 
4.4%. 

Aceto [bis (N - 2 - thiolophenyl - 2’ - pyridyl- 
methyleneimine) lead (ZZ)]. Pyridine - 2 - aldehyde 
(1.6 g) and o -aminobenzenethiol (1.9 g) were 
refluxed together in ethanol (20 cm”) for 10 min. 
Pb(CH,-COO),. 3 H,O (4.8 g) in ethanol-water 
(6 : 1, 35 cm’) was then added and the mixture was 
refluxed for a further 60 min. The intense red 
solution was let stand at 0°C for several hours. The 
complex formed as intense red crystals; yield, 60%. 
Found: N, 6.20; Pb, 46.16. Calc. for 
Pb,(C,,H,N,S),(CH,-COO): N, 6.23; Pb, 46.04%. 

Bis (N - 2 - thiolophenyl - 2’ - pyridyl- 
methyleneimine) cadmium. Cd(NO,),*4H,O (0.16 g) 
in ethanol (10 cm’) was added to an alkaline 
solution of 2 - (2 - pyridyl)benzothiazoline (0.22 g) 
in ethanol (25 cm’). Intense red crystals of the 
complex were deposited from a deep red solution; 
yield, 60%. Found: N, 10.20; Cd, 21.12. Calc. for 
Cd(C,?H,N,S),: N, 10.39; Cd, 20.85%. 

Acetato (N - 2 - thiolophenyl - 2’ - pyridyl- 
methyleneimine)cadmium. This compound was pre- 
pared as previously described.3 Found: N, 7.8; Cd, 
31.76. Calc. for C,,H,,N,O,S,Cd,: N, 7.88; Cd, 
31.64%. 

Chloro 2 - (2 - pyridyZ)benzothiazolinato cad- 
mium. This compound was prepared as previously 
described.3 Found: N, 7.70; Cd, 31.8. Calc. for 
C,,H,N,SCdCl: N, 7.76; Cd 31.12%. 

Molar conductance data (ohm - ’ cm-’ mol - ‘)in 
DMF at 25°C. (IV), A = 3; (V), A = 2.8; (VI), 
A = 0.5; (VII), A = 2; (VIII), A = 2.5; (XII), 
A = 2.4. In view of AM values, the complexes can 
be regarded as non-electrolytes. 

This compound was also prepared by condens- 
ing thiophen - 2 - aldehyde (1.5 g) with a sus- 
pension of bis (o-aminobenzenethiolo) mercu- REFERENCES 
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Abstract-The diacetyl-(DAHP), benzil-(BHP) and benzoylethane-(BEHP) derivatives of 
3-hydrazino-4-benzyl-6-phenylpyridazine have been prepared and characterized. Their 
acid-base properties and their equilibria with transition metal ions in 75% dioxan-water 
solvent at 30°C have been investigated by pH titrimetry. The role of proton and metal ion 
solvation by the organic solvent has been discussed in view of the results obtained for the 
lanthanide-BHP systems in different media. Probable structures of the metal chelates are 
given based on potentiometric data and spectral results for the solid copper chelates. The 
possibility of forming MHL species were inferred from electronic absorption measurements 
at different pH values. The use of BHP as an analytical reagent for the determination of 
copper spectrophotometrically or as a metallochrom indicator in the complexometric 
titration of Cu(I1) ion is also discussed. 

Previous studies’ in this laboratory of the seques- 
tering properties of benzoylacetone derivative of 
3-hydrazino-4-benzyl-6-phenylpyridazine (BAHP, 
structure I) with transition and lanthanide metal 
ions have demonstrated quantitatively the capabil- 
ity of forming &-chelates with the ligand behav- 
ing as a monoprotic acid. Under drastic conditions 
of reflux with copper salts, the ligand loses two 
gram equivalents of hydrogen-probably those of 
the enolic and hydrazo groups-and behave as a 
diprotic species. 

These class of compounds are related struc- 
turally to the corresponding azo-pyrazolone dyes 
(structure IQ2s3 and differs only in the positions 
of the azo (or hydrazo) group relative to the 
nitrogenous nucleus. Although both types of li- 
gands are capable of forming strong (N=N)+M 
bonds, however, the simultaneous participation of 
the pyrazolone ring nitrogen in the coordination 

*Author to whom correspondence should be ad- 
dressed. 

with the metal ion is questionable particularly in 
the presence of an acidic or basic group (A) ortho 
to the azo group. 

AC xy Ar 

‘I 
N 

7 r- 

I 

In the present report, the chelating ability of the 
diacetyl (DAHP), benzoylethane (BEHP) and 
benzil (diphenylethanedione; BHP) derivatives of 
the chromophoric nucleus 3-hydrazino-4-benzyl-6- 

1155 
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“gyN)Q 
I A 

At 
II 

phenylpyridazine have been measured. Each com- 
pound retains at least a portion of the basic 
structure of BAHP, namely the hydrazino- 
pyridazine group but substituting the /I-diketone 
with either a ketonic compound or a diketyl deriv- 
ative. 

HN 

I 

crystals obtained were filtered, washed with ethanol 
and recrystallised from benzene. The average yield 
in each case is approx. 70%. The elemental analysis 
results for C, H and N are shown in Table 1. 

(ii) Preparation of the copper complexes 
A mixture of equimolar amounts of the ligand 

and copper nitrate in 75% dioxan-water solvent 
was refluxed for 30 min. After a while, the complex 
separated as a purple solid. This was filtered, 
washed with ether and dried under vacuum. The 
full analysis of the species prepared is shown in 
Table 1. 

DAHP (X=CH, - 

BEHP (X=C2H5- ; 

BHP (X=CsH5- 

EXPERIMENTAL 
(i) Preparation of the solid ligands 

DAHP, BEHP and BHP were prepared by 
refluxing an ethanolic solution of the 
3-hydrazino-pyridazine derivative“ with the stoi- 
chiometric amounts of diacetyl, benzoylethane or 
benzil solution in ethanol, for 1 hr. The yellow 

IV 

ii 
Y=CH5-C- ) ; 

Y = c&H5 ); 
0 

y=C&H5---C-) ; 

(iii) Reagents and materials 
Stock solutions of the metal nitrates were pre- 

pared and standerdised using EDTA in the pres- 
ence of a suitable indicator.s Purification of di- 
oxan was carried out as described earlier.’ 
Methanol was purified by refluxing the commercial 
products with barium oxide for few hours followed 

Table 1. Analytical data for the ligands and their copper complexes 

Species and Formula %C %H w %M 

Calc Found Calc Pound talc Found Calc Found 

DAHF ; 

‘21H20N4’ 73.26 72.99 5.81 5.79 16.28 16.17 

BEHP ; 

c26H24”4 79.59 79.53 6.12 6.05 14.29 14.23 

BHF 

C31H241P40 79.49 79.51 5.13 5.10 11.97 12.00 

CU(BEW)(BO3)(H20) 58.37 58.31 4.68 4.66 13.10 13.04 11.88 11.82 

Cu(BRP)(103)(H20) 60.93 61.22 4.10 4.09 11.47 11.45 10.40 10.45 



Metal chelates of azo-pyridazine dyes-11 1157 

by distillation.6 Dimethylformamide was purified hydrogen ion concentration was derived from pH 
by following the procedure recommended by Mo- values after adding a correction of 0.28.” Values 
skalyk, et al.’ Acidic impurities of formic acid of the activity coefficients, y + , for the hydrogen ion 
were removed by stirring the crude reagent with in methanol-water or DMF-water were calculated 
Dowex-1 resin in the hydroxyl form. from the extended Debye-Hiickel equation 

(iv) Procedures 
Potentiometric titrations and the experimental 

conditions are essentially the same as described in 
the first part of this series.’ The temperature was 

logy* = _ Iz,z,ll.~;~,~o~~ 
6 

I( 

1 + 35.56”a0J2Cl 

(ET)“~ 
30°C and the ionic strength was maintained at 

> 

0.10 M with KN03. In all cases, the metal to ligand where, p = ionic strength, T = absolute tem- 
ratio was kept at 1:2 with the metal concentration perature, Z, and Z, are the charges for the positive 
10e3 M. All the measurements were taken either in and negative ions and a o = the mean ionic param- 
75% (v/v) dioxan-water, dimethylformamide- eter. The value of 6 A was used for aO.‘O The 
water or methanol-water solvent. In the case of dielectric constant, 6, for the mixed solvent was 
dioxan-water solvent measurements, the value of calculated using the relationship 

P* 

13.0 

8.C 

6.C 

0.2 O.L, 0.6 0.8 1.0 1.2 1.4 1.6 

a 

Fig. 1. Potentiometric Titration cruves of BHP and its complexes with Co(U), Ni(II), Cu(II), 
Zn(II), Cd(I1) and UOi+ ions at 30°C in 75% dioxan-water solvent. [L] = Free ligand, 

a=molesofbaseaddedpermoleofBHP,[M]=10-’M;[L]=2x10-3M. 
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p,2 = plh + pzfi 

_ e - 1 /M +hMz 
c+2 & 

where Pi = molar polarization, A = mole fraction, 
Mi = molecular weight and d = density. 

The final values obtained for y+ are 0.619 and 
0.615 in the case of methanol-water and DMF- 
water respectively. 

IR spectra were recorded on a Perkin-Elmer 437 
spectrometer (4000-300 cm - ‘) using potassium 
bromide discs. The electronic spectra were mea- 
sured with a prolabo UV-visible spectrometer using 
1 cm matched quartz cells and at 25°C. 

RESULTS 

(i) Potentiometric results 
Representative plots for the titration curves of 

BHP ligand in the absence and in the presence of 
divalent metal ions are shown in Fig. 1. Closely 
related plots were also obtained for either the same 
ligand in different solvents or for other ligands in 
75% (v/v) dioxan-water solvent. In all cases, the 

metal-ligand titration curves show the presence of 
an inflection at a = 1 (a = moles of base added per 
mole of ligand). This suggests that the ligands are 
only monoprotic through the dissociation of the 
hydrazo group hydrogen. The values of the acid 
dissociation constants, KH were calculated as de- 
scribed previously’ and are summarised in Table 2. 

The titration curves of DAHP and BEHP li- 
gands in the presence of copper(I1) ions showed a 
distinct inflection at m = 1 (m = moles of base 
added per mole of metal ion) in addition to that at 
m = 2 to account for the stepwise formation of ML 
and ML, species. Such features were not observed 
with other cations where only one overlapping 
buffer region between m = 0 to m = 2 was ob- 
served. The calculation of the overall equilibrium 
constants were carried out using standard pro- 
cedures based on the calculation of the average 
number of ligand bound per metal ion, & and the 
free ligand concentration, [L], then minimising the 
residuals in the equation, 

(1 J&L] + 81o2 
(k - WI_ fl 

(1 - &) 

_ o 
101 - 

using a least squares method. 

Table 2. Acid dissociation constants for the ligands DAHP, BEHP and BHP 

Ligand 

DAHP 

BEHP 

BHP 

log KH 

Dioxan-water Methanol-water DMF-water 

12.94 

13.75 

13.72 11.07 11.52 

Table 3(a). Formation constants for DAHP, BEHP and BHP complexes with the divalent 
metal ions. (3O”C, p = 0.10 M KNO,) 

‘Metal I)AHP* B?JHP* sHP* BHP+, 

Ion 

log /'IO? log PI02 log ROT log Jo2 log A01 log ho2 log PI,, lo&o2 

co2+ 10.62 20.24 10.13 -- 10.14 19.70 6.99 13.34 

m2+ 11.07 21.25 9.30 17.88 10.61 20.67 7.48 14.37 

cu2+ 12.12 23.43 11.41 21.20 12.32 24.12 9.50 17.73 

zn2+ 10.21 19.48 8.97 -- 9.82 19.11 6.78 12.89 

Cd2+ 9.41 17.70 7.78 -- 8.65 16.70 6.37 12.15 

UO;' 11.77 22.63 11.81 -- 11.80 23.09 8.90 16.67 

+ Meaauremente were obtained in 75% dioxan-water solvent. 

l * Measurementa were obtained in 75% DMF-water solvent. 
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The log of the formation constants of the di- 
valent metal ion complexes with the different dyes 
are presented in Table 3(a). Values of log /?,Oz for 
the bis chelates of Co, Zn, Cd and UOz ions with 
BEHP are not included because of the tendency of 
these species to hydrolyse in the region of its 
formation. For the same reason, only the values of 
log &,, are quoted in Table 3(b) for the lanthanide 
complexes with BHP in the different solvents. 

-pyridazine dyes-II 

(ii) Spectral results 

1159 

The absorption characteristics of the free ligands 
resemble basically those of BHP[l]. The z-n* 
transition shows a marked bathochromic shift 
accompanied by a decrease in the absorption in- 
tensity in the case of DAHP, whereas for the benzil 
derivative, the molar absorptivity is slightly en- 
hanced compared to that of BAHP. A parallel 
behaviour was also observed for the trend in 

Table 3(b). Formation constants for BHP complexes with lanthanide ions at 30°C; 
p =O.lOMKNO, 

Metal Ion 

La3+ 

ce3+ 

pr3+ 

Nd3+ 

Sm3' 

Eu3+ 

Gd3+ 

Tb3+ 

Dy3+ 
Ho3+ 

;;:: 

Yb3+ 

Lu3+ 

- 

DMF-water 
75% (v/v) 

5.52 

5.63 

5.74 

5.91 
6.08 

6.28 

6.39 

6.29 

6.43 

6.49 

6.54 

6.63 
6.68 

6.64 

log PlOf 
Methanol-wster Dioxan-water 
75% (v/v) 75% (v/v) 

6.55 8.19 

6.75 8.35 

6.95 8.52 

7.31 8.73 
7.65 9.05 

7.70 9.25 

7.61 9.14 

7.59 9.08 

7.67 9.52 

7.75 9.78 

7.78 9.99 
7.79 10.04 

7.87 10.08 

7.74 10.01 

I 

Co-BHP 

Cu-RHP 

535 eh 
580(broad) 

530 
Co-DAHP 

Cu-DAHP 

U02-DAHP 

- 

Species max 1wc* I Assignment 
cm 

Table 4. Absorption spectra of the ligands and their metal complexes in 75% dioxan-water 
solvent 

H(DAHP) 255 

360 

H(BHP) 250 

360 
H(BAHP) 220 

291 

Ni-BHP 510 

440-480 ah. 

510-520 eh. 

540 
463-472 ah. 

492 
550(broad) 

4.42 

4.27 

4.74 

4.41 

4.65 

4.26 

3.70 

3.71 

3.60 

4.00 

3.16-3.40 

3.58-3.62 

3.67 

3.49-3.56 

3.67 
3.50 

A---_)r*, (K-Band) 

n-+F l , (R-Band) 
X.fl*, (K-Band) 

n--+X z, (R-Band) 
R+n , (K-Band) 
n-,*fl l , (R-Band) 
n--rd 

d-_-*X 

d+fi 

d+fi 

K--cd 

d-+K 

=,d 

d----t6 
CT 

* Values for the metal complexes are apparant and estimated for 

the 1:2 metal : ligand ratio except for UO,-DAMP where the ratio 
is 1:1. 
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n+n* transition. Table 4 summa&s all the re- 
sults obtained. At fixed ligand concentration, the 
absorbance was found to be pH dependent with a 
slight blue shift in the absorption maxima at high 
alkali concentration, (- log[H+] = 12 - 14). The 
results were analysed for the calculation of the 
dissociation constant of BHP in 75% dioxan-water 
using the following equation[ 111, 

In the first method, absorbances were recorded for 
Cu(I1) solutions (0.6-6.0 pg/cm3) in the presence of 
sufficient excess of the reagent and at the wave- 
length 530 nm. The results adhere well to 
Beer-Lambert law with a standard deviation of 
0.004. Alternatively, the purple coloured Cu-BHP 
(1: 1) mixture was titrated spectrophotometrically 
at J,_ using standard EDTA solution as the titrant 

A=A _[H+W-AHL) 
L KH 

where A, A, and AnL stands for the absorption 
of the mixture, anionic and neutral dye species 
respectively. The value of log KH obtained was 
found to be 13.78 compared to 13.72 as obtained 
potentiometrically. 

The UV spectral properties of the metal com- 
plexes are similar to that of the proton complex 
with a significant lowering in crnax and a blue shift 
in 1,,(20 nm). In the visible region, the spectra of 
the complex solutions displayed an additional as- 
symetric band as is shown in Fig. 2. 

The solid ligands and their copper complexes 
were characterised by infrared spectroscopy. Im- 
portant band groups and their assignments are 
summarised in Table 5. 

I ‘F- lo 
‘500 500 600 

h “In 

(iii) Analytical studies 
BHP was used as a reagent for the determination 

of copper(I1) ions by means of three different ways. 

Fig. 2. Electronic absorption spectra of M-BHP and 
M-DAHP Chelates in 75% dioxan-water at the opti- 
mum pH. (1) [Nil = 8 x lo-‘M; [BHP] = 16 x 
1O-5 M. (2) [Co] = 8 x lo-‘M; [BHP] = 16 
x 10-5M. (3) [Cu]=rlx 10-5M; [BHP]=8 x 
1O-5 M. (4) [Co] = 1 x 10-4M; [DAHP] = 2 
x 10-4M. (5) [Cu] = 1 x 1O-4 M; [DAHP] = 2 x 
10-4M. (6) &JO,] = 1 x 10-4M; [DAHP] = 

1 x lo-4M. 

Table 5. Selected band groups in the IR spectra and their tentative assignments, err-’ 

9ssignment 

3 HOH 

,' NH 

'CH 

'c-0 

%=C,%=N 

/ 
K-0 

, 
FlN,"MN' 

DAMP 

3220 ml 

2920 m 

1632 8 

1583 8 

1570 B 

1420 B 

BEHP 

3015m 

2944m 

1588 q 

1436 8 

BHP 

325Owb 

3016 m 

2977 m 

1640 s 

1600 s 

1544 8 

1400 m 

Cu-BEHP 

3381 sb 

3ooOm 

1568 s 

1392 8 

512 w 

488 m 
412 m 

Cu-BHP 

3300-3500 sb 

3048 m 

1580 s 

1565 8 

1390 m 

652 w 

488 m 

436 m 

8 = strong; m = medium; w I weak; b I broad. 
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and both the titrant and titrand were buffered to 
pH 8. Finally, when a few crystalls of the solid 
ligand were added to a warm solution of Cu(I1) 
(0.02-o. 10 M), a purple colour was obtained which 
turns bluish green at the equivalent point when 
titrating with a standard EDTA solution. In the 
latter case, BHP serves as indicator. The results 
obtained are in excellent agreement with those 
obtained following standard procedures. 

All measurements were carried out in 75% 
dioxan-water solvent. 

DISCUSSION 

(i) Protonation equilibria 
Among the various tautomeric forms of BAHP, 

tautomer I has been shown to adhere well with 
both spectral and potentiometric results.* Fur- 
ther evidence for this assignment is gained from the 
results reported here for the homologous species 
DAHP, BHP and BEHP. The presence of a strong 
ketocarbonyl stretching, v(C = 0) at 1630- 
1640 cm - ’ and a broad band in the region of 
3220-3250 cm-’ assigned to v(N-H) suggests that 
the keto form of BHP and DAHP (structure IV) is 
the dominant one. This is supported by the absence 
of the bands characteristic of the OH group 
stretching frequency in the IR spectra of the two 
species. 

A comparison of the pKH value of BAHP with 
those obtained for DAHP, BEHP and BHP under 

similar experimental conditions, reflects at least 
partially, the differences in the basicity of the enolic 
OH group of the benzolylacetone segment in 
BAHP and the protonated pyridazine nitrogen in 
the other cases. The difference amounts to one log 
unit in the case of DAHP and 1.8 log units for 
BEHP and BHP species. The lower basic&y of 
DAHP is accounted for by the stabilization of the 
anionic ligand by the coplanarity of the whole 
conjugated system. The non-coplanarity of the two 
phenyl groups as imposed by the stereochemistry 
of the benzil segment in BHP is also indicated from 
the relatively low molar absorptivity of this species. 

It has been shown by Kole and Chaudhuryl” 
that protonation constants in mixed aqueous sol- 
vents decreases with, (a) increasing the dielectric 
constant of the solvent; (b) decreasing the extent of 
hydrogen bonding in water by the organic solvent 
and (c) increasing the proton solvation by the 
organic solvent. These effects are prominent at 
solvent contents greater than 60%. It has been 
indicated also” that dioxan molecules 
progressively breakdown the hydrogen bonded 
structure of water whereas, methanol can form 
hydrogen bonded associations with water. This 
effect in addition to the low dielectric constant of 
dioxan-water solvent compared to that of 
methanol-water or DMF-water would perhaps 
rationalise the relative pKH values of BHP in the 
different solvents as is shown in Table 2. 

10.0 - (A) 

6.0 - 

6.0 - 

, I I I I I I III I IIll J 
57 60 65 70 

At omi c number, Z 

Fig. 3. Log &, as a function of the atomic number Z for the various rare earth complexes. 
(A) Ln-BHP in 75% dioxan-water. (B) Ln-BHP in 75% methanol-water. (C) Ln-BHP in 75% 

DMF-water. (D) Ln-BAHP in 75% dioxan-water. 
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(ii) Complexation studies 
The role of metal solvation is apparent in the 

comparison of the equilibrium constants, /I,,,, for 
the different lanthanide-BHP chelates in the vari- 
ous solvents (see Table 3(b)). Although the order 
of increasing l/c values of the media is, 

dioxan-water > methanol-water N DMF-water 

the values of filol are markedly greater in methanol- 
water than in DMF-water. This is perhaps, due to 
the strong solvating power of methanol over DMF 
to the lanthanide ions which are hard acids. 

The trend in the formation constants of Ln-BHP 
complexes reported here are much the same as 
reported previously for BAHP ligand (see Fig. 3). 
The major differences between both systems are 
related to the difference in basicities of the two 
ligands which determine the absolute magnitude of 

B ,,,, values and also to the size of the chelate ring 
formed. 

With azo ligands, the azo group can coordinate 
to lanthanide and actinide ions, particularly when 
additional complex stabilization is afforded by the 
presence of a second donor atom in a position 
favourable for chelation. Thus, in the isostructural 
PAR complexes [4-(2-pyridylazo)resorcinol], the 
uranyl ion was shown to coordinate to the pyridine 
nitrogen, the azo nitrogen farthest from the pyridine 
nitrogen, and the ortho phenolic group, forming a 
tridentate 1 :l chelate.13 Based on similarity in 
ligand structure, it is expected that BHP and 
DAHP form complexes of a similar nature. How- 
ever, a comparison of #Ilo, values with those re- 
ported for PAR or PAN analogues14 suggest 
that BHP and DAHP act as rather bidentate 
ligands. The complete disappearance of the carbo- 
nyl stretching band in the IR spectra of the solid 
UO,-BHP and UO,-DAHP complexes’5 is indic- 
ative of a chelation with the enolic form (Structure 

V). 
AI 

Ar = CgH5 

Ar’= C~H_T CHt - 

X = C6H5 (inBHP) 

= CH3 (inDAHP) 

V 

With transition elements, the relative stabilities 
of the 1: 1 metal complexes are the same for the 
three ligands and are in agreement with the order 

found with other ligands, Cu(I1) > Ni(I1) 
> Co(I1) > Zn(I1) > Cd(I1) except with BEHP 
where Ni(I1) and Co(I1) exchange places. 

The copper(I1) complexes were isolated from 
solution as the monohydrate 1: 1 chelate, 
CuL(H,O). Attempts to isolate the 1:2 chelates 
were unsuccessful. However, evidences are ob- 
tained from both potentiometric and spectral data 
for the presence of the 1:2 species in solution. The 
absence of the ketocarbonyl stretching, v(C = 0), 
and the observed shift in v(C = N) and v(N = N) 
in the IR spectra of Cu-BHP suggests the for- 
mation of a chelate of similar structure to that 
given above. The change in band position can be 
attributed to the shift of electron density when the 
ligand behaves as a bidentate N, O-donor. 

The behaviour of BEHP appears curious at first. 
The ligand forms complexes with the transition 
elements of a comparable stability to those formed 
with BHP, BAHP and DAHP which suggest the 
participation of the available two donor centers 
(the azo and the pyridazine ring nitrogens) in 
coordination. If that is acceptable, then the only 
reason for the non-participation of the BHP/or 
DAHP pyridine nitrogens in bonding to metal ions 
is perhaps the preferable tram-arrangement of the 
vinyl and pyridazine moieties around the azo 
group which give no access of the simultaneous 
coordination of the three sites with the metallic 
centre. 

The UV-visible spectra of the different complex 
systems show the presence of a complex band in 
the region of 440-580 nm. The intensity of this 
band is a function of both the molar ratio and the 
pH of the medium. With nickel and copper species, 
two overlapping exist in the pH region 3-6, 
whereas for cobalt complexes, the two absorption 
maxima are quite separate. Plots of the mole 
fraction (aMulL and a& calculated from poten- 
tiometric data are also presented for the sake of 
comparison. Obviously, even in the absence of 
CoL or CoL, species or in the presence of 
insignificant concentrations of CuL or CuL, com- 
plexes, i.e. in moderately acidic media, the mixture 
of the metal and the ligand absorbs strongly. To 
account for this anomalously, the number of ab- 
sorbing species in solution were determined by 
applying Coleman et aLI6 graphical method to 
the different data of BHP and DAHP complexes at 
several wavelengths and at the different relevant 
pH’s. Typical plots at the overlapping regions are 
given in Fig. 5. The analysis revealed that only one 
absorbing species exists in moderately acidic region 
(cu. pH 3). Increasing the pH to 4(in the case of Cu 
and Ni complexes) or 5(in the case of Co chelates) 
two absorbing species were found as indicated by 
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Fig. 5. Coleman et al. plots for the different BHP and 
DAHP chelates. 

the linear plots shown in Fig. 5. Since the free 
ligands absorb far below this region of the spec- 
trum, perhaps the only possible absorbing species 
in moderately acidic media is that formed between 
the metal ions and the acid ligands, MHL species. 
At very high acidities, protons compete with the 
metal ions for the available nitrogen donor sites 
and no complexes are formed, whereas in strong 
alkaline media, complex hydrolysis might account 
for the decrease in optical density. 

By analogy, these bands are of a charge transfer 
origin. BHP and DAHP being a better II acceptor 
that BAHP, their charge transfer bands are ex- 
pected at lower energy. Thus for the same metal 
ion, the order of increasing the energy of d-m 
transition is; 

M(BAHP) > M(DAHP) > M(BHP). 
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Whereas, for the same ligand, the following order 
holds, 

CoL > NiL N CuL 

which is the same order of metal reductibility. 
The bands observed for Cu and Co chelates with 

BHP are quite broad and perhaps the K +d transi- 
tions in these cases are obscured and collapsed with 
those of the d-+x origin. In general, when the 
metal ion was fixed, the energy of transition fol- 
lows an order similar to that advanced in the 
previous paragraph. 

For uranyl(V1) ion, an electron transfer takes 
place within the ion, from the oxygens of the 
uranyl group to the central uranium ion. This 
transfer involves much higher energy than that 
reported here (see Fig. 2). Coordination with li- 
gands which are very prone to transfer electrons 
were found to cause the electron transfer bands to 
move further into the visible spectrum. Such an 
effect is brought about by the thiocyanate ion” 
and is likely to take place here with DAHP. 
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TRANSITION METAL COMPLEXES WITH 
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Abstract-The syntheses of Co(AH,),X, (AH, = 1-methyl-4, 4-dimercaptopiperidine, 
X = Cl, Br, I, acetate, propanate, perchlorate, nitrate and sulphate), M(AH,) Cl, (M = Cd, 
Zn) are described. According to IR and UV-visible data it seems most probable that the 
aminogem-dithiol (AH,) coordinates Co via both sulphur atoms, but Zn and Cd via one 
sulphur. A square pyramidal geometry about Co and a tetrahedral geometry about Zn and 
Cd are proposed. In no case has coordination via nitrogen been found. Strong X-H. . .N 
hydrogen bonds have been observed in most of these complexes. 

Complexes containing mercaptoamines as ligands 
have been extensively studied.192 However no com- 
plexes have been reported containing a gem -dithiol 
ligand, i.e. two thiol groups on the same carbon 
atom. This lack of research about these type of 
complexes may be due to the few gem-dithiols 
known, their general tendency to lose SH, and the 
tendency of sulphur to form bridges between two 
metals. 

In an attempt to gain insight into the coordi- 
nation chemistry of the dithiols we undertook a 
research using the readily synthesized l- 
methyl-4,4_dimercaptopiperidine. The precip- 
itating ability of the cation l-methyl-4,4- 
dimercaptopiperidinium with halometallates of 
transition metal ions has been just recently re- 
ported.3 It is interesting to mention the strong 
S-H. . .X hydrogen bonds detected in these salts. 
In the present paper we report on the coordinating 
ability of this ligand toward Co2+, Zn*+ and Cd*+ 
ions. 

General 

EXPERIMENTAL 

IR spectra were obtained on a Beckman IR-2OA 
as KBr pellets. The IR spectral data are listed in 
Table 2. The UV-visible spectra were recorded on 
a Beckman, Acta III. Conductivity measurements 
were determined on a CDM-3 Radiometer Co- 
penhaguen Conductivimeter in Dimethylform- 

*Author to whom correspondence should be ad- 
dressed. 

amide. The l-methyl-4-piperidine (Fluka) was dis- 
tilled before use. The preparation of 
1-methyl-4,4_dimercaptopiperidine (C6NS2H,3) has 
been described previously.4 All metallic salts were 
either commercially available or were synthesized 
according to Pascal’s methods.’ Solvents were used 
as received. The complexes were analyzed as fol- 
lows: S as barium sulphate; Co, Zn and Cd as 
anthranilate; Cl as AgCl; C, H and N in a 
,Perkin-Elmer 240 analyser. Results are given in 
Table 1. 

Syntheses of complexes CO(AH*)~X, where X = Cl, 
Br, I, SCN, CH,COO, CH3CH2CO0 

Throughout this paper the ligand C6NS2H,, is 
symbolized as AH,. The analytical formula and the 
analyses (calculated and observed) of the com- 
pounds are indicated in Table 1. 

(a) Co(AH2),C12 and Co(AH,),X* (X = Br, I, 
SCN). To a beaker containing CoC12*6H20 (1.5 g) 
in methanol was added, with continuous stirring, 
I-methyl-4,4_dimercaptopiperidine (2.3g) in 
60-100cm3 of methanol containing 5-10cm3 of 
acetic acid. A solid precipitated immediately and 
was collected by filtration and washed with meth- 
anol and ethyl ether. The dark green solid was 
dried under vacuum for 30min. M.p. = 
2lO”C(dec.). 

With slight variations, compounds Co(AH,),Br,, 
Co(AH2),12 and Co(AH2)*(SCN), were prepared 
following the procedure for CO(AH,)~CI,. The salts 
used were CoBr2*6H20, CoI,.2H,O and 
Co(SCN),*4H,O, respectively. In this latter case 
butanoic acid was used instead of acetic acid. 
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Table 1. Compounds prepared and analyses 

AnaIYws wmmd) Analwas @alculated) 

5 H, N, s, H* X C, H, N, S, H, X 

32,9 $74 6,13 28,l 12,7 

26,6 4,84 5,lo 23,6 10,8 

22,s 4,07 4,2o 19,9 9,18 

33,s 5913 11,s 

36,7 6,36 ~39 24,6 11,3 

40,6 6,69 5,34 2431 11,l 

25,4 4,67 4179 21,7 10,o 

2~8 11,6 

27,7 5,61 ~16 3o,8 ll,o 

18,7 19,8 20,7 

17,6 31,4 19,7 

Table 2. IR spectral data 

31,6 5,70 6,14 28,l 12,9 

26,4 4,77 5,U 23,s 10,8 

22,s 4107 4r20 19,9 9,22 t 

23,s 5,19 11,8 

36,8 6~2 ~37 24,6 11,3 

40,7 6,78 5,27 24~1 11,l 

24,7 4,45 4r79 21,9 10,l 

25,2 11,6 

27,7 5,78 5r39 3098 11,3 

1911 19,s 21,l 

17,6 3o,9 19,5 

2970(s), 2900(m), 2710(s), 1460(s), 1440(m), 1410(m), 
1270(s), 1260(m), 1050(m), 1030(m), 970(s), 420(s), 
380(w), 360(v). 

2970(s), 2900(m), 2570(s), 1470(s), 1440(m), 1410(m), 
1270(s), 1260(m), 1050(m), 1030(m), 980(s), 420(s), 
4lob,sh), 380(w), 360(w). 

2980(s), 2750(s), 1460(s), 1430(m), 1420(m), 1390(m), 
1260(s), 1250(m), 1040(m), 1020(m), 970(s), 420(s), 
4lO(m,sh), 380(w), 360(w). 

2970(s), 2750(s), 2090(s), 1470(s), 1430(m), 1420(m), 
1260(m), 1030(a), 980(s), 420(s), 4lO(m,sh), 380(r), 360(w). 

3030(m), 2970(s), 2750(s), 173o(s,b), 158O(m,b), 1460(s), 
1450(m), 1420(s), 1260(s), 1250(m), 1030(m), 990(s), 
770(s,b), 460(m), 420(s), 4lob,sh), 380(w), 3&(w). 

2960(s), 2750(s), 1580(s), 1460(s), 1450(m), 1410(s), 
1370(m), 1300(m), 1270(m), 1260(1n), 1060(m), 1040(m), 980(s), 

420(s), 380(w), 360(w). 

33co(m,b), 2960(s), 2720(s), 1460(s), 1430(m), 1420(m), 
1400(m), 1260(m), 1250(m,sh), 1140(sh), 1120(s), loSo( 
1030(m), 970(s), 620(s), 420(s). 

3420(m,b), 2960(s), 2720(s), 1460(m), 1420(m), 1260(m), 
1150(s), lllO(sh), 1090(s), 970(m), 640(m), 630(s), 
420(w), 4lo(sh). 

3040(m), 2950(m), 2720(m), 1450(m), 1430(sh), 138o(sh), 
1350(s), 1330(m), 1290(m), 1260(m), 1250(m), Nob), 
1020(m), 970(s), 420(m), 410(m), 380(w), 360(w). 

3420(m,b), 2990(s,b), 2710(s), 1720(m), 1460(s), 1250(m), 
1150(n), 1050(m), 1030(m), 97o(sh), 960(s), eoO(m), 750(m), 
360(A), 330(sh), 28ob,b). 

3420(m,b), 30W(s,b), 2750(s), 1720(s), 1460(s), 1250(m), 
1210(m), 1160(m), 1080(m), 1050(m), 1040(m), 9&(S), 
800(m), 750(m), 750(s). 
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(6) CO(AH~)~(CH,COJ~ and Co(AH,),(CH,CH, 
CO&. The general features of these syntheses were 
as before. In particular Co(CH,C02),*4H20 was 
dissolved in acetic acid and Co(CH,CH,CO,),* 
3H,O in propionic acid. Isopropanol was used as 
the ligand solvent containing, in the former acetic 
acid and in the latter, propionic acid. 

(c) Co(AH,),(ClO,),. Under vigorous stirring, 
Na C10,(2Sg) were added to AH, Cl (2g) in 
120 cm3 of ethanol. A precipitate of NaCl formed 
within minutes. When the precipitation was com- 
plete, NaOH(0.2g) in ethanol was added and the 
suspension was filtered. Upon addition of 
Co(ClOJ,*6H,0(2g) in ethanol to the filtrate, a 
dark green solid separated which was collected by 
filtration. The solid was washed three times with 
ethanol and dried thoroughly with dry-air. 

500cm3, round bottomed flask and treated with 
120cm3 of Br,KBti solution containing 
CuC1,(0.4g). Immediately the flask was tightly 
closed and thoroughly stirred for 1 hr. After cool- 
ing it at 0°C concentrated HNO,(lOO cm’) was 
carefully added. The resulting solution was gently 
heated for 1 hr and then evaporated to 50-60 cm3. 
While continuing the heating, concentrated hydro- 
chloric acid was added until no nitrogen dioxide 
vapours were apparent. The resulting solution was 
diluted to approx. 11. and SOa- and Cd2+ ana- 
lyzed from it. 

RESULTS AND DISCUSSION 

Cobalt complexes 

(d) CO(AH,),(NO~)~. The above procedure for 
Co(AH,),Cl, was used to synthesize this com- 
pound. However butanoic acid was used instead of 
acetic acid. The solid was washed and dried as 
done in the ClO,- compound. 

(e) Co(AH,),SO,. Equimolar amounts of a 
saturated solution of NaHSO, and AH,(2 g), both 
in methanol, were mixed and, after standing for a 
while, filtered. To the filtrate, a recently prepared 
solution of CoSO,*7H,O was added. Immediately 
a green solid precipitated which was filtered, 
washed three times with methanol and dried at the 
vacuum line. 

v) Zn(AH,)C1,.2H,O. In a beaker, were mixed 
two ethanolic solutions of ZnCl, (0.6g) and AH, 
Cl (1 g), containing NaOH(O.l g). Upon the mix- 
ing, a white solid separated which was filtered, 
washed with ethanol and ether and dried with dry 
air passing through the filter. Finally, the solid was 
dried at the vacuum line. 

This compound is at first soluble in water but 
after a few minutes decomposes precipitating a 
solid. 

(g) Cd(AH,)Cl,-H,O. In a beaker were mixed 
two ethanolic solutions of CdC1,.2, SH,O (1 g), 
containing both of them a small amount of hydro- 
gen chloride. Immediately a white solid separated 
which was filtered, washed with cold ethanol con- 
taining a small amount of hydrogen chloride and, 
finally, with ether. 

The reaction of cobalt salts with l-methyl- 
4,4_dimercaptopiperidine in ethanol, yields dark 
green solids whose stoichiometry has been deter- 
mined to be Co(AH2),X2, where X = Cl, Br, I, SCN, 
acetate, propanate, CIO,, NO, and $0,. All of the 
cobalt complexes discussed here gave very similar 
IR spectra (Table 2). Of these, it is important to 
note the strong absorptions at -43Scrn’ and 
1: 2730 cm-’ assigned to v(M-S) and v(N-H), 
respectively. This latter absorption exhibits an 
hypsochromic shift from 271Ocm-’ (Cl) to 
275Ocrn’ (Br, I, SCN) attributed to hydrogen 
bond formation (N-H. . .Y). The frequency of the 
M-S absorption is high compared to other already 
reported v(M-S) IR data. However, the presence 
of this band in all these spectra, independently of 
the X groups poses little doubt to its assignment. 
The IR spectral analysis of the X groups suggests 
that these are somehow coordinated. For instance, 
the v(C-N) absorption band in Co(AH,),(SCN), 
occurs at 2090cm-‘, while it is known to be at 
2053 cm-’ in KSCN.’ In addition, the frequency 
separation between the asymmetric and symmetric 
modes of vibration of the OCO group in the 
acetate and propanoate complexes, A N 160 cm-‘, 
suggest a monodentate coordination,8,g as it is 
thought of the sulphate and perchlorate com- 
plexes. However, the IR analysis of the nitrato 
compound suggest a non-coordinated nitrate 
group. 

The correct drying conditions for this compound 
have not been found. Its stoichiometry was deter- 
mined by comparison of the atomic ratios of Cd, 
S and Cl. 

It was proved that upon varying the drying 
conditions, the only variable element was sulphur, 
while the ratio Cl/Cd remained constant and aver- 
aged 1.99. 

The lo-‘M conductivity values of these com- 
plexes Co(AH,),X, in DMF at 25°C are indicated 
in Table 3. Comparison of them with accepted 
values for common types of electrolytes’0 suggest a 
molecular type of compound for the acetate and 
propanoate complexes but ionic for the others. 
However, excepting the perchlorate, which is on 
the lower side for 1:2 electrolytes, the iodide and 
thiocyanate complexes fall within the 1: 1 type. 

In order to know the ratio S/Cd all the solid More structural information about these com- 
resulting in one synthesis was placed wet in a plexes is derived from the visible spectra, either in 
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Table 3. Conductivity value9 

COlllpleX 
Assumed molecular 

wei.&t 
H 

wAH2)212 639 80 

Q+H2)2(SCN)2 501 65 

W~,),(~3COO)2.H20 521 11 

C&H2)2@H3CH2C@J)2 531 12 

"(~2)2(Qo4)2 584 130 

(a) All conductivities were taken at 25QC and were calculated assuming a 

wlecular weight given by thz empirical formula. 

the solid phase or in solution. A broad and sym- 
metrical band, centered at 594 f 1 nm, has been 
observed in all of the solid phase spectra of these 
complexes. This band shifted to 600 nm (6 = 2000) 
when the spectra were recorded in DMF solution. 

This visible spectral information clearly suggests 
the existence of a common chromophere in all of 
these Co(AH,),X, complexes. Consequently, the X 
groups would not be coordinated to the cobalt and 
the conductivity and IR data would be explained 
by considering strong N-H. . .X hydrogen bonds 
as pointed out before. Besides, the high molar 
absorbance (6 N 2000, at 600 nm) can neither be 
explained by a centrosymmetric nor by a tet- 
rahedral metal environment. We suggest that the 
square pyramidal geometry (Fig. 1) as exemplified 
by some dithiocarbamate complexes Cu(R,Dtc),, 
Cd(Et,Dtc),” could be consistent with the visible 
and IR data. 

Zinc and cadmium complexes 
The reaction of zinc and cadmium chlorides with 

I-methyl-4, 4-dimercaptopiperidiniurn chloride in 
ethanol, yields white solids whose stoichiometry 
has been determined to be Zn(AH*)Cl, . 2Hz0 and 
Cd(AHJC1, + HzO. The IR spectra of these solids 

Fig. 1. Proposed structure for the Co(AH,),X, com- 
plexes. A fifth coordination is obtained bonding the 
metal ion and one sulfur of a second Co(AH,),X, 

moiety. 

(Table 2) show, among others, absorptions at 
2710 cm-‘, attributed to a N-H bond, and at the 
interval 255-325 cm-‘, attributed to terminal 
M-Cl’* bonds in tetrahedrally coordinated com- 
plexes.13 

Even though the M-S absorptions cannot be 
clearly identified in these IR spectra, we assume 
that the amino-dithiol moiety is coordinated to the 
metal by comparison with the IR spectra of 
[AH3]2ZnC1, and [AH3]CdC133 salts, where 
1-methyl-4, 4-dimercaptopiperidinium is the cat- 
ion. 

The amino-gem -dithiol-metal interaction takes 
place via sulphur of sulphurs, as is shown by the 
existence of an N-H band in the IR spectra of these 
complexes. 

The existence of M-halogen bonds and the 
known tendency of the thiolate group to form 
bridges between metal atoms makes us believe that 
the structure of these Zn and Cd complexes may be 
as depicted in Fig. 2 with.only one S atom of each 
ligand moiety binding the two metals. A structure 
like this has been observed by X-ray diffrac- 
tion studies for Zn(LH)C1,,Zd where LH is 
1 -methyl-4-mercaptopiperidine. 

Fig. 2. 

CH3 
“\A 

(1 

“‘\ A”/” 

c,/zn\/=n\ 

icj 

Cl 
SH 

/I 
CM3 

Proposed structure for the Zn(AH,)CI, 
Cd(AH2)C12 complexes. 
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CONCLUSION 

The study of the Co, Zn and Cd complexes of 
1 -~thyl-4,4-di~rca~~opi~~di~e has permitted 
insight into the coordination behaviour of a gem- 
dithiol ligand. Attempts to get crystals suitable for 
an X-ray diffraction study have been unsuccessful. 
It is mostly due to the high insolubility in suitable 
solvents. As a consequence, the complete charac- 
terisation of the coordination is not yet known. 
However, it seems most probable, based on spec- 
troscopic &&a &tat tEt.s Ytgand coordinauzs either 
via only one sulphur, bridging two metals, or via 
both sulphurs acting as a chelating agent. 

H. Barrera and F. Teixidor, Accepted for publica- 
tion in Polyhedrom. 
H. Barrera and R. R. Lyle, J. Org. Chem. 1962, 27, 
641. 

7. 

8. 

9. 

10. 
11. 

12. 

13. 

P. Pascal, Nouveau TraitP de Chimie MinPrale. 
Masson & Cie, Paris. 
This solution was prepared by mixing KBr (160 g) 
with 100 cm3 of a saturated solution of Br, in water. 
After stirring thoroughly the mixture, water was 
added up to 2 1. 
K. Nakamoto, Infrared Spectra of Inorganic and 
cm~dina2ion Cumpm&, 2nd E&I. W&q, ‘New 
York (1970). 
P. 0. Whjmp and N. F. Curtis, J. Chpm. Sot. (A > 
1966, 867. 
The A value is almost the same either for ionic or 
monodentate acetate. As a consequence, a 
A = 160 cm-’ also could indicate ionic acetate or 
propanate group, however the conductivity mea- 
surements seem to favor a monodentate coordi- 
nation via hydrogen bond. 
W. J. Geary, Coord. Chem. Rev. 1971, 7, 8 1. 
D. Concouvanis, Progr. Znorg. Chem. 1970, 11, 234 
and Refs therein. 
G. C. Pellacani, G. Peyronell, G. Pollacci and R. 
Cronati, J. Znorg. Nucl. Chem. 1976, 38, 1619. 
D. M. Adams, Metal-Ligand and Related Vi- 
brations. Arnold, London (1967). 

REFERENCES 
(a) D. C. Jicha and D. H. Bush, Inorg. Chem. 1962, 
1, 872; Zdem 1962, 1, 878; Zdem 1962, 1, 884; (b) M. 
Albou Ali and S. E. Livingstone, Coord. Chem. Rev. 
1974, 13, 101. 
(a) L. K. Tiwari, S. Jain and A. Jymar, Indian J. 
Chem. 1977, 15A, 310; (b) L. K. Tiwari, A. Kumar 
and S. Jain, Indian J. Chem. 1978, 16A, 495; (c) J. 
C. Bayon, J. L. Brianso, M. C. Briand and P. 
Gonzalez-Duarte, Inorg. Chem. 1979, 18, 3478; (d) 
M. C. Brianso, J. L. Brianso, W. Gaete, J. Ros and 
C. Suirer, J. Chem. Sot. Dalton Trans. 1981, 853. 

POLY Vol. 2. No. I I-E 



Polyhedron Vol. 2, No. 11. PP. 1171-1175, 1983 
Printed in Great Britain. 

0277-5387/83 $3.00 + .OO 
0 1983 Pcrgamon Prsss Ltd. 

TERNARY COMPLEXES OF MIXED N/O 
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Abstract-The stability constants of the ternary Cu(II), Ni(II), Co(II), Mn(II), Mg, Ca and 
Zn complexes containing xanthosine and, as a second ligand, glycine have been determined 
in aqueous solution by potentiometric titration [CL = 0.10 M(KN03), 35”C]. The stability 
constants of the binary system containing the above metal ions and xanthosine in a 1:2 
ratio were also determined to compare the effect of the secondary ligand on a 1: 1 
metal-xanthosine system. The A log K (defined as the difference in the overall: 1: 1 stability 
constants and corresponding 1: 1 binary complexes) values are more positive for 1:2 
metal-xanthosine system than the 1: 1: 1 metal-xanthosine-glycine system. This difference 
in stability may be due to the “stacking” interaction in the 1: 2 metal-xanthosine system. 

Investigations of the stability of ternary complexes 
will help toward understanding the driving forces 
that lead to the formation of such complexes in 
biological systems. Although binary and ternary 
complexes of nucleotides in solution have received 
much attention during recent years.‘-” very little is 
known about the nucleoside complexes. Because of 
the importance of nucleosides, which provide a 
link between purine and pyrimidine bases and 
nucleotides, in understanding the nature of metal 
nucleic acid interactions in biological systems, we 
have undertaken a programme to systematically 
investigate the interaction of various metal ions 
with nucleosides in solution. Mixed ligand com- 
plexes containing Cu(I1) are relatively well in- 
vestigated. ‘2,13 Much less is known about other 
metal ions, especially about those which are of 
basic biological importance like Mg, Ca or Zn. 
Therefore, in this paper we have carried out a 
detailed physicochemical studies on the interaction 
of Cu(II), Ni(II), Co(II), Mn(II), Mg, Ca and Zn 
with xanthosine and glycine in a 1: 1: 1 ratio to see 
how the stabilityof mixed ligand complexes varies 
with in a series of metal ions. We have also studied 
1:2 metal-xanthosine complexes with a view to 
understand the effect of the same secondary ligand 
as compared to the different secondary ligand on 
1: 1 metal-xanthosine system. 

The stability constants of the 1: 1: 1 ternary 
complexes of xanthosine are lower than those 
observed for 1:2 metal-xanthosine system, which 

*Author to whom correspondence should be ad- 
dressed. 

is expected on the basis of the stacking interaction 
in the latter. All measurements were made at 
35” f O.l”C and 0.10 M(KN0,) ionic strength. 

EXPERIMENTAL AND CALCULATIONS 
Xanthosine and glycine were obtained from 

Sigma Chemical Company (U.S.A). Transition 
and alkaline earth metal ions were of Analar Grade 
and were standardised volumetrically by titration 
with disodium salt of EDTA in the presence of a 
suitable indicator as outlined by Schwarzenbach.14 

The experimental method employed consisted of 
a potentiometric titration of metal and xanthosine 
in a 1:2 ratio or metal ion, xanthosine and glycine 
in a 1: 1: 1 ratio at 35” &- O.l”C with standard 
NaOH solution. The experimental conditions 
maintained were similar to those described in our 
previous work.’ 

The acid dissociation constants of xanthosine 
and glycine were calculated by the usual algebraic 
method. The stability constants of 1:2 
metal-xanthosine complexes were determined by 
the help of the equations described earlier.‘O 

In order to calculate the stability constants of 
the ternary complexes of Cu(I1) and Ni(I1) with 
xanthosine and glycine, in a 1: 1: 1 ratio, the fol- 
lowing equations were used (omitting charges) 

KM 
M+H,L+HA $!MHLA + 2~+ (1) 

together with the related equilibria 

M + HL + A+MHLA (2) 
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(3) 

However, for the ternary complexes of Co(II), 
Mn(II), Mg, Ca and Zn with xanthosine and 
glycine the following equations were used. 

P 
MA + H,L %“~~~~ + H+ 

related equilibria 

Km 
MA+GL !?MHLA 

(4) 

(5) 

KMA _ TM - [Ml 
MHLA - [MA][HL] 

where MA= 1:l metal-glycine complex; 
H,L = xanthosine; HA = glycine; TM = total metal 
ion species present in solution; and [M] = 
concentration of the free metal ion. 

The concentrations of various species involved 
in the above equations were obtained by setting up 
suitable material balanced equations and solving 

for the unknowns. The details were given in our 
earlier publications.8 

RESULTS AND DISCUSSION 
In Fig. l(d) is given the mixed ligand titration 

curve of Cu(II)-xanthosine and glycine in a 1: 1: 1 
ratio, which shows an inflection at m = 2 (where 
“m” is the moles of base added per mole of metal 
ion) indicating simultaneous formation of 1: 1: 1 
mixed ligand complex in the buffer region between 
m = 0 and m = 2. Accordingly, it was assumed 
that a monoprotonated 1: 1: 1 complex is formed in 
this buffer region. The constant K&.&,+ was calcu- 
lated with the help of eqn (3). Similar titration 
curve was also obtained for Ni(I1) and the con- 
stants thus calculated are given in Table 1. 

Figure l(c) gives the mixed ligand titration curve 
of Zn-xanthosine and glycine system in a 1: 1: 1 
ratio. The constant Kzi&A formed from 1: 1 
metal-galcine complex in the buffer region between 
m = 1 and m = 2 was calculated by eqn (6) and 
presented in Table 1. 

Similar trends were obtained for Co(II), Mn(II), 
Mg and Ca. The constants for these systems are 
included in Table 1. 

II - 

21 L I 
0 I 2 3 

0 or m 

Fig. 1. Potentiometric titration curves for Cu(I1) and Zn-xanthosine-glycine system in a 1: 1: 1 ratio 
at 35°C p = 0.10 M(KN0,). A = Free glycine; C = Zn-xanthosine-glycine; D = Cu(II)- 
xanthosine-glycine; m = moles of base added per mole of metal ion (for curves C & D); a = moles 

of base added per mole of ligand (for curves A & B). ---, Precipitation. 
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Table 1. Stability constants of complexes containing 1: 1 and’ 1:2 ratios of metal ions and 
xanthosine, 1: 1 ratio of metal ions with glycine and 1:l:l ternary metal complexes of 

xanthosine with glycine. Temp. = 35°C; p = 0.10 M(KN03) 
P_--uI _----- ----- -------w- 

Metal-xanthosine Metal-Glycine Metal-Xanthosine-Glycine 

Metal (II) 
____________________ _____c__________ ____________-__------------ 

ion Icg K& log $ J_ 
22 log Kk 

M alog K 
log KwLA log KiU 

(l:l)+ (1:2)+ (lrl)+ (l:l:l)** (Irl:l)++ 
_______________________~~~~~~~~~~~~~~~~~~~~~-~-- 

cu 3.C6 6.36 8.61 

Ni 2.92 5.90 5.92 

zn 2.21 5.25 5.50 

co 2.51 5.38 5.22 

Mn 2.57 5.76 3.e5 

Mg 2.23 5.07 3.40 

Ca 2.21 5.15 3.58 

_-I__- ----___ .- 

* The ccnstants are accurate to -+ 0.06 log K unit. 

l * ‘Ihe constants are accurate to + 0.1 log K unit. 

12.8 __ 1.13 

10.9 -_ 2.C6 

__ 2.e 0.59 

-_ 3.c 0.49 

__ 2.8 0.23 

__ 2.5 0.27 

__ 2.6 0.39 

Glycine pK2a = 9.75 -+ 0.02 

Xanthoaine pKa P 5.56 -+ O.G2 

In Table 1 are also given the stability constants 
of binary (metal-xanthosine and metal-glycine) 
complexes and A log K values, calculated as the 
difference in the overall 1: 1: 1 stability constants 
and 1: 1 constants. Although the constants of 
Cu(II), Ni(II), Co(II), Mn(I1) and Zn glycine sys- 
tems are available in the literature, we have re- 
measured these constants as it is preferable to 
determine the binary and ternary complexes under 
the same conditions. Otherwise the experimental 
difference might show up in A log K (Defined as the 
difference in the overall 1: 1: 1 stability constants 
and corresponding 1: 1 binary complexes). How- 
ever, our values agree well with those from litera- 
ture. The stability constants of Mg and Ca glycine 
systems have been determined for the first time. 

It is worthwhile here to mention briefly the 
theoretical value of A log K and its origin. In a 
ternary system containing metal ion and two li- 
gands (bidentate), H,A and H2L with significant 
difference in complexing capabilities, simple com- 
plex with one of the ligands is formed which has 
the more complexing tendency as compared to the 
other. However, if there is only small difference in 
the complexing tendencies between the two ligands 
the following type of complex will result. 

M+A+L=MLA. 

The reaction may proceed either of the following 

equilibria 

PK2a 
= 9.90 ,+ 0.02 

M + A=MA 

MA + L+MAL 

M + L=ML 

ML + A=MLA. 

In dilute solutions the possibility of having other 
species like hydroxo, polymeric, etc. can be ig- 
nored. Therefore, we have left with equilibrium 
constant which represent the overall or stepwise 
mixed ligand complex depending upon the system 
under investigation. The difference in stability be- 
tween a binary complex and ternary complex is 
usually explained in terms of A log K. 

A log K = log K;t: - log KEL 

or 

Thus, if A log K values are positive the ternary 
complexes are more stable than the corresponding 
binary complexes and if the values for A log K are 

negative the binary complexes are more stable than 
the ternary complexes. However, the negative val- 
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ues for A log K does not preclude the formation of 
ternary complexes. The stability of mixed ligand 
complex formation is also determined by the re- 
proportionate constant from statistical consid- 
eration. Under these conditions when there is no 
interaction between MAL, MA, and ML,, there is 
possibility of 50% formation of MAL, while binary 
complexes MA, and ML, are formed to the extent 
of only 25% each. 

Thus in a mixed system, the probability of 
formation of mixed ligand complexes more than 
that of the binary complexes. A detailed discussion 
on this subject is found in an article by Sigel.” 

It can be seen from the table that the ternary 
complexes are more stable than the binary com- 
plexes, resulting in the positive values of A log K 

for all the metal ions studied. This is because the 
destabilization caused by ligand repulsion is 
smaller in a mixed ligand complex than in the 
binary complex. In the ternary systems, generally 
the reaction between the metal ion and the second- 
ary ligands containing heteroaromatic nitrogen 
and oxygen donors result in the formation of more 
stable complexes than the ligands containing pure 
nitrogen and oxygen donor atoms. In this context, 
it is important and of interest to compare the 
A log K values for 1: 2 metal-xanation system with 
those of 1: 1: 1 metal-xanthosine N, N-tetra- 
methylethylene diamine, a-a’-bipyridyl, 1, IO- 
phenanthroline and 5sulphosalicyclic acid.” The 
A log K values for the former are more positive 
than the latter cases. These results support the 
above observation. Similar observations were also 
made by Sigel.i6 

The above arguments can also be extended 
successfully to metal-xanthosine-glycine system. 
In this system there seems to be two types of 
interactions for the metal ions studied as is evident 
from the titration curves (Fig. lc, d). The Cu(I1) 
and Ni(I1) form one type of complexes and Co(II), 
Mn(II), Mg, Ca and Zn form another type. Hence, 
we have chosen only the latter type for comparison 
with 1: 2 metal-xanthosine system since in both the 
cases we have a similar type of complexes. The 
A log K values of Co(II), Mn(II), Mg, Ca and Zn 
for 1: 2 metal-xanthosine system are more positive 
than the corresponding A log K values 1: 1: 1 
metal-xanthosine-galcyine system, though in both 
the cases we have mixed N/O donor atoms in the 
secondary ligand. These differences in the sta- 
bilities are expected because of the fact that the 
glycine is an aliphatic ligand and therefore, cannot 
take part in stacking interaction with xanthosine in 
1: 1: 1 ternary complex. On the other hand, xan- 
thosine can take part in stacking interaction in 1: 2 
system. These results once again confirm out ear- 

M. H. REDDY 

Fig. 2. Possible (tentative) structure of Cu(II)- 
xanthosine-glycine system in solution. R = ribose. 

her observations’0 that, in the ternary complexes 
the extent of stacking interaction rather than the 
nature of the metal ion is more important in 
deciding the A log K values. 

It is important here to mention that it is a well 
established fact that purine and pyrimidine bases, 
nucleosides and nucleotides associate extensively in 
aqueous solution by a mechanism involving verti- 
cal stacking of bases. The divalent metal ions like 
Mg and Zn promote stacking by a factor of about 
4 in nucleoside 5’-triphosphates.” Therefore, in the 
case of 1:2 xanthosine system also the stacking is 
expected to be promoted by divalent metal ions 
though to a lesser extent as compared to the 
nucleotides. Although we have an 0x0 group in 
xanthosine, we expect an alternating stacking ar- 
rangement with a partially overlapped orientation 
so that H-8 and H-l’ can be both shielded to a 
similar extent. Here not only the steric hindrance 
of the ribosyl group is reduced but also the re- 
pulsion between the dipole moments of the adja- 
cent bases expected in the straight stack is reduced. 
We could not compare the A log K values for 
Cu(I1) and Ni(I1) systems as they form different 
types of complexes with xanthosine and glycine as 
explained above. 

The A log K value of Ni(II)-xanthosine-glycine 
complex is more positive than the Cu(II)- 
xanthosine-glycine complex indicating a more sta- 
ble ternary complex of Ni(I1). The instability of 
Cu(II)-xanthosine-glycine complex may be due to 
its low coordination number as compared to the 
Ni(I1) complex. 

Based on this we propose a possible (tentative) 
structure of Cu(II)-xanthosine-glycine complex in 
solution (Fig. 2). 
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Abstract-Dichlorobis(indenyl)-titanium(IV) and -zirconium(IV), (GH,),TiCl, and 
(C9H7)2ZrCl,, react with bidentate Schiff bases such as salicylidene aniline, salicylidene-o- 
toluidine, salicylidene-m -toluidine and salicylidene-p-toluidine in a 1: 1 molar ratio in 
refluxing tetrahydrofuran in the presence of triethylamine to yield complexes of the type 
(C$H,),Ti(SB)Cl and (GH,),Zr(SB)Cl, respectively where SB is the anion of the corre- 
sponding Schiff base, SBH. The new derivatives have been characterised on the basis of 
their elemental analyses, conductance measurements and spectral (IR, ‘H NMR and 
electronic) studies. 

Schiff bases derived from the reaction of sal- 
icylaldehyde with primary amines represent a ver- 
satile series of ligands, the metal complexes of 
which have been widely studied.‘-) Some Schiff 
base derivatives of bis(cyclopentadienyl)titan- 
ium(IV) and bis(cyclopentadieny1) zirconium(IV) 
with bidentate, terdentate and quadridentate Schiff 
bases are known.“7 Recently, we have reporteda*9 
some reactions of dichloro bis(cyclopentadienyl)- 
titanium(IV) and bis(cyclopentadieny1) zircon- 
ium(W) with N-aryl salicylidimines. However, re- 
actions of bis(indenyl)-titanium(IV)- and bis(- 
indenyl)zirconium(IV)-dichlorides with Schiff 
bases have not been reported previously. The 
present work describes the reactions of bis(- 
indenyl)titanium(IV) and bis(indenyl)zircon- 
ium(IV) with bidentate Schiff bases derived from 
salicylaldehde and aniline, o -, m- or p-toluidine. 
The main interest in the preparation of such com- 
pounds is the attachment of Schiff base ligand to 
the titanium or zirconium atom in the presence of 
bulky idenyl groups, which due to some steric 
factors might have some effect on the structure of 
the complexes. However, various physico-chemical 
studies carried out for these complexes show the 
coordination to the central metal atom through 
nitrogen of azomethine group and oxygen of phe- 
nolic -OH group. 

*Author to whom correspondence should be ad- 
dressed. 

EXPERIMENTAL 

Reagents and general techniques 
All the reagents used were of analytical grade. 

Bis(indenyl)titanium(IV)dichloride and bis(in- 
denyl)zirconium(IV)dichloride, (GH7)2TiC12 and 
(C9H7)2ZrC12, were prepared by the reaction of 
indenyl thallium(I) and titanium tetrachloride or 
zirconium tetrachloride in 2: 1 molar ratio in tet- 
rahydrofuran. THF (Baker AR) was dried over 
sodium metal and then boiled under reflux until it 
gave a blue colouration with Ph2C0. It was finally 
dried by distillation from LiAlI-&. n-Hexane 
(BDH) was dried by refluxing over sodium metal 
followed by distillation and triethylamine was 
dried as reported in the literature.” Nitrobenzene 
for conductance measurements was purified by the 
method described by Fay et al.” Titanium and 
zirconium were determined gravimetrically as their 
oxides and chlorine was estimated as silver chlo- 
ride. Nitrogen was estimated by standard method 
as described by Vogel.12 

Conductance measurements were made in nitro- 
benzene at 20 + O.OYC using a Systronic Digital 
Direct Reading Conductivity Meter Type 304. IR 
spectra were recorded in “KBr pellets” in the 
4000-200 cm - * region using a Perkin-Elmer 621 
spectrophotometer. The proton NMR spectra were 
recorded at ambient temperature (20°C) at a sweep 
width of 900 Hz with a Perkin-Elmer R-32 spec- 
trometer. Chemical shifts (6, ppm) are expressed 
relative to an internal reference of TMS (1% by 
volume). Electronic spectra of the complexes in 
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acetone were recorded on Perkin-Elmer UV- 
visible spectrophotometer, Mode1554. 

Preparation of Sch@ bases 
To an appropriate amine (6 mmole) in 60 cm3 of 

, freshly distilled ethanol, salicylaldehyde (5 mmole) 
in 60 cm3 of freshly distilled ethanol was added 
dropwise with vigorous strirring. There was imme- 
diate precipitation of products but the mixture was 
refluxed for half an hour, then cooled in an ice bath 
and filtered. The product was recrystallised by 
addition of 40 cm3 of hot ethanol. The mixture was 
cooled in an ice bath, filtered, and washed with 
sodium-dried diethyl ether and the Schiff base was 
dried in vacua. The yield was approx. 90%. 

Preparation of the complexes 
All operations were carried out under strictly 

anhydrous conditions. The Schiff base (4mmole) 
was added to a solution of (C9HJ2TiC12 or 
(C9H,),ZrCl,, (4mmole) in 40 cm3 of dry tet- 
rahydrofuran. To this triethylamine, Et,N 
(6 mmole) was added and the mixture was refluxed 
(68°C) for about 10-12 hr. Precipitated Et,N*HCI 
was removed by filtration and the volume of the 
filtrate was reduced to ca. 30cm3 by evaporating 
the solvent under reduced pressure at room tem- 
perature. The crystals of the product were obtained 
by adding about 75 cm3 of dry n-hexane. 

RESULTS AND DISCUSSION 

Dichloro-bis-(indenyl)titanium(IV) and di- 
chloro-bis-(indenyl)zirconium(IV), react with bid- 
entate Schiff bases in 1: 1 molar ratio to yield 
complexes of the type (C,H,)2Ti(SB)Cl and 

(C9H,),Zr(SB)Cl, respectively according to the fol- 
lowing equation: 

(C9H,)2MC12 + SBH + Et,N 5 

(GH,),M(SB)Cl + Et,N*HCl 

(M = Ti(IV) or Zr(IV); (SB)- represents the anion 
of the corresponding bidentate Schiff base SBH). 

All the Schiff base complexes crystallise as yel- 
low to yellowish-brown crystals. They are highly 
soluble in common organic solvents, viz., benzene, 
THF, acetone, dichloromethane, nitrobenzene and 
chloroform. Electrical conductance measurements 
in nitrobenzene show them to be non-electrolytes 
and to be susceptible to hydrolysis. The analytical 
and physical data of the complexes are given in 
Table 1. 

The assignments of characteristic IR frequencies 
for (C9H,)2M(SB)Cl complexes are listed in Table 
2. Absorption bands indicating the presence of 
indenyl groups are found at ca. 3100 cm-’ v(C-H), 
1450 cm-‘v(C-C), 1020 cm-’ 6 i.p. (C-H) and 
815 cm- ’ 6 o.p. (C-H). Appearance of these in- 
deny1 bands in the SchifI base derivatives indicate 
that electrons in these groups remain delocalised 
and x-bonded (q’) to the metal.13 Apart from this, 
the bands at ca. 355 and 440 cm - ’ may be assigned 
to v(M-Cl) and metal-ring vibrations,i4 re- 
spectively. 

A strong band at ca. 1625 cm- ’ is observed in 
the spectra of Schiff bases, which is characteristic 
of the azomethine (-H&N-) group. Coordination 
of the nitrogen to the metal atom would, however, 
be expected to reduce the electron density in the 

Table 1. Analytical and physical data 

Camplex Dec.tamp. a) CoClduCtan~ab) Elemental analyses $ Found (celc.) 

PC) M x 103= 0.6 !tl/ZF I! Cl 
- 

(C9&,)2Ti(sal-anillne)Cl 174-176 0.26 9.42(9.27) 2.7N2.69) 6.97(7.06) 

(CgH7)2Tl(sal -o-toluldlne)Cl 167-169 0.22 9.l7(9.03) 2.67(2.54) 6.78(6.71) 

(Cg$)2Tl(sal-m-toluldine)C1 MO-161 0.30 9.17(8.98) 2.67(2.60) 6.78(6.63) 

(CgH7)2Tl(sal-p-toluidfne)C1 203-206 0.28 9.X7(8.94) 2.67(2.59) 6.78(6.69) 

(CgII$2Zr(sal-anlllne)C1 126-121 0.20 16.47(16.38) 2.53(2.46) 6.42(6.33) 

(Cg~)2Zr(sal-etoluidine)Cl l80-lB2 0.24 16.06(15.88) 2.47(2.33) 6.27(6.36) 

(Cg~)2Zr(sal-m-toluldine)C1 l86-LB6 0.24 16.06(16.92) 2.47(2.42) 6.27(6.20) 

(CgB,)22r(sal-p-toluldine)C1 128-130 0.28 l6.06(16.01) 2.47(2.28) 6.27(6.16) 

a) Uncorrected values; b, in ohol-1 cm2 mole' 1 
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Table 2. Characteristic IR bands and ‘H NMR data 
--_I_ 

IR (an-l) lH Nb% ( 5 , ppd 

?;(c=N) ccc-0) - C& Aromatic 
ring 

(-CH=N) -CH3 

pretons 
--- 

(C9H7)2Ti(sal-anillne)Cl 1610 13Jo 6.50 7j.65(m) 8.5.5(s) 

(CgH7)2Tl(sal-o-toluldlne)Cl 1600 lno0 6.52 7.60(m) 8.60(s) 2.08(s) ,_---i 

(Cgf$,)2Tl(sa1-m-toluldine)Cl 1600 1290 6.72 7,54(m) 8.50(s) 2.12(s) 

(Cg?$,)2Tl(sal-p-toluldlne)C1 1605 13x-l 6.70 7.52(m) 8.62(s) 2.lB(s) i_L 

(CgH7)2Zr(sal-anUlne)C1 1600 1295 6.70 7.50(m) 8.68(s) 

(C9H7)2Zr(sal-e-toluldlne)C1 1610 1330 6.58 7.62(m) 8.7?(s) 2.10(s) 
L__I 

(Cg~)2Zr(sal-m-toluldine)C1 1605 1295 6.60 7.70(m) 8.60(s) 2.16(s) 
'--I 

(CgH7)2Zr(sal-p-toluidine)C1 1595 1310 6.55 7.66(m) 8.52(s) 2.20(s) L-i 
--- ---- --- --- 

(m) = multlplet, (s) = singlet 

azomethine link and thus lower the (C&N) fre- 
quency. In the Schiff base complexes, this band is 
very slightly shifted to the lower side in our studies 
(cu. 1600 cm -I), showing the presence of coordi- 
nation through the azomethine nitrogen.“~” A 
high intensity band at cu. 1275 cm - ’ in the Schiff 
bases can be assigned to the phenolic C-C stretch- 
ing.4 In the complexes, the C-O stretching vi- 
brations appear at 1310-1300 cm ‘. This shift to 
higher frequency indicates bonding of the ligand to 
the metal through oxygen. This is further sup- 
ported by the disappearance of the broad v (O-H) 
band in the 3300-3 150 cm -I region in the com- 
plexes. 

Bands at 560-54Ocm-’ and 525-425 cm-’ can 
be tentatively assigned to M-O and M-N bands, 
however, specific assignments are difficult.4 

The ‘H HMR spectra of the complexes were 
taken in deutero-chloroform. Chemical shifts for 
the protons in 6 scale are listed in Table 2. The 
signal due to azomethine proton appears at cu. 6 
8.60 ppm, showing a downfield shift as compared 
to the corresponding Schiff base ligand (6 
8.45 ppm) indicating its deshielding as a result of 
coordination through nitrogen of the azomethine 
group to metal. The signals due to indenyl protons 
overlap with that of aromatic proton signals of 
Schiff base and result in a complex multiplet in the 
range 6 6.58-7.70ppm. The 6 values of methyl 
protons in case of Schiff base complexes derived 
from salicylaldehyde and u-, m-, or p-toluidine 
occur at around 6 2.10ppm. 

The disappearance of the phenolic -OH proton 
signal in the Schiff base complexes indicates its 
deprotonation and having taken part in the bond 
formation to metal through oxygen. 

The UV spectra of the complexes were recorded 
in chloroform. The bands appearing at cu. 250,320 
and 385 nm are due to the x - IC* (benzoid), 
a - x * (azomethine) and r~ - a * (azomethine) elec- 
tronic transitions, respectively. In the ligands 
(Schiff bases) the first two bands were observed at 
the same positions, whereas the third band was 
observed at cu. 425 nm. This hypsochromic shift in 
the Schiff base complexes may be due to the 
donation of the lone pair of electrons by the 
nitrogen of the azomethine group to the central 
metal atom.5 

The visible spectra of the complexes in chloro- 
form show a single band in the 
24,80&24,300 cm-’ region. Absence of a d-d tran- 
sition rules out the presence of an unpaired elec- 
tron in the metal ion confirming the quadrivalent 
state of these metals.‘“” On the basis of elemen- 
tal analyses and spectral studies, the structure 
assigned to the (C$H,),M(SB)Cl complexes will 
involve the Schiff base bonding in the bidentate 
mode. 
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Abstract-Anation reactions of the type [pd(L)(H20)12’ + X-+[Pd(L)X]+ + Hz0 with 
L = 1,4, 7-Et,dien, 1, 1, 7, ‘I-Me,dien and 1, 1,4, 7,7-Me,dien and X- = Cl-, Br-, I- and 
N; have been studied kinetically as a function of [x-l, temperature and pressure (up to 
1 kbar). Second-order anation rate constants decrease with an increase in the size of L, and 
are accompanied by an increase in AH *.ForagivenLthesequenceCl-<Br-<I-<N; 
holds, and the values of AS * and AV * are consistent with an associative mechanism. The 
results are discussed with reference to similar anation reactions previously investigated. 

During the past few years this laboratory has 
undertaken various studies on the kinetics and 
mechanism of substitution reactions of diethyl- 
enetriamine (dien) and substituted dien complexes 
of platinum(I1) and palladium(II).2-‘o One of the 
aims of these studies was to determine the effect of 
steric hindrance on the rate and corresponding 
mechanism of substitution. The majority of these 
reactions are fast, so that with conventional kinetic 
techniques we were limited to the investigation of 
a few systems only. The recent addition of a 
high-pressure stopped-flow system” to our instru- 
mentation, has allowed us to substantially expand 
the series of complexes previously investigated. We 
have now undertaken detailed kinetic studies of 
series of fast anation and substitution reactions 
of some dien and substituted dien complexes of 
palladium(I1). 

We planned to study anation reactions for all the 
complexes listed in Table 1, but some reactions are 
so fast that we could perform kinetic measure- 
ments for three complexes only, viz. [Pd(1,4,7-Et3- 
dien)(H20)12+, [Pd( 1,l ,7,7-Me,dien)(H20)12+ and 
[Pd( 1,l ,4,7,7-Me,dien)(H20)12+, in addition to 
those already investigated, viz. [Pd( 1,l ,4-Et3- 

*Author to whom correspondence should be 
addressed. 

ton leave from the Research Unit for Chemical 
Kinetics, Potchefstroom University for c.H.E., 2520 
Potchefstroom, Republic of South Africa. 

dien)(H20)12+, [Pd(l,1,7,7-Etddien)(H20)]2+ and 
pd(CMe-1,l ,7,7-Et.,dien)(H20)]2+7~‘0. In this paper 
we report on the temperature and pressure de- 
pendencies of some anation reactions of these 
complexes in weakly acidic aqueous solution. A 
comparison between these results and the pre- 
viously reported kinetic data permits some inter- 
esting mechanistic conclusions. 

EXPERIMENTAL 

A series of palladium(I1) substituted dien com- 
plexes (Table 1) was prepared according to stan- 
dard literature procedures.” The preparation of 
the complexes was simplified by isolating them as 
perchlorates. In a similar effort to simplify the 
tedious preparative procedure for the 1, 4, 7- 
Me,dien complex we succeeded in isolating the 
species [Pd(l, 4, 7-Me3dien)C12]HC1, the details of 
which are reported elsewhere.12The complexes were 
subjected to chemical analysis,13 the results of 
which are summarized in Table 1. 

For the present study each complex was con- 
verted from the chloro into the aquo form by the 
addition of an equivalent amount of AgClO, to a 
hot solution of the complex and removal, on 
cooling, of the AgCl precipitate by filtration 
through a Sartorius membrane filter (0.1 pm pore 
size). The UV-visible spectral data presented in 
Table 2 for the chloro, aquo and hydroxo species 
(the latter two prepared in solution only), as well 
as for the species produced during anation by Cl-, 
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Table 1. Analysis of substituted dien complexes 

Complex 
ca1c. Found 

tPd(dien)CllCl 17.1 17.2 

[Pd(l,4,7-Me3dien)C12lHCl 23.4 23.5 

[Pd(l,4,7-Et3dien)Cl]ClO4 28.0 27.9 

[Pd(l,l,7,7-Meqdien)Cl]ClO4 24.0 23.7 

[Pd(l,l,4-Et3dien)Cl]ClO4 28.0 28.0 

[Pd(l,l,4,7,7-Me5dien)CljClOq 26.1 26.1 

T %C %H 1 %N T %Cl 1 
ca1c. 

4.7 

5.6 

5.9 

5.3 

5.9 

5.6 

Found 

4.6 

5.5 

5.7 

5.2 

6.0 

5.4 

ca1c. 

15.0 

11.7 

9.8 

10.5 

9.8 

10.1 I 
Table 2. Spectral data for substituted dien complexes 

Cor?.plex end Spectral 
Property (1 in "II! and 

E in dm’ mole1 m-2) 

Chloro 

Species 

;Pd(dienlCllCl A 330 

330 1111 

331 C61 

E 460 t 1 

460 Cl11 

490 C61 

[Pd(l,4,7-Me3disn)C121HCl* X 339 il21 

342 Cl11 

e 671 + 5 Cl2 

635 Cl11 

;Pd(I,4,7-Et3ditnlC11C104 A 334 

E 759 2 7 

CPd(l,l,7,7-Me4dien)CllC104 1 332 

E 810 2 2 

CPd(l,l,4-Et3disn)~llclo4 h 341 

E 708 t 4 

CPd(l,l,4,7,7-Me5dien)CLIC104 L 338 

339 Cl11 

339 C61 

c 865 + 1 

775 Cl11 

820 E61 

Found Calc. Found 

14.9 25.3 25.0 

11.8 29.6 29.3 

9.9 16.5 16.4 

10.4 17.7 17.2 

9.7 16.5 16.5 

10.2 17.1 17.0 

Aquo Hydroxo Specie)i Prcduced during Mat&on by 

Species Species Cc** Sr- 
I- N3 

313 309 332 341 369 317 

342 C61 370 t6li 

511 !: 2 410 2 4 478 468 590 1725 

520 C61 540 C61 

321 309 339 350 307 315 

862 f 10 525 t 18 681 594 699 2 153 

323 310 341 352 390 31s 

963 t 4 59.9 t 3 740 650 744 2 338 

320 313 340 352 388 315 

1088 16 f. 644 9 r 799 654 665 I 088 

327 317 345 354 386 321 

825 c 7 562 5 + 735 665 806 2 250 

326 312 346 360 404 317 

1 174 + 22 683 t 3 850 691 713 2 419 

'yields the same species in aqueous solution as the complex CPd(l,4,7-Me3disn)C11Cl prepared by the 

authors Of ref. 11 (cf. ref. 12) 

**differ somewhat from the data for the chloro species since the slight hydrolysis Of these Species in 

aqueous solution is excluded here by an excess of free chloride ion 

Br-, I-, and N;, were obtained using a 
Perkin-Elmer 555 spectrophotometer. The acid 
dissociation constants of the aquo species reported 
in Table 3 were determined spectrophotometrically 
since deprotonation of the dien ligand led to 
complications at high pH in the normal titrimetric 
procedure. The method is based on the relation 

PH = PK + log{ Uaquo - A )/(A - -4ydroxo)}, where 

A quo and Ahydroxo are the absorbances of the aquo 
and hydroxo species respectively and A the absorb- 
antes at various pH during the titration. Solutions 
titrated were at an ionic strength of 0.1 mol dme3, 
adjusted with NaClO,, so as to be in agreement 
with all subsequent kinetic experiments. All pH 
measurements were obtained using a Metrohm 
E520 pH meter. 
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Complex 

[Pd(dien) Ui20)12+ 

[Pd(l,4,7-Me3dien)(H20)12+ 

[Pd(l,4,7-Et3dien) (H20)12+ 

[Pd(l,l,7,7-Meqdien) (H20)12+ 

[Pd(l,l,4-Et3dien) (H20)12+ 

[Pd(1,1,4,7,7-Megdien) W20)12+ 

PK 

7.38 + 0.01 

7.05 + 0.01 

7.24 2 0.01 

7.54 + 0.01 

7.12 + 0.01 

7.29 + 0.02 

The kinetic experiments were performed on an 
Aminco stopped-flow system at ambient pressure 
and on the recently described” high-pressure 
stopped-flow system at pressures up to 1 kbar. The 
pseudo-first-order rate constants /cobs were deter- 
mined in the usual way from six successive kinetic 
runs, a linearity standard of at least three half-lives 
being set for the corresponding plots. Chemicals of 
analytical reagent grade were used throughout the 
study and test solutions were prepared using 
doubly distilled water. 

RESULTS AND DISCUSSION 
The results of the chemical analysis of the syn- 

thesized complexes are in excellent agreement with 
the theoretically expected values as shown by the 
entries in Table 1. The measured UV-visible spec- 
tral data compare favourably with the available 
literature data according to Table 2. The pK values 
of all the aquo species in Table 3 fall within a 
narrow range of values as expected. 

The anation reactions were studied at pH = 5 so 
that only aquo species were present in solution and 
no complication from the possible participation of 
hydroxo species could occur. These reactions were 
expected to exhibit, contrary to the two-term rate- 
law usually observed for substitution reactions of 
square planar complexes,‘4 a first-order de- 
pendence on the entering ligand concentration. 
Thus k,, was measured initially as a function of 
[X-l (X- = entering ligand) at 25°C to confhm, as 
indicated in Table 4, that kob = ka,tion[x-]. In the 
subsequent measurements of the temperature and 
pressure dependencies of kobs (Tables 4 and 5) only 

one [x-l was considered. These measurements 
could, however, only be performed for the species 
Ipd( 1,1,7,7-Me,dien(H,O)]‘+ and [Pd( 1,1,4,7,7- 
Me,-dien)(H,O)]‘+ (and previously” for the species 
[pd( 1 ,l ,4-Et,dien)(H,0)]2+}, since the anation re- 
actions are so fast that for the species [Pd(1,4,7- 
Et,dien)(H,O)]‘+ a single value of kobs (Table 4) 
and for the species [Pd( 1,4,7-Me,dien)(H,O)]‘+ 
and [Pd(dien)(HzO)]2+‘o no data at all could be 
obtained despite the extremely low concentration 
and temperature conditions. This demonstrates the 
tremendous effect the steric hindrance, brought 
about by the dien ligand substituents, has on the 
anation rate. 

The kinetic data presented in Tables 4 and 5 
show some interesting tendencies. The value of 
kaoation increases significantly with increasing nu- 
cleophilicity of the entering ligand according to the 
series Cl- < Br- < I- < N;. The sequence is, with 
the exception of the azide ion (see further dis- 
cussion), in agreement with the npt values” usually 
observed for these ligands. The increase in kanation 
is accompanied by a decrease in the activation 
parameters AH * and AS + determined by applica- 
tion of the Eyring equation. Similarly the values of 

A V&, calculated from the slopes of the linear 
plots of In kobs versus pressure, show a decrease 
along the quoted series and parallel the tendency 
in AS l (Table 5). The significantly negative values 
of AS’ and AV& emphasize the associative 
nature of the anation process. In this respect it 
should be borne in mind that AV& is a composite 
quantity consisting of contributions from AV&, 
due to changes in bond lengths and angles, and 
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AVZ,,., due to changes in solvation during the 
formation of the transition state. On the one hand 
it is reasonable to argue that AVZ,,, should be 
positive due to charge neutralization during the 
anation process and constant for the various enter- 
ing ligands on account of their similar charge. On 
the other hand it is expected that AV& should be 
negative and should depend on the size of the 
entering ligands. It follows that AI’& outweighs 
AVZ,, to produce an overall negative value for 
AV& and that the trend in AI/& can be ascribed 
to an increasing negative contribution from AV& 
along the series Cl- < Br- < I- c N;. 

Alternatively, ion-pairingi may play a 
significant role during anation, resulting in a mech- 
anism 

[Pd(L)(H,O)]*+ + X-&Pd(L)(H,O)*+.Xj 
Jk 

Pd(L)X+ + H,O 

for which kobs = kK[X-I/( 1 + K[X-I). The rate-law 
simplifies to kobs = RK[X-] in our case where no 
appreciable curvature in the kobs vs [x-l plots 
(Table 4) is observed. It follows that kanation = kK 
and A Vf = A P(K) + A V * (k) with A B(K) being 
expected positive due to charge neutralization dur- 
ing ion-pair formation. The significantly negative 
values of A V& (Table 5) suggest that AI/ * (k) 
should be even more negative to outweigh the 
positive contribution from Ar(K) and thus 
confirm the associative character of the anation 
process. 

Table 6 summarizes the present kinetic data 
obtained for anation by Cl- with those previously 
measured for some other palladium(I1) substituted 
dien complexes. The reactivity decreases in the 
order 1, 4, 7-Et,dien > 1, 1, 7, 7-Me,dien > 1, 1, 
4-Et,dien > 1, 1, 4, 7, 7-Me,dien > 1, 1, 7, 
7-Et.,dien > 4-Me-l, 1, 7, 7-Et,dien and is accom- 
panied by an increase in AH *. This is ascribed to 
a corresponding increase in the extent of steric 
hindrance along the quoted series. The results 
illustrate the similarity in the steric behaviour of 
methyl and ethyl groups and the importance of the 
position of substitution (see 1, 4, 7-Et,dien and 1, 
1, 4-Et,dien). The values of AS * and AV& are 
such that no definite tendency can be assigned. For 
instance, the more negative value of AV&, for the 
anation of the species [Pd(CMe- 1,1,7, 
7-Et,dien)(H,O)]*+ is in agreement with le Noble’s 
hypothesis” regarding more sterically hindered 
associative reactions having “later” or more 
product-like transition states, but it is in disagree- 
ment with the suggestion by the almost zero value 

of AS * that the anation process is less associative 
(i.e. more dissociative). Moreover, the first and the 
last entry of AV& in Table 6 are almost the same, 
strongly emphasizing the prevailing associative 
process for the series of complexes quoted. The 
magnitude of AV& can once again be interpreted 
in terms of positive and negative contributions 
from A V& and AV& or AP(K) and AV* (k), 
respectively as discussed above. 

Finally, a comparison of the results of this 
investigation with those reported for the anation of 
the species [Pt(dien)(H~O~]~~~~‘~ highlights an inter- 
esting difference. The order of reactivity 
I- > Br- > N; > Cl- reported4 for this species 
differs from the order of reactivity 
N; > I- > Br- > Cl- found in the present study. 
The markedly higher nucleophilicity of the azide 
ion in the case of the palladium(I1) systems has 
also been observed in other studies4,’ and should be 
explained in terms of the inherent nature of the 
sterically hindered complexes. Unfortunately, 
the reactivity order for the extremely fast 
anation reactions of the corresponding species 
[Pd(dien)(H,O)]*+ cannot be determined to aid 
in the understanding of this feature. 
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Abstract-The effects of pH have been examined on the extraction of the title ions by 
complexing with LIX-64N in kerosene. The extent of metal extraction as a function of pH 
is: Cu(I1) < Fe(II1) < Ni(I1) < Zn(I1) < Co(I1). Stripping of all metal ions but cobalt with 
sulphuric acid from loaded kerosene complexing solutions is easily accomplished. 
Oxidation of Co(I1) to Co(II1) in the organic phase prevents stripping of this metal ion. 

Solvent extraction processes represent a technique 
of high significance in the hydrometallurgical 
field.lm3 Extraction of metal ions into a water 
insoluble organic phase can only be effected if the 
metal ions are transferred as neutral species. Suit- 
able to this purpose are acidic chelating extractants 
containing long chain alkyl groups to increase the 
lipophilicity of both complexes and ligands. To this 
class of ligands belong the substituted ortho- 
hydroxyoximes produced by General Mills Inc. 
and marketed as LIX reagents.ti Since these re- 
agents are known to be specific for copper extrac- 
tion from acidic solutions,“8 most investigations 
have dealt with this metal and scarce information 
is available on the extraction of other metals. The 
present research partially fulfils these require- 
ments, extending the solvent extraction process by 
the LIX-64N reagent to Cu(II), Ni(II), Co(II), 
Zn(II), and Fe(II1) metal ions. Back extraction of 
some metal ions from kerosene solutions with 
sulphuric acid has also been studied. 

EXPERIMENTAL 

Apparatus 
The extraction apparatus consists of a series of 

100 cm3 round flasks magnetically stirred and im- 
mersed in a water bath set at 22°C. Metal analyses 
were performed on a Perkin-Elmer 380 atomic 

*Author to whom correspondence should be 
addressed. 

absorption spectrophotometer. The pH mea- 
surements were taken on a Radiometer PHM28c 
pHmeter calibrated at pH 4.00 and pH 8.00 using 
buffer solutions. 

Reagents 
LIX-64N (General Mills Inc.) was used as a 

chelating extraction reagent and white kerosene 
(Fluka) as a diluent. Throughout a 10% (v/v) 
solution of this solvent (commercially available) 
was employed. CuS04*5H20, Fe2(S0J3.H20, 
NiS04.7H,0, ZnS04*7H,0, and CoS04*7H20 
(Carlo Erba, Reagent grade) were dissolved in 
distilled water and used as 2.5 x 10e2 M solutions; 
a 8.33 x lop3 M solution was however used for the 
iron salt, owing to its different stoichiometry. The 
pH of the aqueous phase was adjusted using 
concentrated solutions of sulphuric acid and so- 
dium hydroxide. All solutions were adjusted to an 
ionic strength of 0.1 M with Na2S0.,. 

Extraction procedure 
The distribution of the single metal ions between 

equal phase volumes (10.0 cm’) was examined at 
various hydrogen ion concentrations. 10.0 cm3 por- 
tions of each aqueous metal ion solution were 
adjusted at various pH using both HzS04 and 
NaOH and added to 10.0 cm3 of 10% kerosene 
LIX-64N solution. Flasks were capped and mix- 
tures magnetically stirred for 2 hr to reach equi- 
librium. The contents of each flask were then 

1189 
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transferred to a separatory funnel and allowed to 
separate for ca. l/2 hr. pH and metal concentration 
of the decanted aqueous layer were then deter- 
mined. The metal ion contents in the organic phase 
were calculated as the difference between the start- 
ing aqueous soution concentration and the residual 
contents after equilibration. To achieve more accu- 
rate data concerning selective separations of cou- 
ples of ions (e.g. Cu-Ni) the above procedure was 
slightly modified. The aqueous solutions were pre- 
pared mixing up two equal portions (10.0 cm3) of 
the Cu and Ni solutions, each having the same 
concentration used for single experiments (i.e. 
2.5 x 10 - 2 M) and the volume of the organic phase 
containing the chelating ligand was doubled. Thus, 
a constant LIX-64 N/metal ion ratio was always 
used. 

Back extraction 
The efficiency of aqueous sulphuric acid solu- 

tions in stripping the metal ions from loaded 
kerosene phases was determined by shaking equal 
volumes (10.0 cm3) of kerosene solutions and sul- 
phuric acid at various concentrations. After ca. 
2 hr the mixtures were allowed to separate in a 
separatory funnel and the metal ion contents of the 
aqueous phases measured. 

Loading capacity of LIX-64N 
Since LIX-64N is a commercial solution of a 

mixture of an aromatic 2. - hydroxy - benzo- 
phenoneoxime (LIX-65N) and of an aliphatic 
a-hydroxyoxime (LIX-63) (the latter in small pro- 
portion, ca. 5%) in a high molecular weight hydro- 
carbon solvent,’ the content of the active chelating 
ligand cannot be directly determined. The matter is 
also complicated by the existence of a syn-anti 
equilibrium, where the syn isomer is inactive. The 
loading capacity of the extractant solution was 
therefore chosen as active ligand concentration, the 
loading capacity being defined as the maximum 
amount of Cu(I1) that a solution of the LIX 
reagent can accept when contacted with an infinite 
amount of a concentrated aqueous solution of 
Cu(I1). This was experimentally determined by 
contacting successively 50 cm3 of the LIX solution 
with several aqueous solutions of CuSO, 0.1 M at 
pH of ca. 6 (a value for which the extraction of 
Cu(I1) is highest and the ligand cannot receive any 
more Cu(I1) ions. See Fig. 1). The copper con- 
tained in the saturated organic phase was then 
stripped with five 20.0 cm3 portions of 1 M H,SO,. 

The molar amount of the active LIX reagent was 
considered to be twice the Cu(I1) ion present in the 
stripped solution, since a complex of the type 
Cu(LIX), is assumed to be formed in the kerosene 

phase. On this basis the titre of the commercial 
LIX-64N stock solution was determined as 1.02 M. 

RESULTS AND DISCUSSION 

LIX-Reagents, which were introduced about 
twenty years ago by General Mills for the hydro- 
metallurgical refining of copper, are in general high 
molecular weight hydroxyoximes. In particular, 
LIX-64N is a blending of 2 - hydroxy - 5 - 
nonylbenzophenone oxime (LIX-65N) and 5,8 - 
diethyl - 7 - hydroxydodecan - 6 - one oxime 
(LIX-63), the latter being the minor component 
(typical ratio 20:1 by weight)!” 

C2S C2”5 
I I 

CH3(CH2)3-CH-C- CH-(C”2)3 C”3 

11 I 
m--N OH 

HO’ 

LIX-65N LIX- 63 

Both reactants behave as acidic monoprotic 
ligands, HR, so that the extraction of divalent 
metal ions can be represented by the following 
equation: 

(where the subscripts (a) and (0) denote aqueous 
and organic phases, respectively). Previous studies 
showed that LIX-63 serves mainly to enhance the 
kinetics of extraction and has little or no effect on 
copper extraction, at least up to pH 4.6,10 

Dependence of extraction ease on pH 
Formation of uncharged metal complexes with 

LIX-64N reagent is largely dependent on the acid 
content of the aqueous phase, as can be seen from 
equilibrium (1). The distribution of a metal ion in 
an organic phase containing such reagents is there- 
fore strictly controlled by the acidity of the solu- 
tions. Results from contacting equal volumes of 
kerosene and aqueous phases are shown in Fig. 1 
as a plot of the percentage extraction vs the final 
pH of the aqueous phase. 

Owing to the different charge (Fe3+ is likely to 
afford a complex of the type FeR,), in order to get 
comparable data the iron concentration was cho- 
sen such that the amount of the chelating ligand 
was twice that stoichiometrically required, as for 
other divalent cations. Results of extraction from 
solutions containing single ions (Fig. 1) emphasize 
that all the metal ions investigated form stable 
complexes with LIX-64N in neutral or even acidic 
solutions. By properly choosing the pH ranges, 
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Ni** 

Zn*+ 

Fig. 1. Extraction of 2.5 x lo-* M solutions of Cu(II), Ni(II), Co(II), Zn(II), and of a 1.67 x lo-* M 
solution of Fe(II1) with 0.1 M LIX-64N in kerosene; a/o = 1. 

they can be selectively separated from each other. 
The extent of metal extraction as a function of pH, 
Cu(I1) < Fe(II1) < Ni(I1) < Zn(I1) < Co(II), is in 
strict agreement with the stability constants of the 
related salicylaldoxime complexes of these ions.” 
The most striking deviation is represented by 
Co(II), which although having been reported to 
have the same stability constant as Zn(II), is 
extracted at much higher pH values. The extrac- 
tion of these ions by salicylaldoxime in benzene 
also compares well with the behaviour reported in 
Fig. 1 for the LIX-64N reagent. 

The parallelism found for LIX-64N and sal- 
icylaldoxime is in agreement with the proposal of 
the same structure for the complexes obtained by 
both chelating ligands, which is quite an expected 
result. The structure below is thus proposed for the 
Cu(I1) complex:6s’3 

o-n 
/ 

HC=N Csb 

The distribution plot of Cu(I1) agrees also with 
that reported by Flett et al. for LIX-65N. To get 
more reliable data on selectivity, in one case an 
extraction study of an equimolecular mixture of 
two ions, namely Cu(I1) and Ni(II), has been 
carried out. The results reported in Fig. 2 closely 

resemble the corresponding curves of Fig. 1, thus 
confirming their reliability and showing that the 
extraction of copper is essentially unaffected by the 
presence of nickel, and vice versa. 

The results and experimental conditions from 
this study prove of straight forward application to 
large scale commercial metal recovery processes. In 

1 
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Fig. 2. Extraction of an aqueous equimolecular mixture 
of Cu(I1) and Ni(I1) (1.25 x lo-*M) with 0.1 M 

LIX-64N in kerosene; a/o = 1. 
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fact, the ions studied undergo practically complete 
extraction in kerosene in a single run. Low solu- 
bility in water (reducing losses to a minimum) is 
also satisfied by kerosene, which thanks to its low 
volatility, can be used at quite high temperatures, 
a condition often required to speed up extraction 
in industrial applications. The ligand and metal 
complexes, also have low aqueous solubility in the 
pH range explored. At pH 1.8 the following data 
have been reported:14 

Although these values are expected not to be 
reached in a two phase system because of the 
favourable distribution of the chelating ligand in 
the organic phaselsJ6 use of ligands of this type at 
higher pH values than those explored in this work 
is not advised. Moreover, precipitation of metal 
hydroxides in neutral to alkaline solutions can 
make the extraction more difficult. 

BACK EXTRACTION (OR 
STRIPPING) OF METAL IONS 

FROM KEROSENE SOLUTIONS 

For use in industrial applications, ease of recov- 

C9H19 

R=H R = Ph;(LIX-65N) 1 LIX-63 j CU(LIX-~~N)~ 

1.0 0.13 

A slight increase in solubility is expected for 
alkaline solutions of these ligands, where dis- 
sociation of the phenolic OH group takes place 
yielding ionic species of enhanced solubility in 
water. For instance, when R = H (see the structure 
above), the following behaviour was observed:14 

PI-I <8 10.5 11.5 12.5 

Solubility < 7 40 140 > 380 
(106M) 

ery of metal from the organic phase and regen- 
eration of the reagent for recycle are essential. This 
can be accomplished by stripping the kerosene 
solutions of the complexes with sulphuric acid, 
thus obtaining a concentrated aqueous solution of 
the metal ions and an organic phase containing the 
chelate reagent, which can be recycled. It should be 
pointed out that the metals requiring higher pH 
values in the extraction process require lower acid 
concentration in their back extraction from the 
organic phase. In this respect, nickel(I1) and cop- 
per(I1) (Fig. 3) have a regular behaviour whilst 
cobalt(I1) is hardly stripped from the organic solu- 
tions. 

Indeed, even concentrated sulphuric acid has no 
significant effect on the extracted cobalt complex. 
This fact may be attributed to the oxidation of 
Co(I1) to Co(II1) and the formation of stable 

-4 -3 -2 -1 0 

Log [H2SO4J I M 

Fig. 3. Back extraction of 0.1 M LIX-64N kerosene solutions loaded with Cu(II), Ni(I1) and Co(H) 
by sulphuric acid. 
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Abstract-z7Al chemical shift data of polycrystalline LiAlO, polymorphs, obtained from 
high field measurements in combination with magic-angle spinning techniques, have been 
used for the determination of the Al coordination in the a-, /I-, and y-phase. The /?-phase 
was shown to have only tetrahedrally coordinated Al atoms. In addition quadrupole 
coupling data have been derived from analysis of low field NMR spectra of 27A1 in order 
to characterize the symmetry of the Al sites. The NMR results are discussed with regard 
to the crystal structure of the phases. 

27A1 nuclear magnetic resonance can provide struc- 
tural information about the environment of the Al 
nuclei in polycrystalline and amorphous samples 
using either quadrupole coupling data or chemical 
shifts. In the first case the quadrupole moment 
(eQ) of the Al nucleus is used as a sensitive probe 
for the electric field gradient (EFG) at the nuclear 
site. The resulting quadrupole coupling constant 
e2qQ/h (h is Plan&s constant, and eq = V,) is a 
measure of the size of the electric field gradients, 
and the EFG tensor is characterized by the asym- 
metry parameter q = (V,, - V,)/V, (Vii denotes 
components of the EFG tensor in the principal 
coordinate system with 1 V,,l I 1 VyyI I 1 v,$. 

In the other case the magnetic shielding of the 
aluminium by its electronic environment is in- 
vestigated. As it has been shown recently,lm3 the 
second way proves to be a convenient method for 
the identification of AlO, tetrahedra and AlO, 
octahedra. So in aluminates and aluminium oxides 

*Author to whom correspondence should be ad- 
dressed. 

AlO, groups provide shifts between 0 and 20 ppm, 
AlO, units give rise to lines between 60 and 
80ppm. Furthermore, in addition to their de- 
pendence on the special Al coordination, the chem- 
ical shifts were also shown to be dependent on the 
type of nuclei present in the second coordination 
sphere.4 The determination of the 27A1 chemical 
shifts, usually complicated by the dominant quad- 
rupolar broadening in solids, was facilitated at 
high magnetic fields in combination with magic- 
angle spinning technique (MAS) which greatly 
suppresses quadrupolar line broadening.‘v6 The 
quadrupole coupling data are usefully determined 
at low magnetic fields. 

For a systematic NMR investigation both at 
high and low magnetic fields the three known 
polymorphs of LiA102 were chosen which have 
different crystal structures with different kinds of 
Al coordination. In such a system, all phases have 
the same chemical composition, possible addi- 
tional influences by various cations being elimi- 
nated. 

In the trigonal a-LiA102 the Li and Al atoms 
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have octahedral coordination,’ in the tetragonal 
y-phase (space group P4,2,2) both are tet- 
rahedrally coordinated.’ For the third modi- 
fication, j3 -LiAlO*, conflicting structures have been 
proposed. So Chang and Margrave quote a mono- 
clinic structure for the /3-LiAlO*, containing Li and 
Al atoms in mixed tetrahedral and octahedral 
coordination, whereas it is classified by 
SachenkoSakun et al.” and West” as ortho- 
rhombic and isostructural with j?-LiGaO, (space 
group Pna2,) with only tetrahedrally coordinated 
atoms.” 

Quadrupole coupling data of LiAl,O,, a 
modified spine1 form, have been reported by 
Stauss.13 

EXPERIMENTAL 

The low field *‘Al NMR measurements were 
carried out on a wide-line NMR spectrometer 
KRB 35 at frequencies of 4, 9 and 16 MHz. The 
first derivatives of the spectra were recorded. The 
high field measurements were carried out at the 
Friedrich-Schiller-University of Jena on a 
FKS 176 FT-NMR spectrometer supplemented 
with a 6.4 T superconducting magnet. The spectra 
were recorded at 70.4 MHz with static samples and 
in combination with the MAS-technique using a 
spinning rate of about 2.7 kHz. 7r/6 pulses of 1.6 pus 
duration were used. Up to 5000 FID’s were accu- 
mulated with a repetition time of 0.5 s. 

The chemical shifts, 6 (ppm), measured relative 
to an external standard of aqueous AlCl, solution 
are denoted by a positive sign for low field shifts. 
The reproducibility of the chemical shift values was 
1 ppm. The quadrupole coupling constants, the 
dipolar broadening, and asymmetry parameters 
were derived by a least-square fitting from the low 
field spectra, recorded at different magnetic fields, 
with an accuracy of 0.1 MHz, 0.5 kHz and 
0.05, respectively. 

The preparation of the samples is described 
elsewhere.14 

RESULTS AND DISCUSSION 

Figure 1 shows the derivative *‘Al NMR spectra 
of the three LiAlO, polymorphs recorded at low 
magnetic field (9 MHz, respectively 16 MHz) with 
conventional continuous wave technique. The cor- 
responding spectra, recorded using pulsed NMR 
techniques, partially showed incorrect lineshapes 
due to the blocking of the receiver by the r.f. 
pulses. Therefore they were not suitable for the 
determination of the quadrupole parameters. The 
lineshape of the powder-pattern of the central (l/2, 
- l/2) spin transition perturbed by second-order 
quadrupole effects was computed according to 

9 MHz 

9MHz 

Fig. 1. 27A1 NMR spectra of the LiAlO, polymorphs 
obtained at 9 and 16 MHz. (- experimental spec- 
trum; ----computed lineshape; parameters are given in 

Table 1). 

Narita et ~1.‘~ The quadrupole coupling constant 
and asymmetry parameter were derived by a least- 
squares fitting. I6 Dipolar broadening was consid- 
ered using a Gaussian convolution function with a 
peak-to-peak width of 2/? of the derivative. The 
results are given in Table 1. 

The corresponding high field spectra, shown in 
Fig. 2, illustrate the expected decrease of the 
quadrupolar broadening of the spectra with in- 
creasing magnetic fields. Therefore, at high fields 
correct lineshapes of the spectra could be obtained 
by pulsed NMR. The spectra, additionally nar- 
rowed by magic angle spinning of the samples, are 
also shown in Fig. 2. These MAS spectra allow an 
approximate determination of the chemical shifts. 
Considering the residual quadrupole shifts, the 
exact isotropic chemical shifts (6i,) can be deter- 
mined using the quadrupole coupling parameters 
derived from the low field spectra (see Table 1). 
The value of &,, can be determined either from the 
fitted high field spectra of the static sample or can 
be calculated directly adding a correction term5T’6 

a,,=3 x 104.; 1+; 
( > 

x $$ *,hW 

( > 
(1) 

where v. is the resonance frequency (MHz). 
The chemical shifts aexp, experimentally obtained 

from the MAS spectra, the so-calculated correction 
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Table 1. 27A1 NMR data of the LiA102 polymorphs 
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Phase 

oc 

P 

$ 

e2qQ/h 

(MHe) 

2.8 

1.8 

3.2 

*I s%“,“icalg;;t (ppsn~) 2p ‘) 

iS0 
(kHz) 

0.05 7 9.5 17 5.2 

0.55 79 4 83 5.6 

0.70 67.5 14.5 82 6.0 

a) Correction calculated act. equation (1); 80e text 

b, Ji,, = 6 exp + s corr 
c) peak-to-peak width of a Causoian cOnvolUtion function 

Fig. 2. High field 27A1 NMR spectra of the LiA102 
polymorphs obtained at 70.4MHz. (a) Spectra of the 
static sample (---- computed lineshape using the quad- 
rupole coupling data). Resulting locations of ai, are 

marked. (b) MAS spectra. 

terms ho,, and the resulting exact isotropic chem- 
ical shifts &,, are also given in Table 1. 

Chemical shifts 
The chemical shifts of 17 and 82 ppm un- 

ambiguously reflect the octahedral Al coordination 
in the c1 -phase, and the tetrahedral Al coordination 
in the y-phase of LiAlO,, respectively. Likewise the 
chemical shift of 83 ppm in D-LiA102 is a certain 

evidence that the Al atoms in this phase are 
tetrahedrally coordinated. The comparison of the 
intensities of the NMR spectra of the various 
LiAIOz polymorphs showed comparable quan- 
tities. By this means it is checked that all of the Al 
nuclei are detected. Such an analysis is necessary 
since in some cases, mainly observed with 
Gcoordinated Al,” certain distorted Al-O struc- 
tural groups could not be detected by NMR be- 
cause of extreme line broadening. Thus it can be 
concluded that only tetrahedrally coordinated Al 
atoms exist in B-LiAlO,. By this the NMR studies 
confirm the conclusions of Sachenko-Sakun et al. lo 
and West” who classified the P-LiAlO* as ortho- 
rhombic with tetrahedral Al atoms only. A detailed 
discussion of this result in connection with the 
results of other methods is given elsewhere.14 

As it can be seen from Figs. 1 and 2, the 
spectrum of j?-LiAlO,, compared to those of the 
other modifications, shows the smallest half-width 
of the resonance line indicating small distortions, 
i.e. minor electric field gradients, at the Al sites in 
this phase. This is also reflected in the quadrupole 
coupling constant of 1.8 MHz, compared to the 
values of 2.8 and 3.2 MHz for the other phases. 
Corresponding to the small quadrupole coupling 
constant also a small, above-mentioned correction 
of the chemical shift value 6,, results according to 
eqn (1). Whereas the experimentally found chem- 
ical shifts of y- and /I-LiAlO, actually differ more 
than 10 ppm, after the necessary correction only 
one common value of about 82 ppm results for 
both phases which approaches the value of 
AI(O ions in alkaline solutions. Therefore the 
variation of 6,, is to be assigned to residual 
quadrupole shifts and not to different magnetic 
shieldings of the Al nuclei. Thus the corrected “Al 
NMR chemical shifts seem to provide, apart from 
the direct coordination number, no information 
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about the further AIO, environment in this case. It 
has to be considered, however, that there are 
indeed different phases but the same kind of cat- 
ions. So possible influences of the cations on the 
Al-O bonding and accordingly on the chemical 
shift are eliminated. 

Quadrupole coupling parameters 
Further information on the structure can be 

derived from the quadrupole coupling constant 
e’qQ/h and the asymmetry parameter q. Whereas, 
as discussed above, the quadrupole coupling con- 
stant of /I-LiAlO, distinctly contrasts, the asym- 
metry parameter in the different phases also point 
to different symmetries of the Al sites. 

For the octahedrally coordinated Al in the 
a-phase an asymmetry parameter of 0.05 was 
derived which requires axial symmetry in the elec- 
tric field gradients (zero asymmetry parameter). 
According to the trigonal structure of cr-LiA10Z7 
this axial field gradient can be assigned to a 
shortening of the AlO, octahedra along a threefold 
axis (along c-direction). The distortion of the 
octahedron is reflected in the two different inter- 
atomic O-O distances within the edges but not in 
the Al-O distance which is equal for all oxygen 
atoms (1.90 A).’ The two extremely different kinds 
of interatomic O-O distances of 2.80 and 2.58 A 
are obviously the reason for the large quadrupole 
coupling constant of 3.2 MHz. 

In the cases of the other two phases with tet- 
rahedral Al coordination asymmetry parameters of 
0.7 and 0.55, respectively, were obtained indicating 
nonaxial symmetry of the Al sites. This is in 
accordance with the structures of y- and /I-LiAlO, 
referring to the proposal of orthorhombic sym- 
metry in B-LiAlO, as confirmed by our chemical 
shift data. In both structures there is no n-fold 
rotation axis with n > 2 for the AlO, polyhedra 
hence q + 0 is required. Only in the case of the 
y-LiAlO, (space group P4,2,2)’ a twofold axis 
exists for the AlO, groups which requires q + 0, 
too. 

Both structures consist of infinite three- 
dimensional arrays of AlO, and LiO, tetrahedra. 
Whereas in the case of the P-phase the tetrahedra 
have only vertices in common, in the y-phase each 
AlO, tetrahedron shares one of its edges with 
another LiO, tetrahedron and each vertex of the 
tetrahedron is shared with two additional tet- 
rahedra, one of each kind. Therefore in the latter 
case a significant distortion of the AlO, results 
which is reflected in a distinct decrease of one of 

the O-AI-O bond angles to 101.7”, and corre- 
spondingly in a shortening of one of the six edges 
of the tetrahedron with an interatomic O-O dis- 
tance of 2.737 A compared with the average of the 
remaining five, nearly identical O-O distances of 
2.900 A.* This is apparently the reason for the great 
coupling constant of 3.2 MHz in the case of 
y -LiAlO,, whereas in the case of the /I-LiAIOZ the 
exclusive connection of the tetrahedra via vertices, 
having nearly equal O-O distances, explains the 
small quadrupole coupling constant of 1.8 MHz. 

This illustrates that, although having a crystal 
structure with a higher symmetry, special struc- 
tural groups can be subject to stronger distortions. 
So general conclusions concerning the electric field 
gradients at the Al sites in AlO, polyhedra cannot 
be derived from the knowledge of the type of 
crystal structure but from a detailed analysis of the 
neighbouring atoms only. 

Acknowledgement-We thank Dr. K. H. Jost for his 
helpful discussions. 
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NOTE 

SYNTHE!SIS AND CHARACTERISATION OF ReOCl,@TOh AND 
ReOC&(MBT), COMPLEXESt 

V. YATIRAJAM* and M. LAKSHMI KANTAM 
Department of Chemistry, Kurukshetra University, Kurukshetra 132119, India 

(Received 12 May 1982; accepted 23 May 1983) 

Abstract-New complexes of Re(V) with dithiooxamide and 2-mercaptobenzothiaxole with the 
general formula ReOC13L,, were prepared starting from potassium perrhenate. The compounds were 
characterised by chemical analysis, optical spectra and magnetic susceptibilities. 

Many complexes of the general formula ReOX,L, are 
known.’ We report below the preparation of two new 
complexes of the type ReOX,& where X = Cl, and L is 
DTOt or MBTt by reacting the ligand with H,ReOCl, 
in acetic acid. Complexes of these ligands with some 
transition metals*” are known, but not with rhenium(V). 

EXPERIMENTAL 

Measurements and materials 
Spectra were recorded on Beckman DU-2, Beckman 

IR-20, Brucker IFS 113 as applicable. Magnetic sus- 
ceptibilities were determined by the Gouy method and 
conductivities on a Philips bridge PR 9500/90. Standard 
methods were used for determining the elements. The 
ligands were recrystallised from ethanol. Petroleum ether 
(60-80°) and other pure chemicals were used after 
thorough drying. Experiments were carried out in a 
glove box under dry nitrogen. 

Preparations 
Re0C1,(DT0),-0.500 g of potassium perrhenate and 

0.200 g of hydroquinone were dissolved in 16.7 cm3 of 
cont. HCl and vigorously shaken. The pure yellow 
solution of ReGCl,*- ion4 was then mixed with 46 cm3 
of saturated magnesium chloride solution and extracted 
with 30 cm3 methyl ethyl ketone. The ketone layer was 
then mixed well with 15cm’ each of acetic acid and 
acetic anhydride, while cooling under the tap. The cold 
solution was shaken with 3Ocm’ petroleum ether. Two 
layers formed. The lower yellow layer was mixed with 
10cm3 each of acetic acid and acetic anhydride. After 
standing for 2 hr, the solution was shaken with (25 + 15) 
cm3 petroleum ether, the lower viscous yellow layer of 
H2ReOCls was diluted with 2Ocrn’ acetic acid-HCl. 

To the above solution, 0.415g DTO dissolved in 
150 cm3 acetic acid-HCl, was added. An orange+brown 
precipitate formed immediately. It was filtered, washed 
with acetic acid-HCl followed by petroleum ether and 

tDTO-Dithiooxamide, MBT-2-mercaptobenzothia- 
zole. 

*Author to whom correspondence should be ad- 
dressed. 

dried for 6 hr under vacuum over sodium hydroxide. 
Yield is 90%. The compound is somewhat soluble in 
acetone and only slightly soluble in nitromethane and 
acetonitrile. 

ReOCI,(MBT),-To an acetic acid solution of 
H,ReOCl, obtained as above from 0.450 g potassium 
perrhenate and 0.170 g hydroquinone, was added 0.549 g 
MBT in 104 ml acetic acid-HCl and 13 cm3 acetic anhy- 
dride. The dark green precipitate was washed and dried 
as for the DTO complex. Yield is 75%. The compound 
is highly soluble in acetone but less so in dichlo- 
romethane, benzene and ethanol. 

RESULTS AND DISCUSSION 

Both the compounds analyse satisfactorily to the 
general formula ReOCl,L,. 

ReOCl,(DTO), gave Re, 32.5q33.90); 
S, 22.30(23.30); Cl, 18.68(19.34)%. 

ReOCl,(MBT), gave Re, 28.05(28.97); 
S, 19.5q19.93); Cl, 16.04(16.51). 

Calculated values, in parentheses. The complexes show 
k = 0.50, 0.35 B.M. at 292K respectively. The conduc- 
tance (Q- ’ cm2 mol - ’ at 292K) of the DTO complex is 
62 in acetone and of the MBT complex, 21 in aceto- 
nitrile. The compounds are thus neutral molecules with 
but slight ionisation of chloride in the solvents. As Re(V) 
is normally 6_coordinated, the ligands must be present as 
monodentate neutral molecules in the complexes. 

ReOC13(DT0)2 shows IR absorption peaks (in cm-‘) 
at 34OOm, sh, b, 316Os, sh, b, 166Om, sh, b, 159Om, b, 
1485s, 141Ow, 1308w, b, 1235w, lOlOm, 985m, 79Om, b, 
68Ow,b, 6OOm, 333w, 311.2w, 284.4w, 194.3m,b. The 
assignments are made following Scott and Wagner5 and 
Suzuki.6 A decrease in the v(C=S) and an increase in the 
v(CN) and v(NH), point to coordination of sulphur to 
the metal. Changes in the position and breadth of (NH) 
bands in the complex, point definitely to monodentate 
bonding of the ligand through the S atom and extensive 
participation of the H atoms of NH, in intramolecular 
and intermolecular hydrogen bonding with chlorine in 
the complex. The electronic spectrum of the complex 
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shows &,,,, (in nm) at 330(10, 104) and 450(2965) while 
that of the ligand shows at 330(3140) and 490(22), the 
E’S are in parentheses. 

ReOCl,(MBT), shows IR absorption peaks (cm-‘) at 
34OOm, b, 3005w, 16OOw, l%Ow, 15OOs, 1432s, 135Om, 
1315w, 1275m, 1012s, 975.q 858w, 327w, 292m, 26Ow, 
235w, 217m, 189w. These show that hydrogen is present 
on N and that MBT is coordinated to Re(V) through S 
of the thioketo group. The electronic spectrum of the 
complex shows &,,,, (in nm) at 340(7837) and 720(28) 
while the ligand’ shows at 330(2253) only. 

Both the complexes show two bands in their IR 
spectra assignable to v(ReC1). Hence, they are cis- 
isomers.8 
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NOTE 

TMNS-1,2_DITHIOOXALATE AS BRIDGING LIGAND-IIt 

THE X-RAY CRYSTAL STRUCTURE OF 
~-l,2-DITHIOOXALATO-BIS~IS(TRIPHENYLPHOSPHINE)SILVER(I)] 
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(Received 12 January 1983; accepted 3 May 1983) 

Abstract-The X-ray structure of (Ph,P),Ag(SOC,SO)Ag(PPh,), shows this complex as the second 
authentic example containing a bridging trans-1,Zdithiooxalate ligand. The compound crystallizes 
in the monoclinic space group P2,/c with a = 13.159(2), b = 11.895(2), c = 20.939(5) A, 
B = 101.35(2)O and Z = 2. The structure was solved by Patterson and Fourier methods for 5649 
diffractometer data and refined to a final R value of 0.066 for 3545 observed reflections. The 
dimensions of the dithiooxalate bridge are compared with those of the corresponding truns- 
dithiooxalate in (Ph,As),[(0,C,S2),1n(S0C,S0)1n(S2C~0J~. Differences between structures contain- 
ing bridging trans-dithiooxalate or bridging cis-dithiooxalate, respectively, are discussed. 

The classical sulphur ligand 1,2dithiooxalate has been a 
subject of considerable recent interest, because the pres- 
ence of four donor atoms in the dianion causes more 
than one possibility of coordination to the metal 
ions: 1,Zdithiooxalate is able to act as terminal SS- or 
00-bonded ligand but also as bridging ligand between 
different or equal metal ions, respectively. X-ray struc- 
ture analyses of compounds of the heterometallic type 
show that the thermodynamically favoured coordination 
is the &-arrangement of the ligands whose sulphur 
donor atoms are bonded by the more thiophilic metal 
ion.’ If the 1,Zdithiooxalate dianion acts as a quad- 
ridentate bridging ligand linking two equal metal ions a 
tram-arrangement of the ligand is expected.’ Recently 
we reported on the synthesis and X-ray structure of 
the first authentic example containing such a planar 
tram -dithiooxalate bridge connecting two distorted 
InS,O octahedra in the complex compound 
(Ph4As)4[(02C2S2)Jn(SOCZSO)In(S2CZOZ)Z1.3 In this pa- 
per we present a new synthesis and X-ray structure of the 
compound (PhsP)2Ag(SOC,SO)Ag(PPh,),, first prepared 
by Coucouvanis and Piltingsrud in 1973,2 containing a 
similar dithiooxalate bridge. The question was, which 
differences arise from the linking of different coordi- 
nation spheres around the silver(I) ions and the indi- 
um(II1) ions, respectively. 

tPart I see Ref. 3. 
*Author to whom correspondence should be addressed. 

POLY Vol. 2. No. I I-G 

EXPERIMENTAL 
Tris(triphenylphosphine)silver(I)chloride (1.86g; 2 
mmol) was dissolved in 25cm3 pyridine. In this solu- 
tion 495 mg (2.5 mmol) potassium 1,2_dithiooxalate 
were suspended with vigorous stirring. Careful addition 
of water in drops produced a transparent brown solu- 
tion. After slow addition of more water the compound 
was deposited as yellow-brown crystals which were 
recrystallized by dissolving in 10 cm3 pyridine and slow 
addition of ethanol. The yield was nearly 100% referred 
to (Ph3P)3AgCl. The complex darkens from 140°C and 
melts at 167-170°C. 

This synthesis is useful also in the case of the isomeric 
ligand l,l-dithiooxalate,4 producing a brown crystalline 
complex (m.p. 139141”C), or for the reaction between 
(PhSP),AuC10.5C,H, and 1,Zdithiooxalate causing a 
light-yellow product (m.p. 15lC). 

Crystallography of (Ph,P),Ag(SOC,SO)Ag(PPh,), 
Crystals suitable for diffraction studies were grown 

from a concentrated pyridine solution of the complex 
covered with a layer of isopropanol and stored at 0°C 
over 24 hr. The investigated crystal had the shape of a 
thin plate with the dimensions 0.48 x 0.32 x 0.05 mm. 

Crystal data. C7J-I&g202P4S2, M = 1384.94, mono- 
clinic, a = 13.159(2), b = 11.895(2), c = 20.939(5) A, 
fi = 101.35(2)“, U = 3213.4A3; space group P2,/c, 
Z = 2, T = 293(1)K, D, = 1.4319 gcmm3, F(OOO) = 706, 
p(Mo-K,) = 0.808 mm-‘. 
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Data collection. CAD4 diffractometer, Mo-K, radi- 
ation (1 = 0.71069& graphite monochromator), scan 
method o - 28, measured reflections 15004 (1” < 
0 < 20” + h, f k, + 1; 20” < 0 < 25” + h, + k, +I ). 
564~ unique reflections, 3545 of them observed 
[I > 29(I)]. 

Structure solution and refinement 
The structure was solved by heavy atom method using 

all 5649 unique diffractometer data. The Patterson map 
revealed the positions for Ag atoms. From the sub- 
sequent Fourier maps the residual non-hydrogen atoms 
were estimated. The refinement of all positions including 
the anisotropic temperature factors gave a final 
R = CldF(/CIF,I = 0.066 and R, = [Cw(AF)*/ZwF~]“* = 
0.070, respectively, with 4656 contributing reflections. 
The positions of the phenyl-hydrogen atoms were calcu- 
lated and have been included as tied atom contribution 
in the structure factor calculation. A table containing a 
complete summary of the data collection and refinement, 
tables of atomic co-ordinates, anisotropic thermal pa- 
rameters and lists of F,/F, have been deposited with the 
Editor as supplementary material. Computer, programs 
and sources of scattering factor data are given in Ref. 3. 

RESULTS AND DISCUSSION 
The synthesis of the complex (Ph,P),Ag(SOC,SO) 

Ag(PPh,), in pyridine-water guarantees a complete reac- 
tion of the starting compound (Ph,P),AgCl, if an excess 
of potassium dithiooxalate is used, and provides well 
formed crystals of the desired compound whereas the 
non-reacting dithiooxalate remains in solution. As 
shown in Fig. 1 the complex contains two silver(I) ions 
connected by a planar 1,Zdithiooxalate bridging ligand 
in trans-arrangement. Additionally each silver atom is 
coordinated to two phosphorus atoms of triph- 
enylphosphine ligands. Thus, the central metal ions are 
surrounded by four donor atoms causing distorted tet- 
rahedral AgP,SO skeletons. As in the complex salt 
(Ph,As),[(02C2S2)21n(SOC2SO)In(S2C202)2] the bridging 
dithiooxalate ligand contains the inversion centre of the 
whole molecule. Some of the more important bond- 
lengths and angles are listed in Table 1 for comparison 
with the corresponding values of the indium compound. 
It is to be seen that the distances and angles in the 
trans-dithiooxalate ligands of both molecules show no 
difference greater than three times their estimated stan- 

L..J -L-f 
Fig. 1. The molecular structure of (Ph,P>2Ag(SOC2SO)- 

Ag(PPh,),. 

dard deviations. However, stronger deviations appear if 
the 1,Zdithiooxalate is bonded in cis-arrangement be- 
tween different metal ions, e.g. aluminium(II1) and sil- 
ver(1) or iron(II1) and silver(I), respectively,lb (see also 
Table 1). Whereas the C-C distances and the @C-S 
angle are very similar in the four compared molecules, 
the C-O distances and the S-C-C angles are somewhat 
smaller and the C-S distances and O-C-C angles some- 
what greater in the case of the trans-arrangement of the 
bridging ligands. The most surprising result is the simi- 
larity of the Ag-0 and Ag-S distances in the structure 
under investigation. The last is typical for covalent 
silver(I)-sulphur bondingS and near the sum of covalent 
radii (2.57 A), whilst the AggO distance is longer as that 
found in the Ag(I)-monothiocarbamate hexamer 
[AgSOCN(C,H,),], having a threefold nonplanar 
AgS,O-coordination (Ag-O 2.34-2.38 A).6 However, the 
distance is quite similar to the values in the two bi+s- 
complexes of silver(I) with 8-hydroxy+uinoline (Ag-0 
2.451(4k2.505(5) A)’ and pyridinecarboxylate-2(Ag-0 
2.524(4) A)* containing distorted tetrahedral AgO,N, 
cores. 

Because the Ina and In-S distances in the other 
structure with a trans-dithiooxalate bridge differ as 
expected, the equality found for Ag-0 and Ag-S dis- 
tances should be assumed to be a result of the different 
coordination geometry around the central metal ions: in 
the silver complex the bridging dithiooxalate links tet- 
rahedra, in the indium complex, however, octahedra. 

The Ag-S distance is considerably shorter in the 
complex containing the trans-dithiooxalate than those 
found in the two cis-dithiooxalate heterometallic com- 
pounds. Interestingly, the Ag-P, and Ag-P, bond 
lengths, which were found to be different, show a very 
similar behaviour in all three complexes compared. 
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Abstract-During the reaction of [Cu(mnt)d2- with CuXz (X = Cl, Br) [Cu(mnt)X2]*- species are 
formed and characterized EPR spectroscopically supporting a dissociative mechanism for ligand 
exchange reactions between [Cu(mnt),]*- and other Cu(II), Ni(I1) and Pd(I1) complexes which 
contain unsaturated dichalcogeno ligands. 

In suitable solvents the reaction of [Cu(mnt),]*- with observed by EPR for the system [Cu(mnt)d*- + 
four-membered ring chelates of Cu(II), Ni(I1) or Pd(I1) [Pd( i-mns)$- (i-mns = (CN),C = CSe$-) suggest a dis- 
containing unsaturated sulphur or selenium ligands (1) sociative start mechanism of the exchange reaction as 
is characterized by quantitative formation of the mixed given by the eqns (2) and (3).3 
ligand complexes.‘** 

[Cu(mnt)zl*-+[Cu(mnt)], + mnt*- (2) 
[Cu(mnt)d*- + ML,+[Cu(mnt)L]- + w(mnt)L]- 

(la) [Pd(i-mns)J*--*[Pd(i-mm)], + i-mm*-. (3) 

[Cu(mnt)J*- + wLJ*-+[Cu(mnt)L]*- The solvated mono-chelates [Cu(mnt)], and [Pd(i-mm)], 

+ [M(mnt)L’]*- 
appear to be the important species in the following 

(lb) chain reaction. 
In this paper we report the EPR detection? of Cu(I1) 

Unfortunately, the reactions between the corresponding sulphur ligand mono-chelates stabilized by halogenide 

I M=Cu, ~i,P~;L=:>-~~~il_-;Ll=~~~=~~~~~~~ 

copper complexes are too fast to be followed by a ligands instead of solvent molecules, which are regarded 
conventional EPR experiment. However, ligand ex- as essential members in a dissociative ligand exchange 
change reactions of [Cu(mnt)J*- with the more inert mechanism: [Cu(mnt)XJ*-(X = Cl, Br). Up to now only 
Ni(I1) and Pd(I1) species are slow enough to be easily EPR spectra of CuLX and [CuLX,]- chelates with 
followed by EPR. The increase of the reaction rate with L = dichalcogenocarbamate have been described by 
the temperature and after adding of Cu*+ ions, and the several authors.“’ 
decrease in presence of the noncoordinated ligands The [Cu(mnt)X,]*- species could be obtained accord- 

ing to the reaction given in eqn (4). 

*Author to whom correspondence should be 
addressed. 

tmnt = (CN),C,S:-, maleonitriledithiolate, X = Cl, 
Br. 

$EPR spectra were recorded with a VARIAN E-112 
spectrometer operating at X band frequency. 
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CuX, + 2(n-Bu,N)X 

(n-BW)Ku(mnt )*I + tn_Bu4~~2[Cux41 (4) 

- 2(n -Bu,N),[Cu(mnt )XJ. 
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Table 1. EPR parameters of [Cu(mnt)X,]*-‘, [CULX$~ and &LX’ species; a, in 10-4cm-‘; 
L = diethyldithiocarbamate 

Cuhlnt)C12 2- 2.074 68.5 8.9 0.0060 

Cu(mnt)Br2 2- 2.062 73.2 45.7 0.0061 

CuLC12 - 2.072 71.6 7.7 0.0052 

CuLBr2 - 2.065 77.1 38.6 0.0051 

CuLCl 2.070 72.5 7.7 0.0052 

CuLBr 2.065 75.2 35.7 0.0047 

“experimental errors: g f 0.002; a? * 0.5 for X = Cl, f 1.0 for 
X=Br; aoXf0.5 for X=Cl, f 1.0 for X=Br. 
*values from Ref. 8. 
‘values from Ref. 12. 

Fig. 1. EPR spectrum of [Cu(mnt)Cl,12- at T = 235 K; solvent: acetonitrile; frequency: 9.51 GHz. 

If tetra-n-butylammonium salts are not present during 
reaction (4) black scarcely soluble Cu[C~(mnt)J’~*‘~ is 
deposited. 

The room-temperature EPR spectrum of a solution 
containing [Cu(mnr)ClJ2- anions consists of the 
typical63,65 Cu hyperflne structure (hfi) quartet. In the 
spectrum recorded at T = 235 K an additional hz due 
to the interaction of the unpaired electron with 35*37C1 
nuclei c5s3’Cl, I = 3/2) can be observed. The copper hfi 
lines are split into seven 35.37Cl ligand hfi components 
clearly resolved for the m’ = +3/2 copper hfi line as 
shown in Fig. 1 indicating the presence of two Cl atoms 
in the first coordination sphere. 

The solution EPR spectrum observed for 
[Cu(mnt)Br,12- species at room temperature consists of 
a quartet of seven hfs lines arising from the interaction 
of the unpaired electron with 63*65Cu and two 79,8’Br 
nuclei both having I = 3/2. Due to the values of the 
coupling constants a$” and a: the hfi lines are partially 
overlapped. The 63.65Cu as well as the 79,8’Br isotopic 
splitting is not resolved because of the experimental line 
width. The assignment made is given in the stick 
spectrum of Fig. 2. 

The g values and the hfs coupling constants derived 
from the spectra are given in Table 1. For comparison 
Table 1 contains also the EPR parameters found for 

CuLX and [CuLXJ- complexes (L = dithiocarbamate). 
[Cu(mnt)X]- species could not be observed during our 
investigations. 

The isotropic 35.37Cl and 79,8’Br hfi can be used to 
obtain an estimate of the halogen 3s and 4s contribution 
to the MO of the unpaired electron. The isotropic ligand 
hfi splitting is given by the familiar expression 

where c, is the coefficient of the halogen 3(4)s orbital in 
the MO containing the unpaired electron. [Y(O)]* is the 
3s(Cl), b(Br) electron density at the nucleus. The 
evaluation of c,’ is accomplished’6 by taking the ratio of 
the observed isotropic 35~37Cl and 79,8’Br ligand hfs 
splitting, agb”, to that calculated for an unpaired 
electron residing in a Cl 3s (~r”(~~Cl) N 1550 mT) and 
a Br 4s orbital (ur”(8’Br) = 780,O mT): 

obsd 
a0 

c,? = x 

a0 

The values estimated are given in Table 1. The c,’ values 
derived are small for all complexes studied and suggest 
a distorted tetrahedral coordination geometry for the 
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anisotropic Zzfi data. Unfortunately, the latter values 
could not be estimated because frozen solution spectra 
allowing their determination could not be obtained. 

,lOmT ,* 
B ’ 

3. 

Fig. 2. EPR spectrum of [Cu(mnt )Br,]*- at room tem- 
perature in acetonitrile; frequency: 9.51 GHz. 

CuS,X, chromophores. This is also reflected by the 
isotropic copper hfs coupling which is noticeably re- 
duced with respect to that observed for planar 
[Cu(mnt),]*-.I7 For tetrahedrally distorted [Cu(mnt)~*- 
characterized by a dihedral angle of 47.4” between the 
planes of the ligands an isotropic copper hfs coupling of 
(-) 68.4 x 10-4cn-’ has been found.‘r A quantitative 
analysis of the MO of the unpaired electron for 
[Cu(mnt)X~*- requires knowledge of the corresponding 
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ALUMINIUM TRIS(FLUOROSULPHATE) 

SUKHJINDER SINGH and RAJENDAR D. VERMA* 
Department of Chemistry, Panjab University, Chandigarh 160014, India 

(Received 17 February 1983; accepted 23 May 1983) 

Abstract-Aluminium tris(fluorosulphate) is prepared by the reaction of aluminium 
tris(trifluoroacetate) and fluorosulphuric acid. The IR spectrum indicates a polymeric structure 
containing bridging bidentate fluorosulphate groups, giving hexacoordination around aluminium. 
Aluminium tris(fluorosulphate) forms coordination compounds with pyridine and bipyridyl. 

Gallium,’ indium’ and thallium* tris-fluorosulphates are 
known. However, only a partially substituted 
fluorosulphate of aluminium,3 and a 1:3 complex with 
MeCNJ Al(SO,F).3MeCN have been reported. There- 
fore, we have prepared and characterized aluminium 
tris(fluorosulphate). 

The reaction between metal trifluoroacetates and 
fluorosulphuric acid has proved quite useful for obtain- 
ing fluorosulphates. 5*6 The reaction between aluminium 
tris(trifluoroacetate) and fluorosulphuric acid in a 1:3 
molar ratio in sulphuryl chloride at 10°C yielded 
Al(SO,F), in a fast and clean reaction. 

Al(OCCF,), + 3HS03F + Al(SO,F)S + 3CF,C02H 

AI(SO,F)S is a very hygroscopic, white powder, stable for 
days in dry conditions, but is readily hydrolysed. It is 
insoluble in the usual non-coordinating organic solvents 
as well as in fluorosulphuric acid suggesting a polymeric 
nature. 

Al(SOrF), reacts with mulling agents such as nujol 
and hexachlorobutadiene. Therefore, its IR spectrum 
was recorded as a thin film of the solid between silver 
chloride plates. The average value of two strong broad 
bands (1360 and 118Ocm-‘) lies around 127Ocm-‘, 
which is usually the value expected for bidentate bridg- 
ing fluorosulphate groups as shown in X,Sn(SO,F),; 
X=Me,‘*’ Cl,9 for which a structural determination has 
verified bridging fluorosulphate groups. Not only the 
stretching but also the deformation modes of the SO,F 
group in Al(SO,F), compare well with the corresponding 
modes in tin(W) derivatives.7-9 The v S-F at 8 12 cm - ’ as 
a strong band confirms the presence of only one type of 
fluorosulphate group. These assignments suggest that 
the aluminium in Al(SOJFh, is octahedrally coordinated 
as expected.‘&‘* Close resemblance of the IR spectrum of 
Al(SO,F), with that of Ga(SO,F),’ and In(SOSF)r2 sug- 
gest a similar conformation of the SO,F groups in these 
compounds. 

*Author to whom correspondence should be ad- 
dressed. 

The vS-0 at 1420, 1290 and lOlScm-’ indicate a 
monodentate” fluorosulphate group in Al(SOrF),-3Py. 
Thus, aluminium retains hexacoordination in this com- 
plex. The various vS-0 values; 1410, 1375, 1280, 1180, 
1080 and 1005 cm - ’ and two values of v S-F; 850 and 
830cm-’ reveal the presence of both mono- and bi- 
dentate S03F groups in Al(SO,F),.bipy. The appearance 
of a weak band at 1235 cm -’ and shift of the bands at 
1578, 601 and 403cn- to 1610, 630 and 44Ocn-’ in 
pyridine complex indicate the coordination of pyridine 
to aluminium.14 A band which is not present in free 
bipyridyl, but has been found in several of its chelated 
complexes,‘5 appears at 1335cn- and a band at 
990cn-’ is intensified and shifts to 102Ocn- in 
Al(SO,F)s*bipy on coordination. 

EXPERIMENTAL 

Freshly distilled fluorosulphuric acid (1.8 g, 18 mmol) 
was transferred to a suspension of aluminium tris- 
(trifluoroacetate) (2.196 g, 6 mmol) in 30 cm3 of sul- 
phuryl chloride, while the reaction vessel was immersed 
in liquid nitrogen. The temperature of the vessel was 
slowly allowed to rise to 0°C and the contents stirred 
magnetically for 6 hr at 10°C. The contents were filtered 
under dry N,, repeatedly washed with sulphuryl chloride 
followed by tetrachloromethane. Finally, Al(SO,F), was 
obtained as a pure white powder in almost quantitative 
yield after removal of all volatiles under vacuum. Found: 
Al, 8.41; S, 29.85; F, 17.34; Al(SO,F), requires Al, 8.33; 
S, 29.63; F, 17.590/,. IR (cm-‘): 136Osb, 1180sb, 108Os, 
812vs, 645w, 609w, 542vs, 44Ow, 420mw. 

Complexes Al(SO,F),.3Py and A1(SOrF)s*bipy were 
prepared by stirring Al(SO,F), suspended in tet- 
rachloromethane or benzene with the ligand in the 
required stoichiometric ratio or in excess for 20 hr under 
dry N2 at room temperature, liltered, washed with the 
respective solvent and finally dried in DUCUO. Found: Al, 
4.19; S, 16.85; F, 10.44, C, 31.58; H, 2.56; N, 7.40, 
Al(SO,F),.3Py requires Al, 4.81; S, 17.11; F, 10.16; C, 
32.09; H, 2.67; N, 7.49%. 

IR (cm-‘): 16lOs, 154Om, 1525m, 1485m, 1465m, 
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142Ow, 129Os, 1255w, 1235w, lOlSm, 935w, 778s, 75Os, 
68Om, 63Om, 595w, 58Ow, 55Os, 44Om. Found: Al, 5.39; 
S, 20.81; F, 11.46; C, 25.63; H, 1.80; N, 5.59; 
Al(SO,F),.bipy requires Al, 5.62; S, 20.00; F, 11.88; C, 
25.00; H, 1.67; N, 5.83%. IR (cm-‘): 161Os, 1590m, 
1555m, 1525s, 1470m, 145Om, 141Ow, 1375w, 1335w, 
1280sb, 1180m, IOSOm, 102Os, 1005mw, 85Om, 83Om, 
775s, 75Os, 68Om, 65Om, 61Ow, 6OOw, 585w, 57Om, 55Os, 
44Ow, 42Om, 390w. 

Fluorosulphuric acid, ligands and the solvents were 
purified as described earlier.2*5*6 Al(OrCCF,), was pre- 
pared by the method reported by Cady and Hara.i6 The 
IR spectra were obtained on Perkin-Elmer 621 spec- 
trophotometer. 
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Abstract-New diaminotetraaryloxycyclotriphosphazenes N,P@II-&(OR), were prepared by the 
reaction between N~P#VI-I3,Cl,, and RONa in THF solvent and “P NMR data showed geminal 
compounds were formed. 

Many organ0 derivatives of hexachlorocyclo- 
triphosphazene have been synthesized’ and proton or 
phosphorus NMR spectroscopy had been used for eluci- 
dating the structure of cyclophosphazene derivatives in 
solution. In this report the synthesis of new derivatives of 
hexachlorocyclotriphosphazene and their proton and 
phosphorus NMR spectra are described. 

EXPERIMENTAL 

(NPC13, was prepared by the method of ICajiwara.* 
The melting point of (NPCl& was 112” C. 

N,P,(NI-I&1, was prepared by the method of Geral.’ 
N,P,(NH,),(OR), were synthesized by the reaction 

between N,P,(NI-I&CI, and RONa in THF solvent. The 
aryloxy compound e.g. C,H,OH, HOC,H,F-p, 
HOC&l&l-p or HOCsH4CH3-p (0.08 mol) and 0.08 mol 
sodium, respectively, were placed in three-necked flask 
with 2OOcm’ of THF. After the sodium had dissolved, 
0.016 mol of N,P,(NI-I,),Cld (dissolved in 100cm3 of 
THF) was added and the mixture was refluxed with 
stirring for two days. After work up involving stirring of 
solvent, extraction with ether followed by evaporation to 
dryness. The product was recrystallized from benzene. 

Analysis 
‘H-NMR spectra of the derivatives were measured 

with Niphon Denshi Model C 60 HL instrument, with 
tetramethylsilane or D. S. S as an internal standard. 
“PNMR specra of the derivatives was recorded on Nip 
hon Denshi Model-60 type spectrometer using a sample 
tube (8 mm), chloroform solvent and H,PO, as the refer- 
ence at 24.3 MHz and 20” C. 

RESULTS AND DISCUSSION 

The results of chemical analysis and the yields are 
summarized in Table 1. 

All of the derivatives are colourless crystalline solids 
soluble in organic solvents. 

The NMR data of the compounds is summarized in 
Table 2. The chemical shifts of the proton in N-H can 
often provide a diagnostic test foi geminal and non- 
genimal structure in cyclotriphosphazene derivatives 
with primary amino substituents.4 The N-H resonances 
for the non-geminal compounds occurred at 
4.1-4.4 ppm, whereas the geminal compounds displayed 
resonances at 3.1-3.8 ppm.5 In the case of 
N,P3(NI-I&(0R)4 compounds, 6 N-H occurs at 

Table 1. The results of chemical analysis and the yield of diaminotetraaryloxycylotriphosphazenes 

N~P~(NH~)~(oR)~ Elemental analysis 

R (8) mp Yield 

N C H ('Cl (t) 

C6H4Cl-p Calc 10.34 42.51 2.98 147-147.5 a7 

Found 10.64 42.74 3.21 

C6R4F_P Calc 11.45 47.15 3.30 114-115 89 

Found 11.45 46.91 3.43 

C6R4CR3_P Calc 11.76 56.47 5.42 120-121 a7 

Found 11.85 56.76 5.54 

1211 
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Table 2. H’ and “P NMR data for diaminotetraaryloxycyclotriphosphazenes 

‘H-NMR @pm) 31P-NMR(ppm) 

Compound NH2 OCgHS OCsH4 CH3 I-NH~(A) P(OR) (B) JAB 

(br) (multiplets) 

N3P3(NH2)2(OC6H5)4 2.3 7.3 -8.65 -16.50 1.48 

N3P3(NH2)2(0C6H4F-p)4 2.4 6.7-7.6 -8.75 -15.60 1.58 

N3P3(NH2)2(0C6H4C1-p)4 2.4 7.0-7.4 -8.35 -15.5 1.52 

N3P3(NH2)2(OC6H4CH3-p)42.3 7.0 1.3 -13.47 -16.87 0.73 

2.3-2.4ppm, so geminal compounds may be inferred. 
“P-NMR spectroscopy is used to confirm the geminal or 
non-geminal structure. The 31P chemical shift of P-NH, 
in N,P3(NH2)2C1,6 was recorded at -9.03 ppm and 
- 18.3 ppm, respectively. It is found that the compound 
gives an AB, type spectrum and is the geminal structure. 
The 31P NMR of the other compounds are summarized in 
Table 2. 

It is assumed that “P chemical shifts and P-P coupling 
constants do not depend on electronegativity in the 
substituent groups. The “P chemical shifts and P-P 
coupling constants, for a large number of cy- 
clophosphazene derivatives have been determined.’ 
Also, it has been suggested that change in electro- 
negativity, n-bonding, and bond angles influence 3’P 
chemical shifts.8 In addition, the chemical shifts of a 
particular phosphorus atom may be affected by the 
substituents elsewhere on the ring. Finer9 and Schuman” 
have proposed that coupling constants correlate with the 
electronegativity of substituents. As shown in Table 2, 
“P chemical shifts and coupling constants of the deriva- 
tives, except N3P3(NH,),(OC6H,CH3-p),, give similar 
values since electronegativity, n-bonding or bond angles 
within the substituents are similar. On the other hand, 
the N3P3(NH,),(OC6H,CH3-p), P-P coupling constant is 
smaller than the other derivatives. This means that 

factors such as stereochemistry of the substituent may 
also contribute to chemical shift or coupling constant. 
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Abstract- Eeta-BaGeo3, being high-taqerature form, are fonmd n&a&ably at 630-660 

oCfmnanamor@rnismkerialprepaxeAbythesinniltaneous hydmlysisofkariunandgemani- 

malkmides. ThemnsfomationofE&eo3canbe sumarizedasfollows;zmxpbusJ3aGeC3 

1180-12OCT 
-c-UaCeC3 7 B+aGeo3~ melt. Cnccclingfmlthemelt, B- 
780-84O“C 1130-1150~c 1270°C 

BaGeC3canberetainedatrom~ature. 

Bariunmetagermana te, BaGeo3, existsinatleasttw~~lymxphicmdifications:alow- 

Nature a-formhavixqahexagmal~llasWnite-type Stmcture and a high-tenpera- 

ture 6-fomhavinganorthorhanbicmnraxene-type structure. There have been conflicting in- 

fonmtion inthe literatureconcerning the fomationand transfomationof BaGe03. Fbth' 

repxtedatfirstthata-BaC&3 changes tcadifferenttypeof st.ructurewhenheatedWith 

the addition of 1% Fe203. Liebau2sharedthatB-BaGe03isfoamedbymel~a-BaGe03with 

the addition of 2% Fe203. Grebenshchikov et al. 
3 
reportedthatinthe absence of minerali- 

zers, a-BaGeC 3 
rmains urcharqed at all teqeratures, and f3-ESe03 is formed by the addition 

of BaSi03. Morecver, the trausfomation of BaGe03 in the presume of 2% Fe203 were studied 

byCr_ et al. 
4 Reversibletransfomationsofa- into ~-FBGe03 andof B- intcan 

undefirkadphasedesignatedasthed-formwere obsemed at 1065 and 1160 T, respectively. 

On the other hand, according to the results of Guha et aZ.,5 B-BaGe03 is fomedwitlmutad- 

dition of mineralizers, and in contrast to the Gre et aZ. data4 ths transfor- 

mations of a*6 and 6 *B cccur at 1100 and 1200 T, respectively. Hcwever, mhigh-tmper- 

ature X-ray analysis in the experiment of Guha et at.5 was carried out for the identification 

ofpolyraxphicmdifications. 

Inthepresentstudy,itwasfoundthat6-BaCn03isfonwdmetastablyatlowertsqer- 

atures fmn an amqhousmaterialpreparedbythesirmiltaneous hydrolysis of bxiun and ger- 

manimalkoxides. Onthebasisofthisresult,thetransformationofBaGeO3wasstudiedby 

thenma and high-temperature X-ray diffraction analysis. 

EXPERIMENPAL 

Gezmnium isopropcxide, Ge0C3H7)4, was a pe grade. Barim isoproImxide, Ba(CC3H7)2, 

was synthesized by heating 99.9% brim metal in an excess of dehydrated 2-propan for 5 h 

at82°Cinanitrogenatnwphem. Themixedalkoxidesprepared inthemle ratioBa 
2+ : Ge4+ 

=l:l were refluxed for 20 h at the same conditions and then hydrolyzed by adding dro+se 

aqueous mnmia solutionwith stirring at25 'T. After the terminationofdroI&~~, there- 

suking suspension was further stirred for 1 h at 20-25 T. The hydrolysisprcductwas sepa- 

ratedfrunthe suspension by centrifugation and dried at 80 'T under reduced pressure. The 

~obtainedistemedstartingpawder. Its average particle size, as deimmined by 

electron microscopy, was ea. 400 A. 

Themal analyses(t.g., d.t.a.1 ware carried out in air at a rate of 10 'C min-'. a- 

Alminawasusedasastamdard mterial in d.t.a. ThespecilIWlsintheheatinganlcooling 

processes at a rate of 10 OC min-' were identified by high-tmqerature X-ray diffractmxkry 

using nickel-filtered Cu-I& radiation. 

1213 
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RFSULTS AM, DISCUSSION 

Therma 2 analysis 

Thernqravimatric examination of the starting pow&r .+nwed a weight loss of 11.6% up to 

360 ‘C, attributed to the loss of annonia, surface-absorbed 2- propanol,abeorbedwater,and 

hydratedmter.6 

Figure l(a) shows the d.t.a. curve of the starting w in the heating process. dour 

peaks Were observed at 630-660 'C, 780-840 OC, 1180-1200 OC, and 1270-1300 OC. They were 

sharp, sothattheonsetandendtgnperaturescouldbede~accurately. High--a- 

hrre X-ray diffraction analysis confirs& that the first exothermic paak(630-660 "C) is due 

to the crystallization of B-RaGe03 fran an apIDrphous phase, and the seco&(780-840 "C) to the 

transfomlation of B- into a-RaGeC3. The first and second endothenzic peaks(1180-1200 OC and 

1270-1300 "C) ware found to be due to the transformation of a- into 9-RaGeG3 and the melting 

of B-BaGe03, respectively. Inthecoolirrgprocessfromtbemelt,nopeaksduetothetrans- 

formation, except for the solidification, appeared in the d.t.a. curve. However,oncooling 

frun the Natures between 1200 and 1260 OC an exothermic peak was dwerved at 1130-1150 

OC, corresponding to the transfortration of B- into a-RaGe03(Figure l(b)). 

X-Ray analysis 

Thestartingpowderwasanwpinus,no significantchangeinstructurebeirqrecognized 

up to the temperature of the first exotkrmic peak(630-660 "C) in d.t.a. Pure BaGeC3 derived 

frunalkoxide s~theexistenceof twopolymorphicnodifications thro~~uttheheatirq 

process; B-B&O3 at 660-780 'C and 1200-1260 OC, and a+aGe03 at 840-1180 'C. The third 

modification, &-RaGeD 
3 
, was not detected uptothemeltingtanperature.Inthepresent 

study, B-BaGeG3 was crystallized metastably at 630-660 'C fran an mrphous phase. The dif- 

fraction pattern of f+RaGe03 obtained by heating for 1 h at 700 OC was measured at roun 

mature using the standard X-ray diffractmter. 9x2 scanniw sped of l/4" tin -l of 

gonianeterwas selectedto satisfytheaccuracyof d-spacing. Tablelskws theobserved 

values of d-spacing and relative intensity, in canparison with the Grebenshckikov et al. 

c33ta.l Curpawder patternwasmxe canplex than thatreportedbythen. All diffraction 

lines could be reasonably indexed by a orth&a&ic unit cell2 with a=4.59, b=5.70 and c= 

ae 

12.78 A. The lattice parameters are little larger than those of f3-BaGe03(a=4.58, b=5.68 ard 

c=12.76 &2 formed by melting a-BaGe03 with the addition of 2% Fe203. Onthf2OthShdd,t.k? 

X-ray diffraction pattern of a-BaGe03 was identical with the reported 0ne.l The reversible 

transformation of a-* B-BaGe03 was observed at 1180-1200 "C and 1130-1150 OC. The X-ray 

diffraction pattern of WMkG3 observed at 1200-1260 OC was the same as that described 

above. Efforts to obtain 9-RaGe03 at roan tenperature by rapid quenching frun the teapera- 

tures between 1200 and 1260 OC failed to produce a-BaGeC13 in the X-ray diffraction pattern. 

However, B-BaGe03 couldbe retained atroantenperatureoncooling franthemelt, in 

agreement with the results of Liebau' arki Guha et aZ. 
5 

Fran the themal and X-ray data, the 

transformationofplreEWeO3derivedfranalkoxidecanbe s unnarized as follows. 

1180-1200°C 
F!norphousEUGeo3 AB-RaGeC3A a-E3aG203_ 

630-660°C 780-840°C 1130-1150~c 
B-BaGeo3 

-melt 
127O'C 

1 R. S. Mth, Am. Mineral., 1955, 40, 32. 

2 F. Liebau, Neus Jahrb Mineral., 1960, 94, 1209. 

3 R. G. Grebenshchikov, N. A. mropv ad V. I. Shitova, Izv. Akad. Nauk. SSSR, Neorg. Mater., 

1965, 1, 1130. 



Note 1215 

4 R. G. m, v. I. ,q-&ova and N. A. !tbmpov, Iav. Akad. Nauk. SSSR, Neorg. Mater., 

1967,1, 1620. 

5 J. P. G&a, D. Kolar ad A. Porenta, J. Therm. Anal., 1976, & 37. 

6 0. Ymaquchi, T. Kanwmwa and K. shimizu, J. them. sot., Datton Trans., 1982, 1005. 

Table 1. X-Ray diffraction data of /?-BaGe03 

Present data Grebenshchikov's data 

d/A I/IO hkt a/i I/IO 

6.37 6 002 

4.25 5 012 

3.73 12 102 

3.57 19 110 

3.44 100 111 

3.41 71 013 

3.19 32 004 

3.12 15 103,112 

2.85 25 020 

2.78 20 014,021 

2.74 29 113 

2.62 12 104 

2.379 l? 114 

2.292 22 200 

2.259 12 122 

2.124 8 210,024 

2.103 17 123 

2.075 14 115 

2.016 3 203,212 

1.929 10 106 

1.901 11 213,025 

1.861 10 204 

1.823 3 116 

1.782 6 220 

1.769 8 214 

1.752 12 130 

1.735 14 017 

3.37 

3.14 

2.99 

2.60 8 

2.53 8 

2.37 11 

2.26 11 

2.08 14 

31 

100 

6 

8 

33 



1216 Note 
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I I I I I I I I 
0 2 4 6 8 10 12 14 

Temperature / ‘C x 100 

Fig. 1. D.t.a. curves of the starting powder. (a) Heating process, (b) cooling process. Sample 
weight = 120 mg. 
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Abstract-Twelve-, fifteen-, and eighteen-membered diaxa-crown-N, I@dialkanoic acids LH2 and 
their inner salt copper(U) complexes CuL and dicopper complex [CuL43). CuCl 2 . CH30H] n 
were obtained. The complexes of15- and I&membered ligands contain C& ion inside the ring. 

Relatively few synthetic inner salt complexes of macrocyclic ligands are 

known, due to the scarcity of suitable ligands. This suggested a study of di- 

aza-crown-N,N=dialkanoic acids, the compounds containing a macrocycle and two 

aminoacid moieties. We now report the synthesis and the structure of some cop- 

per(I1) inner complexes of these ligands. 

Diaza-crown-N,N'dialkanoic acids were obtained by alkylation of amino- 

groups of 12-, 15-, and 18-membered diaza-crown ethers with ethyl bromoacetate 

or ethyl DL-2-bromopropionate, followed by hydrolysis of ester groups by re- 

fluxing an aqueous solution of the diester.The following diacids were obtained: 

L(l)H2, m=n=l, R=H, m.p.446-8 dec., 

L(2)H2' m=l ,n=2, R=H, m.p.446-8 dec., 

L(3)H2, m=n=2, R=H, m.p.444-6 dec?, 

L(4)H2, m=n=2, R=CH 3, m.p.436-8 dec., 

L(4)H2 has the meso-configuration. 

Aminoacids L (1) H2 - L(4)H2 all contain zwitterionic structures as demon- 

strated by their 1 H NMR and IR spectra ( $CO; antisymmetric 1640 cm -5 . 

The reaction of acids L(l)H, - L(4)H2 with many copper-(111 salts (chlo- 

ride, bromide, perchlorate, acetate, etc.) in a 1 : 1 molar ratio in wa- 

ter or methanol produces CuL complexes. The absence of the anion(s) of the 

copper salt used in the reaction products confirms their inner salt structure. 

Reaction of acid L(3)H2 with copper(I1) chloride in a 1 : 2 molar ratio in 

methanol gives a dicopper complex [CUL(~).CUC~~.CH~OH]~. Properties of the 

complexes are given in Table 1. 

IR spectra of 

1640 cm-' 

CuL complexes contain a very strong absorption band at 

assigned to the antisymmetric 

symmetric 3CO; band is difficult, 

3 CO, vibration. The assignment of the 

because of its weak intensity and splitting 

especially in the spectra of centrosymmetric complexes. The frequency of the 

\) CO; band in complexes is the same as in the zwitterionic form of the pa- 

rent aminoacids, which demonstrates their inner salt character and the uniden- 

tate coordination of the carboxylate groups 
-C&u- .The dicopper couqlex 

POLY Vol. 2. No. I I-H 
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Note 

-1 
has a single OCOi band at 1570 cm , which indicates a bridged coordinati 

',O-cu- of the carboxylate groups -CZ,,~_C~_. The presence of methanol is proved by 

occurrence of the 3OH band at 3490 cm -1 and by elemental analysis. 

Electronic spectra of these complexes contain very broad d-cd_ transit 

bands characteristic of tetragonally distorted dg copper(I1) complexes. 

1219 

on 

the 

ion 

The effective magnetic moment values of CuL complexes lie appreciably 

above the spin-only value due to the mixing-in of some orbital angular momen- 

tum from the excited states via spin-orbit coupling. 

EPR spectra of compounds CuL contain strong signals typical of rhombic 

symmetry with g,, 92, and g3 components of the g tensor. Those of the dicop- 

per complex indicate weak exchange interactions between the copper centres. 

Starting from the known structure of ligands a variety of structures 

could be proposed for CuL complexes. The main structural features are: the 

metal ion inside the ring or outside the ring and the cis or trans (OONN or -- 
ONON, respectively) configuration of the coordination sphere and the car- 

boxylate groups. 

The Cu 2+ cation (ionic radius r = 73 pm) is too large to get inside the 

12-membereddring cavity (r = ca.60 pm). Taking into account the known struc- 

tures of 12-membered ligands complexes2 we propose the cis configuration for 

the CuL(1) complex with the Cu 
2+ cation located above the ring "plane". The 

point group of symmetry should be C, or C2 depending on the ring conformation. 

The Cu2+ cation fits very well into the 15-membered ring cavity (r = 

ca.80 pm). Therefore we propose the trans configuration for the CuL(2) com- 

plex with the Cu2+ cation inside the ring. The molecule is asymmetric be- 

cause the ligand is asymmetric. 

0 

N-CU-N 

cuL(2),m=O,R=H; CuL(3I,m=l,R=H 

cu L I heso), m =l , R=CH3 

r 

Cu L (31, CuCl2*CH30H 1 n 
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Complexes CuL(3) and CuL(4-meso) are trans centrosymmetric molecules con- 

taining Cu 2+ cation inside the ring, 

tion3'4. 

as shown by X-ray structure determina- 

The structure of the dicopper complex was elucidated by X-ray analysis5. 

This shows a polymeric structure with an additional binding of the CO; 
2+ 

groups 

of the CuL(3) complex to the Cu cation of the CuC12. 

Acknowledgements-We would like to thank the Polish Academy of Sciences for fi- 

nancial support for this work (Research Project MR - I - 9). 
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Abstract - Azido-nitrosyl complexes and their derivatives of the types 

[Cr(!!O)(!3)5]3- and [Cr(NO)(N3)2(LL)] [LL = 2,2'bipyridine (bipy) and 

1,lO phenanthroline (phen); were synthesised siirectly from chromate ion 

usiwy hydroxylamine hydrochloride, azide ion and hydroxyl ion and other 

appropriate ligands virtually in a single step process in an aqueous aerobic 

medium. The compounds are characterised by Iii, molecular weight, molar con- 

:1i:ctance, magnetic susceptibility, esr and electronic spectral data. 

Reductive nitrosylation of chronate ions using hydroxylamine and cyanide 

ions in an alkaline mediuin Ienerating the iCr(iJO)j2+ moiety has long been 

'known 2 . Recently it has been shown3 that such a reaction using hydroxylamine 

anti thiocyanate ion can be achieved in a slightly acidic or near neutral 

mediu:il, and it has not:/ been realised that an exce:ss of hydrcxylamine hydro- 

chlori:!e is lleCesS;ry for lea iink: iuch reactions to completion 4,5 . It has 

hecn <out-k.': thet although hydromylamine is the source of the nitrosyl group, 

use of another reducing anion (viz, cyanide, thiocyanate or oxalate ion) in 

conjunction >/ith hydroxylarline is necessary for the progress of this type of 
6 r0accions . such a re.!uctive nitrosylation reaction using hydroxylamine and 

azi:!e ion was iunknown until very recently l(b),7. In fact, azido-nitrosyl 

CO:npleX%Li Of fiieta 1s 3re cl..:i-te rare l(b),74 owing to ihe mutual interaction 

of azide .:.on and nitric oxide producing dinitrozen and dinitrogen monoxide. 

H-?iei.n is :lescri?ed, for the first time, the re,iuctive nitrosylation reac- 

tion of c!:rornate ion using hydroxylamine hydrochloride and azide ion in an 

al!:al'.nc mediwl anl generation of moiety as is evident by synthe- 

sizin,? [Cr(W)(N3)5]3w 

{Cr(N0))2+ 

and [Cr(i?~)(?i~)~(LrL)] directly from chromate ion in 

an Cl.cl!iCOUS aerobic rie:!ium. 

EXPERIHENTAL 

Preparation si characterization of the complexes : In a solution of NaCH 
3 

-- 
(2 z in 25 cm of :?2G) was cissolved K2Cr04 (0.5 g'; 2.6 mmol) and to this 

solution were arided :K=20:+.!4Cl (2.7 g ; 38.3 mmol) and Na& (1.7 g ; 

26.2 mnolj ~O~tiO-r??~Ti~~ !,:ith constant stirring at 60-70' gor 30 m. The deep 
rel-violet solution (pi{-11) '(Ias cooleci to room temperature and the pH of the 
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solution was lowered down to 6.5-7.0 with 6 M HCl. The clear solution 

(Solution &) was filtered out from any solid residue. 

1. [Cr(NO)(:Z3)2(bipy)] : 

The solution A was added to a !lot aqueous (20 cm3) solution of bipy 

(0.6 6 ; 3.85 mmol) with stirring anl the mixture was then cooled at 0' for 

1 h and then again stirre'! at room temperature for another 1 h. The separated 

deep brown solid was filtered off, washed with water, ethanol and ether and 

dried over fused CaC12 at a reduced pressure. The substance was then extrac- 

ted with anhydrous acetone and acetone was removed by evaporation. The dry 

mass was then crystallised from acetone-ether mixture as deep brown crystals. 

Yield : 0.54 g (65 % ). M.F. 165'(d). Found : C, 37.5 ; H, 2.6 ; N, 39.0 ; 

Cr; 15.7 ; Iv1.Y. (DKF, Osmometric) 297. Clo!-18XgKr requires : C, 37.3 ; 

H, 2.5 ; FJ, 39.1 and Cr, 16.1 % . M.W. 322. IR : 

gCrN(NO) 610(w) and h&bipy) 375(m), 
3&040(s), $0l665(s), 

620 ( emax 

400(sh) cm-l. a, (in C;_3CK) 

= 50), 482 (60) and 370 (230) nm. heff = 1.9 S.M. 

2. [Cr(NO)(!~)2(phen)~ : 

The same method as described un:,er (1) was followed using phen ins- 

tead of bipy. Yield : 0.55 g (62 l A ). b1.P. 177'(d). Fount1 : C, 42.0 ; 

H, 2.2 ; b!:, 35.0 ; Cr, 14.7 ; !,: . :! . 320. C12X$!gCCr reou_!res : 2, 41.5 ; 

H, 2.3 ; it, 36.4 and Cr, 15.0 % . X.ii. 346. 1;; : ~,NN2030(~), dNo1650(s), 

1680(s) (1625 cm-l (s) in CH3CN solution). 'Jcr,(;E) 615 (wj an; 

gCrN(phen) 390(m), 415(&j cm-l. hmax(CH3CN) 616 (40), 502 (45) and 

372 (270) nm. fieff = 2.0 3.;::. 

3. (Ph4P),[Cr(NC)(N3)5j : 

The solution A was adde:; drop,Iise to a hot aqueous (25 cm3) solution 

of (C6H5)4 PBr (3.E g ; 9.0 mmol) with stirrin;; at the room .;enpurature for 

1 h. A chocol.ate brcxrn precipitate ?JZIS ostained which was filtered off, 

washed ;xrith water, ethanol, ether and :ried over fIXed Ca.31 2 at a re<‘:Lced 

pressure. .%e com~oun:: wa:: o::ti'.zc+ed :zi i;;> anhydrous " acetone and the extrsct 

was evaporate:1 to dryness. 'The dried mass was then cryntsl~Lscd from acetonc- 

ether mixture :I!len deep bro;.m needles were obtained. YieU : 1.a g (55 -1: ). 

M.P. 190°(dj. Found : c, 65.3 ; i!, 4.2 ; ?I, 16.7 ; P, 5.9 ; Jr, 4.1. 

C72*H60N16P3Kr requires : C, 53.0 ; :i, 4.6 b X, 17.1 ; i?, 7.1 anci Cr, 4.0 *k . 

IR : 

3 

dNN 2080(s), 2!?(s), g,, 1660(s), CrN(l:O) 610(w) an: 
I>1 - CrP\ *'. ) 365(w) cm . 

342 ("47:) nm. deff 

hmax(CH3CN) 720 (20), 603 (105), 450 (350) and 
,_ = 2.0 13.1.. 

RESULTS AND DISCUSSION 

.:kile in the c2-_c 5: ttiiocyamto-nitrosyl comple::es the rcnuctive ni Irosyla- 

’ al..;ost o! iar.‘- tion of chromate icns zs-comes s;;a~oth an, ib.Xu-tive in rrn 22illc 

or near neutral ,me:lium , the reaction bein,- facile also in an alkaline 
6 

medium , the same reaction ?'lith h;rdrox.:flal:line and aziik ions proceeds ;;;ore 

effectively in an alkaline medium. The azido-nitrosyl chromicml cefqlexe:j 

prepared inthe acidic medium areal:?ays impure an:! a purification by column 

chronatography is essential. However, irrespective of the reaction route the 
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yield of the aziclo-nitrosyl complexe S are much lower than the analogous 

thiocyanato-nitrosyl complexes owing possibly to the intrinsic instability 

of the azido-nitrosyl complexes of metals and the instability of the azide 

ions in the reaction medium. Zowever, the isolated complexes are quite 

stable as solid as well as in solution in organic solvents, unlike the 

correspondin;; rhenizl complexes >!hich are prone to decomposition in solution 

phase7 . The isolation of the complexes is also rather easy and does not 

involve the sesration of sticky solid as a crude reaction product as occurs 

in tine cases of the analogous osmium complexes l(b) . 

The tetraj>henylphoSphonium salt is, as expected, found to be 3 : 1 electro- 

lyte ($ = 380 ohm-’ cm2 rn01-~)~~. Other complexes are non electrolytes 

and monomeric. Assuming the NO" formalism, the formal oxidation state of 

chromium in these complexes should be +l ( i.e. posSe.ssing (Cr(NC)j5 

moiety) y::hich is manifested by their magnetic c:omcnt values ( see experi- 

mental section ) and esr spectra ( gav for all the complexes are 2.0 ). The 

esr spectra of the p0lycryStCdliiX solid as well as of the scetonitrile 

solution of the comPlexeS s:;ow 0:lly one line, the lack of lizand hyperfine 

coupling to the nitrosy nitrogen atom as :Jell as coupling to the spin 

active 53 Cr contrasting with the results found for some aI'lalOgWl8 com- 

plexes, viz, ['Jr(?:O)(L3)jZ ( 2 = +2 for L = NH311.12 or 0H212 ; 2 = -3 for 

L= C1,?12) and paralleling some others, 

the thiocyanato- 3,4 
viz, ~[~CI$JO)(CH~CN)~] (ref. U), 

and a few cyano-nitrosyl ' derivatives. The local 

sy8?lletr:r of the [fCrX(Z2)(N2)] ( in bi;:y and phen coi:iplexes) and [CrN(M)5] 

(the Ph4P+ salt) cpmopyes may approximate to C4v and generate an M.O. 

configuration, (e) (b2) (see ref. 15). So, the electronic transitions 

res!:onsiSl.e for the t!-ret uv - vis bani!s in the GL complexes may be desig- 

nated as b2 -> e ( 71% NC), b2 -> bl and b2 -> al. The hexaco- 

or..',inated anionic complex, however, possesses an extra very weak band 

(brouc!lt out by &.lSsion analySis from an :;calr ?nflaction) at a quite low 

energy (720 nm) not observed in the pentacoordinated cases as well as in 
496 the analogous thioc:.Fanato complex . :i"iether .tX.S iS due to b2 ->e 

fmns~tion or :1:!e to an;,- ot"l~~r trcns.LtiOn is ,Y_ifficult to Sa.y. It may also 

be pqinted out that the ;,os?'.tions of the d -> n* I?0 transitions in the 

present 

comlexes 

Lk.L series are coinparable vith the analogous thiocyanato 

:d.c?. is quite natural when one compares the position of thio- 

cyanate and azide ions in the spectrochenical series. 
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Abstract: Reaction of RhCl (CO) (Ph3P)2 (Ph3P = triphenylphosphine) with A&IO4 in 

acrylonitrile at 30°C produces a new cationic rhodium (I) complex, [Rh (CH2CHCN) (CO) 

(Ph3P) 2] C104 (L) and AgCl . The ‘H-NMR and IR spectra of 1 suggest that acrylonitrile - 

is coordinated to rhodium through the n-system of the vinyl group. The complex 1 - 

reacts with molecular hydrogen to give a propionitrile-rhodium(I) complex, [Rh(CH3 

CH2CN) (CO) (Ph3P) aClO&) where the coordination of propionitrile through nitrogen is 

suggested by the ‘H-NMR and IR spectral data. The coordinated acrylonitrile in Lis 

readily replaced with triphenylphosphine and propionitrile to give [Rh (CO) (Ph3P) 31 

C104 and L, respectively. The complex 1 is catalytically active for the hydrogena- - 

tion and polymerization of acrylonitrile at 25’C under the atmospheric pressure of 

hydrogen. 

The reaction of IrCl (CO) (Ph3P)2 with AgC104 in acrylonitrile produces AgCl pre- 

cipitate and the clear yellow solution which is catalytically active for the polyme- 

rization of acrylonitrile under nitrogen at room temperature. 
1 

Subsequently, we 

have become interested in the reaction of the rhodium analog, RhCl(CO)(Ph3P)2 with 

AgC104 in acrylonitrile. 

We wish to report the synthesis, reactions and catalytic activities of a new 

cationic rhodium (I) complex, [Rh(CH2CHCN) (CO) (Ph3P)2]C10 (1) which has been identi- 

fied by elemental analyses, conductivity measurements, 
l4 - 
H-%4R and IR spectral data. 

There have been a few other cationic acrylonitrile-rhodium(I) complexes reported 

(e.g., [Rh (C8H12) (CH2CHCN) ]C104, [Rh(C8H12) (CH CHCN) (Ph3P)]C104) with their catalytic 

activities for the hydrogenation of olefins. 
z2 

The addition of AgC104 into the yellow solution of RhCl(CO)(Ph3P)2 in acryloni- 

trile under nitrogen immediately produced AgCl precipitate. 
3 

The yellow solution 

obtained by the removal of AgCl turned orange within one hour and eventually dark 

brown within three hours at 30°C under nitrogen. The addition of hexane to this dark 

brown solution resulted in brown solid of [Rh(CH2CHEN) (CO) (Ph3P)2]C104(L) (eq. 1) .4 

The complex 1 is stable in the solid state in air and in solution under nitrogen, and - 

soluble in polar organic solvents(acrylonitrile, chloroform, dichloromethane) but 

insoluble in non polar solvents@enzene, hexane). 

RhCl (CO) (Ph3P)2 + AgC104 + CH2CHCN > 

[Rh (CH2CHCN) (CO) (Ph3P) 21 C104 
(1) 

+ AgCl 
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The molar conductance(l20 ohm-lcm2mol-1) of L(4.0 x lO-5y in acrylonitrile) 

shows that the complex Lis a 1:l electrolyte. 5 

The formation of a n-bonding between acrylonitrile and rhodium is suggested by 

the IR spectrum of 1. The nitrile stretching frequency, vCN of acrylonitrile in 

l_(2220 cm -1, Nujol) is lower than that of free acryIonitriIe(2230 cm-‘). The dec- 

rease in vCN indicates that the acrylonitrile in Lis coordinated to rhodium through 

the n-system of the vinyl group since it is well known that vCN of acrylonitrile 

increases upon coordination to a metal through nitrogen. 6 I\ very strong and broad 

absorption band at ca. 1100 cm-l(Nujo1) attributable to the anionic tetrahedral Cl04 

group’ supports that J_is an ionic compound as confirmed by the conductivity data 

(see above). The vco and 

-’ (Nujol), 

PCH 
2 

(CH2CHCN) in 1 appear at 1995 (very strong) and 950 

(medium) cm respectively. 

The acrylonitrile hydrogens of Lgive rise to a multiplet at ca. 6 = 5.75 ppm 

(vs. TMS, in CDC13) shifted upfield ca. 0.25 ppm from those (at ca. 6 = 6.0 ppm) 

of free acrylonitrile. The multiplet due to the phenyl hydrogens of triphenylphos- 

phine is seen at ca. 6 = 7.5 ppm. The chemical shift of acrylonitrile in 1. and the 

ratio(lO:l) of phenyl hydrogens to acrylonitrile hydrogens clearly suggest Rh(CH2 

CHCN) (Ph3P)2 moiety in L. The upfield shifts(0.25 ppm) observed for the acryloni- 

trile hydrogens in 1 are understood in terms of the increase in electron density 

at acrylonitrile due to its a-acceptor charactor through the n-system of the vinyl 

group as suggested by the IR data. The low oxidation state of rhodium in 1. probably 

facilitates the electron flow from the metal to the n-system of the vinyl group in 

the coordinated acrylonitrile. The hydrogens of acrylonitrile coordinated through 

nitrogen show downfield shifts relative to those of free acrylonitrile. 6aa No 

complexes of coordinated acrylonitrile through the n-system of the nitrile group 

have been reported thus far. 6 

The complex 1 reacts with molecular hydrogen in chloroform at 25’C to give the 

propionitrile-rhodium(I) complex, [Rh (CH3CH2CN) (CO) (Ph3P) 2] C104 (2) (eq. 2) . ” 

[Rh (CH2CHCN) (CO) (Ph3P)2] CI04 + H2 - 

[Rh (CH3CH2CN) (CO) (Ph3P) 2] CI04 

The IR spectral data provide the information on the nature of the bonding 

(2) 

between metal and nitrile. It is well established that the bonding of a nitrile 

to a transition metal through nitrogen increases vCN relative to vCN of the nitrile 

uncoordinated, whereas the bonding through the n-system of the EN group is charac; 

terized by a decrease in vCN. 6 The v CN of propionitrile in 2 is seen at 2260 cm -1 

(Nujol) while that of free propionitrile is seen at 2248 crn-l,l’ which suggests 

that the propionitrile in 2is coordinated through nitrogen. The vco (1970 cm-l, 

Nujol) observed for 2 is significantly lower than that (1995 cm-l) for L. This may 

be the reflection of stronger Rh-CO bond in 2 than in 1. The IR spectrum of 2 also - 
shows a strong and broad band at 1106 cm -‘(NujoI) - suggestng the anionic tetrahe- 

dral CI04 group in 2_ as seen for 1. 7 
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The lH-NMR spectrum of 2 shows the methyl hydrogens of the coordinated prdpio- 

nitrile at d = 0.53 ppm(triplet, vs. TMS, CDC13) and the methylene hydrogens at 

o = 1.97 ppm(quartet), while free propionitrile shows those at 6 = 1.22 and 6 = 2.38 

ppm, respectively. The moiety of Rh(CH3CH2CN) (Ph3P)2 is evident in 2 from the 

chemical shifts of the hydrogens of propionitrile and the ratio of the phenyl hydro- 

gens at ca. d = 7.5 ppm to the hydrogens of propionitrile. The methyl hydrogens 

of propionitrile in ; are shielded more upon coordination to rhodium(I) than the 

methylene hydrogens(l.22 - 0.53 = 0.69 ppm and 2.38 - 1.97 = 0.41 ppm, respectively). 

The hydrogens of saturated nitriles coordinated to d6 transition metals (Ru (II) ; Rh 

(III)) showed downfield shifts relative to those of the free nitriles, while those 

coordinated to d8 transition metal(Ir(1)) showed upfield shifts. 11,12 
The upfield 

shifts observed for 2 may be due to the facile electron flow from the electron rich - 

rhodium(I) to propionitrile. The spin coupling between 103 
Rh and the hydrogens of 

coordinated propionitrile has not been observed. 

Acrylonitrile in 1 is readily replaced by propionitrile or triphenylphosphine 

to give 2 or [Rh (CO) (Ph3P) 3] C104 
13 

in chloroform under nitrogen at 25’C (eq. 3). 

[Rh (CH2CHCN) (CO) (Ph3P) 2] C104 + L > 

[Rh (CO) (Ph3P) 2L] C104 + CH2CHCN (3) 

L = CH3CH2CN, Ph3P- 

The reaction of 1 with molecular hydrogen to produce 2(eq. 2) has prompted us 

to investigate the catalytic activity of 1_ for the hydrogenation of acrylonitrile. 

It has been found that the acrylonitrile solution of 1 under hydrogen(PH2 = 700 mmHg) 

at 25’C catalytically produces propionitrile and polyacrylonitrile. For example, 

a 10 ml of acrylonitrile solution of L(O. 12 g, 0.15 mmole) under hydrogen(PH2 = 700 

mmHg) produces 7.5 mmoles of propionitrile and 0.12 g(ca. 2.3 mmoles of acryloni- 

trile monomer) of insoluble beige polyacrylonitrile l4 for 100 hours at 25’C. 

Acknowledgement. We thank the Korean Science and Engineering Foundation for the 

financial support. 
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Abstract: The reduction behaviour of P W 
2 l*-nMonoZ 

anions that can undergo 

one or two-electron reduction steps has been rationnalized by taking 

MovO-MO' angle and its deformation ability into consideration. 

INTRODUCTION 

Among the numerous heteropolyanions known' to easily give heteropolyblues 

by reduction P2Mo18 62 2 ,8 06-(P MO ) and As2Mo18 are the only two that undergo 

two-electron reduction steps even in the absence of protonation process. 

Garvey and Pope' explain this particular behaviour by the chirality of 

P2Mo18 owing to an intramolecular rearrangement of short and long MO-O-MO 
3a 

bonds. 

We have investigated the reduction processes of some P2W,8_nMon and 

PW,2_nMon polyanions that we recently prepared by stereospecific methods 495 . 

The Garvey and Pope interpretation was reconsidered by taking the influence 

of the positions of molybdenum atoms on the reduction pattern into account. 

EXPERIMENTAL 

Preparation. K6P2W,5M03062. To a mixture of molar hydrochloric acid(125 ml) 

and molar sodium molybdate(l5 ml) solutions were added Na 
,2p2w15056(20 " 

then, after dissolution, potassium chloride(25 g).The yellow precipitate 

was filtered off and recrystallised from acidulous water(50 ml; pH 2). 

Anal. Calcd for K6P2W,5M~3062,14 H20 : K 5.11 ; MO 6.28 ; P 1.35 ; W 60.1 ; 

H20 5.49. Found: K 5.15 ; MO 6.26 ; P 1.35 ; W 59.7 ; H20 5.50 

All other compounds were prepared by previously published methods 4,5,6 . 

Na12P2W15056 
has been first erroneously described as P2W,66. Analytical 

procedures were given previously4. 

Reduction. Phosphopolyanion solutions(5.10-3mol.1-1) were electrochemically 

reduced at pH 1 to obtain two-electron blues and at suitable higher pH to 

obtain four-electron blues. The polarogramms were recorded on Radiometer 

1229 
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PO4 polarograph with rotating glass-imbedded carbon rod electrode. The 

halfwave potentials depending on the nature and the concentration of the 

counterions, the measurements were made in molar Na+ solutions. 

RESULTS AND DISCUSSION 

Halfwave potentials,measured under conditions where the reduced anions 

are not protonated, are given in table 1. a,-P2W,,Mo that contains the 

molybdenum atom in an equatorial site is more reducible than P2Mo18 as 

PW,,Mo is more reducible than PMo,2. On the other hand when the molybdenum 

atom is in a"cap" M30,3, it is less reducible than P MO 2 ,8.This agrees with 

Pope et al 798 proposal that P2W,8 is initially reduced at one one of the 

twelve equivalent equatorial tungsten atoms. Moreover it should be the 

same for P2Mo,8. Indeed, all the P W 2 ,8_nM~n compounds that contain equato- 

rial molybdenum atoms are more reducible than P MO 
2 18 

while P2W,5M03 that 

contains molybdenum atoms only in a M30,3 group is less reducible than 

p2Mo18' 
Table 1. Half-wave potentials(V vs. S.C.E.) 

Species E,,2 at pH 4.7 AEa E,,2 at pH 13 

O-I I-II II-III III-IV 

'2'18 
+0.04 -0.13 

el-P2W,7Mo (4jb +0.39 -0.05 

a2-P2W17Mo (1) +0.23 -0.20 

P2W15M03 (1,2,3) +0.26 +0.06 

P2W,4M~4 (4,9,10,15) +0.48(0-II) 

A-P2W13M05 (1,4,9,10,15) +0.47(0-II) 

B-P2W13M05 (1,4,9,10,16) +0.46 +0.35 

P2W12M06 (1,4,9,10,15,16) +0.45(0-II) 

P2Mo18 
+0.32(0-II) 

pw12 
-0.02 -0.29 

PW,,Mo +0.55 -0.20 
” 

PWgMo3 +0.60 +0.26 

PMol2 
+0.44 +0.27 

0.17 

0.44 

0.43 

0.20 

0.05 

0.04 

0.11 

0.03 

0.00 

0.27 -0.70 -0.94 

0.75 -0.77 -0.96 

0.34 -0.38 -0.98 

0.17 

-0.51 -0.67 

-0.52 -0.64 

-0.48 -0.59 

-0.35 -o.ro 

-0.39 -0.60 

-0.36 -0.60 

-0.38 -0.60 

-0.36 -0.58 

-0.18(11-W) 

-0.19 -0.38 
L. 

aAB = E ,,pI)-E,.,2 (I-II) was calculated from E3,4-E,,,4 for bielectronic 

waves.Then it is only an order of magnitude. 
b 
Arabic numerals in parenthesis 

refer to the positions of molybdenum atoms'(figure 1). 
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PiglIKe 1. Idealized StKUCtUre Of o-P2WlgO62. o-P2WolgO62 has the $tme 
framework but the HO-O-MO bonds are alternatively short and long . 

Furthermore it appears that P2Wol8 is not the only phoaphopolyanion that 

undergoes two-electron reduction step; three other compounds studied here 

behave likewise. According to Garvey and Pope 2 interpretation, it is possible 

that in a group of molybdenum atoms the Uo-O-MO bonds would be alternatively 

short and long but this effect should be the same in PU0123~ and P2Wl5H03 for 

which odd states of reduction were observed (table 11. 

As the four anions that undergo two electron reductions contain at least a 

group of four corner-sharing WOO6 octahedron, i.e. located in 4,9,10 and 15 

positions, we assume that, in such a group , the stabilizing effect of 

antiferromagnetic spin pairing overcome the destabilizing effect of increasing 

charge. Indeed, if we consider, as usual, that electrons are introduced in 

metal atom dxy otbitals perpendicular to the metal-terminal oxygen direction, 

the more dxy orbital8 overlap the more d electrons are strongly coupled. The 

largest overlap between dxy orbital8 and bridging oxygen 2p orbital8 would 

occur for linear W-O-W bonds; this borderline case has 

Jeannin, Launay et allo on the 

electrons are strongly coupled 

I w403cl5(n2014 2- anion I 
in an antiferromagnetic 

been observed by 

where the two d 

way. 
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In P2Mlg compounds the M(4)-O-M(10) angle between the two PMg half-anion3a 

is 162“. AS often as several molybdenum atoms are concerned the angle can 

open by rearrangement of short and long MO-O-MO bonds. ThenAX(table l? the 

difference between the first and second reduction potentials would decrease as 

the deformation ability of MO(~)-0-Mo(lCJ) bonds would increase (P2Mol6 < 

P2Wl2MO6 < A-P2Wl3MO5 < P2Wl4MO4 C B-P2Wl3MO5 < P2Wl51. For instance, if we 

compare the two P2Wl3MO5 formally deriving from P2Wl2Mo6 by replacing one 

molybdenum by one tungsten atom in position 16(A) of 15(B), the latter would 

more enhance the rigidity of the molybdenum group and then increase&. 

This interpretation, based on dxy orbital8 overlap and deformation ability 

Of MO-O-MO bonds, can explain in the same Way why P2Wolg and As2Wol5 undergo 

second and third two-electron reduction stepsll since they contain three 

groups of four corner-sharing Wo06. FOI: P2Wlg_nMon(n = 4,s or 6) compounds 

the first four electrons are introduced in the same group of molybdenum atoms, 

then the effect of increasing charge overcome the effect of spin pairing. 

In PM012 the splitting AE is about the same as in P2Wl5U03 where the Woo6 

octahedrons are edge-shared but it is weaker than in PWgHo3 where the MOO6 are 

corner-shared with a theoretical MO-O-MO angle of 151O. Likewise SiW12_,Mon 

(n = 2 or 3jgc exhibit larger splittings12 than SiMol2 and even than SiWl2. 

All this agrees with the first two electrons introduced in the same M3013 

group of XMl2, the two WV06 octahedrons being then edge-shared. 

The conclusion is that, for X2Wlg polyanions, the splitting of two-electron 

reduction steps into one-electron reduction steps varies with the M"-O-M" 

angle between the two XMg half-anions, If several 

shared the short and long MO-O bonds can rearrange 

weaker splitting. Then the reduction behaviour of 

an exception but merely a borderline case. 

~006 octahedrons are corner 

to favor angle opening and 

P2Mol8 and A82Mol6 iS not 
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Abstract - The detection of the *II resonance of 

*HPeCa(C0)12 led to the detection of the broader 

lH resonance of the 'H lsotopomer. The shift is 

-21.4 ppm. 

In the past twenty years it has been widely demonstrated 

that 'H NMR spectroscopy is a simple, accurate and 

effective method for the detection of a hydrido-ligand 

In a metal complex.' Difficulties can arise in this method 

however if the metal which is involved has a nucleus, M, 

possessing an electric quadrupole moment. This is the 

case if the nuclear magnetic spin quantum number, I, of 

the metal has a value greater than l/2. Examples are 

5gCo (I=7/2) and 55Mn (Id/R). Moderately rapid 

relaxation of M caused by the electric quadrupole 

relaxation mechanism, at a rate denoted (TqM)-', can then 

broaden the hydrido lH resonance if M and H are scalar 

spin coupled (JHM). In the limit that the 'H multiplet 

has collapsed to a single broad Lorentzian line, the 

1235 
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proton relaxation time T2-H is given by 2 

a! -H)’ - I(I+1)4rr2JHM2TqM/3 

Q-H can be so short that the lN resonance is very 

difficult to detect since the line is very broad. This 

has been the case for example with HMCo3(CO)i2 

[M=Fe,Ru,Os] , so that the nature of the hydride ligand in 

solutions of these compounds has remained unknowns3 a4 s5 

Even in the case of the solids there was initial 

uncertainty concerning the bonding which was eventually 

elucidated by X ray and neutron diffraction studies of 

HFeCo3 (CO)9 [ HOC& )3 ] l 6 s7 s8 These showed that the 

hydrido ligand occupied a us-coordination site below the 

tricobalt face. Renewed attempts to detect the hydrido 

signal in the 'H NMR 8 pectra were unsuccessful. These 

employed low temperatures to increase the 'thermal 

decoupling' effect, on the presumption that broadening 

was because the collapse of multiplet structure was only 

partial.' 

We report here a novel method for the measurement 

of the lH shift in these cases by the use of surrogate 

2H NMR spectra of a deuteriated sample.*' A chloroform 

solution of 2HFeh(CO)12 gave a 2H signal with a 

line-width of 35 Hz at 294 K. The technique works because 

the value of 'JHM for the 2H isotopomer is smaller by a 

factor of 6.51 than the value in the 'H isotopomer, and 

therefore the value of T2-H is expected by equation 1 to 

be (6.57)2, i.e., 42.38 times larger for the 2H resonance 
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than for the 'H resonance. Thus the contribution to the 

2H line-width from the H-metal interaction should be 42.38 

times smaller for 2H than for 'H. A complication is that 

since the ?li nucleus possesses its own quadrupole moment, 

the 2H linewidth might be dominated by this effect. The 

fact that the width did not increase when the temperature 

was raised to 333 K suggests that this is SO. The value 

of 35 Hz for the 2H line-width however is still quite low 

and if it was all attributed to the effect of the 5gCo 

then the corresponding 'H line-width would be 

35 x 42.38 = 1483 Hz, a figure which should constitute 

only an upper limit. Even a line of this width should be 

detectable with high resolution instrumentation, however, 

and It was indeed found by the use of a wide spectral 

width (150 ppm) such as normally employed for example In 

the detection of broad resonances of paramagnetlc 

complexes. At 302 K the width was measured as 

approximately 550 Hz and the shift as ca. -21 ppm. The - 

line width decreased to 500 Hz at 292 K. The 

corresponding 2H line width is calculated as 13 Hz, 

rather less than the value measured. The difference of 

22 Hz must be due to the quadrupole relaxation of 2H 

itself. Use of a correlation time TC of 20 ps gives 

the electric quadrupole coupling constant for 2H as 

150 kHz if axial asymmetry is assumed. 

The hydrido shifts measured for LH and 2H are the 

same (within the rather large errors arising from the 

large 'K line-widths) as expected in the absence of 
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primary isotope effects on shieldings.lL The value of 

-21.4 ppm relative to lUS is surprisingly within the 

normal region of absorption of Ir2-bridging 

hydrides.L gL2 It is noticeably to high field of the 

resonances for other )13-face bridging hydrides:L3’L4 

(1~3+04Re, (CC012 at -5.1 ppm; I_ (~3-H)(IrLL'th)3] 

CP%]2 at -3.9 ppm. It is different also from the case 

of HFeCoZ (CO)g CM which probably has a u3 -hydride 

structure although there is no report of a crystal 

structure determination. For this compound the value 

-9.81 ppm has been reportedi and considerable 

broadening of the hydrido resonance was ascribed to 

the effect of the 5gCo nuclei. 

Clearly the question now arises concerning what 

is the range of shift values which p3-hydrido 

resonances can have as the cluster types and the 

metals vary. 

The use of surrogate ‘H-spectra should 

constitute an Important method in studies of this 

sort, and in more general Investigations of hydrido 

derivatives of cobalt, manganese and other 

quadrupolar metals. 
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THE PREPARATION AND CRYSTAL STRUCTURE OF BIS(BIS@IPHENYL 
PHOSPHINO)ETHANE)CARBONYLFORMYLOSMIUM(II) 
HEXAFLUOROANTIMONATEDICHLOROMETHANE (l/l) 
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Abstract-Reaction of ~rans[Os(CO),(dppe)J2 + with [KHB(OPr’),] gives the fokyl complex tram- 
[Os(CHO)(CO)(dppe)2][SbF,I which is thermally very stable; the crystal structure shows it to have 
trans stereochemistry and a long OS-C bond. 

We have recently reported’ the successful isolation of (P-P = Ph2P(CH2),PPh2, n = 1, dppm; n = 2, dppe). Al- 
cz&k CrjirrrLz, z-~@kk~ -&rrt&~~Grm~ fi-m, %+fi ~&VI, 

I. 
T&&&I SXCSt %ii& ZAWh$kX3 ?iR YtfEiC~ffi~ &I~L %I 

05 monohydi&c redncjng ageDIs OD jRujC0)1p-T?>$1’~ isda’ilon and characktia~on, I&y ~~~~OJJJJJOSS~ Glib 
half-lives of < 15 min in solution at room temperature.2 

*Author to whom correspondence should be ad- We now report the isolation of an analogous osmium 
cbresseh. corn&z w%c~.>~ subbatii~ mDfe ins& 

’ 

Fig. 1. Solid state structure and atomic numbering scheme for the cation of tram- 
~~~(~H~)(C~)(dppe)d[~bF,I-CH,CI,. C(1)-0(1), 1.181(11); OS-C(l), 2.155(28); 
OS-C(~)--0(1),130.7(27); C(2)-O(2), 1.096(35); OS-C(~), 1.983(32); OS-e(2)-O(2), 173.0(28); 

C(l)-&-C(2), 172.1(11). Angles in O, lengths in A. 
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Treatment of truns[Os(CO),(dppe)#bF &, prepared 
from [OsCl,(dppe),], CO and excess Ag[SbF,], with 
excess [KHB(OPr’),] leads to the formation of trans- 

[Os(CHO)(CO)(dppe)J[sbF,1 which has been fully char- 
acterised spectroscopical1y.f The complex is very much 
more thermally stable than its ruthenium analogue. 
For example, only 60% conversion to trans- 

[GsCl(CO)(dppeM + is observed on refluxing trans- 
[Os(CHO)(CO)(dppe)d[sbF,1 in CHC& under N2 atmo- 
sphere for 5 days, the remaining 40% being mostly 
unchanged formyl. 

In view of the scarcity of information on the struc- 
tures of transition metal formyls)-5 in general 
and cationic formyls in particular, trans - 
[Os(CHO)(CO)(dppe)2][SbF,ICH2Cl, was studied by X- 
ray diffraction meth0ds.S The structure of the cation 
(Fig. 1) shows the presence of mutually tram carbonyl 

- 

(NO)(PPh,)] (1.225 A)4 but longer than that of [Rh- 
(CHO)(octaethylporphyrin)] (1.175 A)’ which is unusual 
in many ways, including its preparation6 by insertion of 
CO into a rhodium hydrogen bond. 

Metal formyl complexes are normally believed to have 
contributions to their structures from the two resonance 
forms shown in Fig. 2. We assume that the observed 
short C=O bond length arises from a lesser contribution 
from form II on account of the positive charge already 
present on the metal. 

Consistent with this, the OS-C bond length (2.155 A) 
is comparable with those observed for OS-C single 
bonds (2.15 A)’ but much longer than Os=C as found in 
[Os(PPh,),(CO),(CC,H,Me)] (1.90 A).8 This contrasts 
with the M-C bond length of, 
[Re(C,H,)(CHO)(NO)(Pph,)l which is closer to the va;: 
found for Re=C in carbene complexes.49 

- M+=C 
/” 
'0- 

II 

Fig. 2. Possible resonance forms for metal formyl complexes. 

and formyl groups, the two being easily distinguished by Acknowledgements-We thank Imperial Chemical In- 
an OS-&O of 130.7” for the formyl ligand, similar to dustries and the SERC for a CASE studentship (G.S.), 
those reported for anionic (134”)3 or neutral (130, the SERC for a studentship (M.T-P.) and Johnson 
128”)4,5 metal formyl complexes. Matthey Ltd. for loans of osmium salts. 

The formyl C==O bond length (1.18 1 A) is somewhat 
shorter than those observed for [EtdNl[Fe(CHO)(CO), 
(3,5-MezC6H30)3P] (1.195 A)’ and [Re(C,H,)(CHO) REFERENCES 

PIR max. cm- ‘: 2558w(v,,), 1965~s and 196Ovs(v,) 
{vca = 1970, CH,Cl, soln}, 1558vs(v,); NMR: ‘H; 
6 14.45qu, Jr, = 4.9 Hz, (CHO); 5.32s(CH,Cl,); “P 
6 17.85s. 

SCrystal data: 0s(CHO)(CO)(Ph,PCH2CH,PPh&. 
SbF,CH& F.wt = 1363.9, orthorhombic, a = 
22.361(4), b = 20.209(2), c = 11.940(2) A, V = 5369 A3, 
space group Pn2,a (alternative setting of PnaZ,, No. 33) 
Z = 4, D, = 1.65 gcmm3, p(Mo-K,) = 29.64 cm-‘, 
R = 0.059 for 2301 observed [I > 1.50(I)] reflections 
(3861 unique) measured on a diffractometer. The atomic 
coordinates, thermal parameters and bond lengths and 
angles have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic co-ordinates have also been deposited with the 
Cambridge Crystallographic Data centre. 
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Abstract-The interaction of aryldiazonium ions with some Schiff-base complexes of 
cobalt and ruthenium have been studied. With cobalt, one-electron oxidation of 
[Co(II)Salen] occurred; with [Co(I)Salen] the corresponding Co(III)-aryl complexes were 
isolated. In the case of ruthenium oxidation also occurs, [Ru(Salen)(CO)py] gave the 
corresponding monocation. The results, especially for ruthenium, are in contrast to the 
stabilisation of both nitrosyl and aryldiazonium adducts in analogous porphyrin com- 
plexes. 

We have recently begun a study of the interaction 
of aryldiazonium ions with metal complexes of 
macrocycles and other quadridentate donor li- 
gands and have reported on the preparation of 
aryldiazonium-ruthenium porphyrin species of the 
type [Ru(porphyrin)(N,Ar)L]BF,. To compare the 
effects of differing donor atoms in the equatorial 
plane we next studied the reactions of Schiff-base 
complexest and this paper summarises our results 
on cobalt and ruthenium systems. 

EXPERIMENTAL 

All solvents were dried by usual methods and 
distilled under nitrogen. All reactions were carried 
out under a nitrogen atmosphere. The starting 
complexes of cobalt(I1) were prepared by standard 
procedures2,3 and the cobalt(I) Schiff base solutions 
generated in situ by the literature method.4 Di- 
phenyliodonium chloride was purchased from Al- 
drich Chemical Company Inc. and used without 
further purification. 

IR spectra were recorded on a Perkin-Elmer 457 
spectrometer for samples pressed in KBr discs. 
Visible spectra were recorded using a Cary-17 
spectrophotometer. Elemental analyses were car- 

*,Author to whom correspondence should be ad- 
dressed. 

tAbbreviations used in this paper: H,Salen = 
N,N’-ethylenebis (salicylideneimine); H,Acacen = N,N’- 
ethylenebis(acetylacetonediimine). 

ried out at the Centro de Tecnologia do Estado de 
Minas Gerais (CETEC), Belo Horizonte, Brasil. 

N, N’-ethylenebis (salicylideneiminato) cobalt (III) 
tetrajuoroborate 

To a stirred suspension of Co(Salen) (0.975 g, 
0.003 mol) in CH,Cl, (25 cm’) was added a sus- 
pension of PhN,BF, (0.58 g, 0.003 mol) in CH,Cl, 
(25 cm3). The mixture was stirred for 1 hr at reflux 
temperature during which time a red-brown solid 
precipitated. The solid was filtered off, washed with 
CH,Cl, and recrystallised from acetone-ether to 
give a dark powder (yield, 45%). Found: C, 45.3; 
H, 3.92; N, 6.31. [C,,H,,N,O,BF,Co] requires: C, 
44.65; H, 3.72; N, 6.5%. Identical results were 
obtained using the p-NO, and p-OCH, salts and 
when acetone was used as solvent in place of 
dichloromethane. The iodo salt was prepared by 
metathesis with excess KI in acetone and compared 
with an authentic sample prepared by the literature 
method.” 

Preparation of cobalt (III) Sch@-base aryl complexes 
A stirred suspension of PhN,BF, (0.192 g, 

0.001 mol) in CH,Cl, (15 cm’) was added slowly to 
a filtered solution of [Co(I)Salen], (9.325 g, 
0.001 mol) in THF (20cm3) at - 10°C. The initial 
red-brown colour of the reaction mixture re- 
mained unaltered after 2 hr of stirring, when water 
(50 cm3) was added to give a red-brown solid. This 
was filtered off and purified by chromatography on 
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a neutral alumina column by elution in 
CH,OH-CHCl, (1: 3). The orange-red solid ob- 
tained upon evaporation was treated with pyridine 
to give the yellow-orange product (yield = 40%). 
Found: C, 55.5; H, 4.60; N, 6.70. Calc for 
[c,,H,,N,o,co]; C, 55.95; H, 4.16; N, 6.99%. The 
IR spectrum of this product was identical with that 
of an authentic sample.4 In a similar manner 
[Co(Acacen)Ph(H,0)],5 Found: C, 57.44; H, 6.54; 
N, 7.41. Calc for [C,,H,,N,O,Co]: C, 57.4; H, 6.64; 
N, 7.44; [Co(Salen)(p-NO,Ph)py], CH,OH. Found: 
C, 58.03; H, 4.80; N, 10.8% [C&H,,N,O,Co] re- 
quires: C, 58.33; H, 5.03; N, 9.7%; [Co(Salen)(m- 
NO,Ph)py]. Found: C, 61.06; H, 4.25; N, 10.1% 
[C,,N,,N,O,Co] requires: C, 61.6; H, 4.37; N, 
10.65x, were prepared in 30-50x yields. Use of 
Ph,I+Cl- (0.316 g; 0.001 mol) in CH,OH (10 cm’) 
gave a red-brown solution with [Co(I)Salen] from 
which a red-brown solid was precipitated by addi- 
tion of ether. This solid when recrystallised from 
pyridine gave the yellow-orange [Co(Salen) 
(Ph)py], identical with the authentic sample.4 

Carbonylpyridine-N,N’ ethylenebis (salicylidene - 
iminato)-ruthenium(ZZ) 

The complex [Ru(CO)Salen],, obtained as a pre- 
cipitate from the reaction between Ru,(CO),, and 
H,Salen in refluxing toluene, was dissolved in 
pyridine and the solution heated under reflux for 
16 hr, when the solvent was evaporated giving a 
yellow-green solid. Found: C, 54.6; H, 4.27; N, 
8.53. Calc for [C,,H,,N,O,Ru]: C, 54.9; H, 4.31; N, 
8.88%. 

Carbonylpyridine N,N’ ethylenebis (salicylidene - 
iminato)-ruthenium(ZZZ) tetrafluoroborate 

The complex [Ru(Salen)(CO)py], (0.25 g; 
0.503 mmol) was suspended in CHCl, (50 cm3) and 
excess aryldiazonium salt added. The suspension 
was maintained under reflux for 16 hr, after which 
the cooled solution was filtered and concentrated 
to half-volume whereupon a green solid precip- 
itated in 50% yield. Found: C, 43.80; H, 3.44; N, 
7.09. Calc for [Ru(Salen)(CO)py]BF,, 0.5 CHCl,: 
C, 43.49; H, 3.46; N, 6.77%. A similar procedure 
using Et,O+ BF,- in place of ArN,+ BF,- resulted 
in an identical product. 

RESULTS AND DISCUSSION 

Cobalt 
The complexes studied were those of H,Salen 

and H,Acacen: The reactions of Co(II)Salen with 
p-XC,H,N,BF,, (X = H, NO,, OCH,), in either 
chloroform or acetone at room temperature all 

gave the same product, characterised by IR spec- 
troscopy and elemental analysis as the product of 
one-electron oxidation, [Co(III)(Salen)(H,0)]BF4. 
The formulation was confirmed by metathesis with 
I- and comparison of the IR spectrum with that of 
an authentic sample of [Co(Salen)I] formed by 
oxidationof[Co(II)Salen] with I,.4A similar reaction 
occurs for [Co(II)acacen)(H,O)J. This mode of 
reaction has been observed previously for ar- 
yldiazonium ions with [Cr(C,Me,)(CO),(PPh,)] giv- 
ing the corresponding monocation. 

In an attempt to prepare Co(III)-aryldiazenato 
complexes we next considered oxidative addition 
of Co(I) species. When C,H,N,BF, in acetone was 
added to the green solution of Na[Co(I)Salen] in 
tetrahydrofuran’ at room temperature the colour 
of the solution immediately changed to red-brown 
and upon work-up as described in the Experi- 
mental Section of o-aryl complex [Co(Salen) 
(Ph)py] was obtained. Use of lower tem- 
peratures followed by precipitation with diethyl 
ether failed to isolate the presumed aryldiazenato 
intermediate. The use of aryldiazonium ions as 
arylating agents has been described previously for 
[IrCl(CO)(PPh,),]’ and by Nesmeyanov’s group 
with complexes such as [FePh(Cp)(C0)J8 Ex- 
trusion of dinitrogen from isolated aryldiazenato 
complexes [Pt(N,Ar)(PEt,),] +(9), and [RhCl,(N,Ar) 
(PPh,),],‘” also gave the corresponding o-aryl de- 
rivatives. Use of the diphenyliodonium salt, 
Ph,I + Cl-, instead of PhN2+, also gave the 
o-phenyl complex in good yield. With 
[Co(I)Acacen] the known’ [Co(Acacen)(Ph)H,O] 
was readily isolated. 

To test the generality of this reaction and to 
study the effect of substituents on the phenyl ring 
in stabilizing the Co(III)-N,Ar species the reac- 
tions of [Co(I)Salen] were investigated with 
XC6H4N,BF4 (X=p -NO,, p -OCH, and m-NO*). 
In the case of the p-NO, salt the initial red-violet 
colouration of the reaction mixture persisted for 
some time on warming to room temperature but 
the final product isolated was [Co(Salen) 
(p-NO,C,H,)py] as dark crystals. Similarly the m- 
NO, salt gave a black crystalline solid with an IR 
spectrum very similar to the p-NO, derivative. An 
unusual reaction, however, occurred using p- 
CH,OC,H,N,BF,. In this case the dark-brown 
solid which precipitated from the reaction mixture 
was identified by elemental analysis and IR spec- 
trum to be [Co(III)Salen]BF,, representing a for- 
mal two-electron oxidation. We have not as yet 
investigated the mechanism of this reaction but the 
observation agrees in general with the deactivating 
role of methoxy in nucleophilic aromatic substi- 
tution. 
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A formal two-electron oxidation occurs in the 
formation of the Ir(III)-tetrazene complex, 
[Ir(CO)(PPh,),(N,Ar,)]BF, from [Ir(Cl(CO)PPh,),] 
and aryldiazonium ion in benzene/ethanol.” A 
mechanism involving attack of ArN,+ on an 
Ir(IkN,Ar moiety has been proposed;‘2 a similar 
situation in the cobalt case could also account for 
the observed result. 

The results outlined in the Scheme are in accord 
with the known chemistry of these cobalt com- 
plexes, but do underline again the utility of ar- 
yldiazonium and diphenyliodonium salts as 
phenylating agents in inorganic chemistry es- 
pecially where the standard Grignard or ar- 
yllithium route is inaccessible and usually are made 
from the less reactive aryl halides.13 

Initial results on dimethylglyoxime and por- 
phyrin complexes of cobalt also indicate that this 
reactivity is in fact general. Thus reduction of 
[CoCl(dmg),py] to Co(I) by NaBH,, destruction of 
excess borohybride with acetone and reaction with 
PhN2+BF, gave the knownI [Co(dmg),Ph(py)]. 
With Co(II)(TPP) in CH,Cl, treatment with 
ArN, + gave visible spectra indicative of oxidation, 
the Soret band moving from 412 to 435 nm. At- 
tempts to prepare phenyl derivatives by reduction 
with Na/Hg in pyridine15 and subsequent reaction 
with ArN,+ did not however give a pure product 
but instead a mixture of species with very similar 
Rf values. 

Na/Hg 

Ruthenium 
As the porphyrin species studied’ were of the 

type [Ru(porphyrin)(CO)L] we studied the syn- 
thesis of similar Schiff-base complexes using 
H,Salen. The dimeric [Ru(Salen)(CO)], has been 
prepared from Ru3(CO),, and the base in DMF16 
while use of [RuCl,(PPh,),] gives [Ru(Salen) 
(PPh,),] from which a number of derivatives may 
be prepared.“,” 

We have found that use of the same solvent 
system as that used for porphyrins”**’ gives a very 
clean and simple route to the dimer with yields of 
SO-85%. Thus upon reaction of H,Salen with 
Ru,(CO),, in refluxing toluene the yellow [Ru 
(Salen)(C precipitates upon formation. The 
complex isolated is analytically pure and may be 
used without further purification. Upon dis- 
solution in solvents such as pyridine under reflux 

the yellow-green [Ru(Salen)(CO)py] is formed. 
The v (CO) of this complex (1930 cm - ‘) is com- 
parable with that of such derivatives as 
[Ru(pyr,en)(CO)PPh,] (1940 cm - ‘).I’ 

When [Ru(Salen)(CO)py] was allowed to react 
with C,H,N,+BF,- or p-NO,C,H,N,+BF,- in 
chloroform the initial yellow-green solution turned 
green and upon addition of ether a green solid was 
isolated. Elemental analysis and the IR spectrum 
[v(CO) = 1950, v asym(BF4) = 1050 cm-‘] were also 
indicative of one-electron oxidation of the Ru(I1) 
centre to Ru(II1). An identical product was ob- 
tained using Et,O+ BF,- which has also been 
shown to effect l-e oxidation in inert metal 
complexes. 2’ The IR bands attributable to the base 
move only slightly and are essentially identical to 
those reported for [Ru(Salen)(CO)],. 

The assignment of l-e oxidation is consistent 
with the chemistry observed previously but the 
very slight increase in v(C0) is unusual. Very few 
carbonyl complexes with planar Schiff-base ligands 
are in fact known; the Fe(II)/Fe(III) complexes 
which might be expected to serve as comparison 
are not known because of lack of reactivity even at 
high pressures,16 and points up an interesting 
difference with the phthalocyanine and porphyrin 
ligands where the carbonyl adducts are of course 
formed readily. The affinity of CO for Ru(I1) is 
well documented; indeed oxidation of the corre- 
sponding ruthenium+arbonyl-porphyrin com- 
plexes results in cation radicals from oxidation of 
the macrocycle rather than the metal centre.22 The 
low value of v(C0) in the Salen species may be 
explained by a strong o-donation to the Ru-CO 
bond. Further studies with different Schiff bases 
and oxidising agents are in progress to determine 
the generality of this point, as indeed very few 
Ru(III)-carbonyl complexes are known. 

The analogy between the nitrosyl and ar- 
yldiazonium ions has been much discussed.23 Reac- 
tion of NO with Ru(Salen)(PPh,), gives an oxo- 
bridged species; coordinated nitrite from oxidation 
of the nitrosyl group is also formed.24 The results 
for Schiff-bases are in contrast to the stabilisation 
of both nitrosy12s and aryldiazonium adducts in the 
Ru-porphyrin series; consistent with the ,good 
a-donor properties of the porphyrin ligand and the 
greater ease of oxidation of the Schiff bases. The 
use of metal-macrocycle complexes is becoming of 
increasing interest in the study of the’ coordination 
chemistry of small molecules, where donor atoms 
in the equatorial plane and physicochemical prop- 
erties such as redox potentials, etc. can be system- 
atically varied. The consistent differences found in 
this work encourage this approach. 
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Abstract-Dichlorotetrakis(dimethylsulphoxide)ruthenium(II) reacts with AsPh,, 
AsMePh,, AsMe,Ph and SbPh, in ethanolic hydrochloric acid solution to yield the 
complexes RuC12(DMSO),(AsPh3),, RuCl,(DMSO) L, (L = AsMePh,, AsMe,Ph, SbPh,) 
respectively. The treatment of ruthenium(I1) blue solution with AsMePh,, AsMe,Ph and 
SbPh, in alcohol resulted in the formation of the complexes; RuCl,L, (L = AsMePh,, 
AsMe,Ph and SbPh,), respectively. 

The reaction of RuC12(DMSO), with the bidentate ligands 1,2 bis 
(diphenylarsino)methane (DPAM), 1,2 bis(diphenylarsino)ethane (DPAE) and 1,2 bis 
(diphenylphosphino)methane (DPPM). 1,2 bis(diphenylphosphino)ethane (DPPE), in eth- 
anol gave the complexes RuCl,(DPAM),, RuCl,(DPAE),, RuCl,(DPPM), RuCl,(DPPE),, 
respectively. The complexes thus obtained undergo reaction with carbon monoxide, 
hydrogen, molecular nitrogen and nitric oxide to yield a variety of mixed ligand complexes. 

During the last decade extensive research has been 
carried out on ruthenium(I1) complexes of tertiary 
phosphines especially Wilkinson& complex 
RuCl,(PPh,),. ‘v2 In contrast to the tertiary phos- 
phine complexes, there are very few reports on 
ruthenium(I1) complexes with monotertiary ar- 
sines. Some of these complexes include 
RuC1,(AsMePh,)43 and RuC1,(AsMe2Ph),4 that were 
obtained by the interaction of RuCl, with AsMePh, 
or AsMe,Ph, respectively. However, RuCl, is not 
a very good source of ruthenium(I1) since reduction 
to the ruthenium(I1) state’ by the less basic arsine 
ligands in high boiling solvents invariably results in 
the formation of either polymers or chlorobridged 

*Resent address: Central Salt & Marine Chemicals 
Research Institute, Bhavnagar 364 002, Gujarat, India. 

dimers.’ Thus, reaction of RuCl, with ethyl- 
diphenylarsine in the presence of acid yielded 
Ru,Cl,(AsEtPh,),Cl with triple chloro bridges.6 

A number of ruthenium(I1) complexes were re- 
ported with bidentate ligands. Thus interaction of 
ruthenium(II1) halide with o-phenylene-bisdi- 
methylarsine(diars) produces RuX2(diars)27. Simi- 
lar preparative method with the ditertiary phos- 
phines, diphos, (1,2 bis(diphenylphosphino)ethane, 
1,2 bis(diphenylphosphine)methane and o-pheny- 
lenebis(dimethylphosphine) gave RuCl,(diphos),.8 
The diarsine complexes prepared by this method 
include trans-RuCl,(DPAE), and trans-RuCl, 
(DPAM), (DPAE = 1,2 bis(diphenylarsino) eth- 
ane, DPAM = 1,2 bis(diphenylarsino) methane).’ 

In the present work attempts were made to 
prepare monomeric ruthenium(I1) complexes with 
a variety of monodentate arsines and bidentate 
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phosphines and arsines. The complex RuCl, 
(DMSO),‘“~” was employed as a suitable 
starting material for the synthesis of Ru(I1) com- 
plexes with mono and bidentate phosphines and 
arsines. The blue solution’2 prepared by the reduc- 
tion of RuCl, with zinc amalgam was also em- 
ployed successfully for the synthesis of Ru(I1) 
complexes with monodentate ligands. The Ru(I1) 
complexes thus obtained activate small molecules 
like H,, N,, CO and NO to yield a variety of mixed 
ligand complexes of mono or bidentate ligands 
with the small molecules. 

EXPERIMENTAL 

The ligands, triphenylstibine, 1,2-bis(diphenyl- 
phosphino)methane (DPPM),l,Zbis(diphenylar- 
sino)methane (DPAM), 1,2-bis(diphenylphos- 
phino)ethane (DPPE),l,2-bis(diphenylarsino) 
ethane (DPAE) were obtained from Ventron 
Corp., U.S.A. Triphenylarsine was from May- 
bridge Chemical Co., U.K. The arsine ligands, 
methyldiphenylarsine and dimethylphenylarsine 
were prepared by reacting the respective methyl- 
iodoarsines with methylmagnesium bromide in dry 
ether. Methyliodoarsine and dimethyliodoarsine 
were prepared by standard methods.13 The reaction 
products were purified by vacuum distillation. 
Hydrated ruthenium trichloride (RuCl,*3H,O) was 
purchased from Alfa Ventron, U.S.A. and also 
from Johnson Matthey (England). The complexes 
RuC~~(DMSO),‘~~” and RuC12(PPh3)3’*2 were syn- 
thesized by published procedures. All organic sol- 
vents and acids used were BDH Analar grade. 

The gases used in this work, carbon monoxide 
and nitric oxide were prepared and purified by 
standard procedures. Pure molecular hydrogen 
was obtained by electrolysis of a 20% solution of 
sodium hydroxide in a U-tube fitted with nickel 
electrodes and the gas dried by passing through a 
calcium chloride tower. Nitrogen gas obtained 
commercially was freed from oxygen and moisture 
by passing through vanadium(I1) sulphate and 
alkaline pyrogallol solutions and finally through 
ascarite. Vanadium(I1) sulphate solution was pre- 
pared by reduction of vanadyl(IV) sulphate solu- 
tion by passing the solution through a column 
filled with zinc amalgam. All the complexes re- 
ported in this work were prepared under purified 
nitrogen atmosphere using the Schlenk tube tech- 
nique. 

The elemental analysis of the elements carbon, 
hydrogen and chlorine was performed by the Mi- 
croanalytical service, CSIRO Australia and 
Chemalytics Inc., Tempe, Arizona, U.S.A., IR 
spectra were recorded on a Beckman IR-12 spec- 

trophotometer. The NMR spectra were recorded 
on Varian A-60 and HA-100 spectrometers. The 
electronic spectra were measured in methanol- 
chloroform or dichloromethane solvents using 
Cary Model-14 and Carl Zeise DMR-2 spec- 
trometers. Conductance data were obtained in 
dimethylacetamide (DMA) solution using a sys- 
tronic conductance bridge and a cell which had 
been calibrated with 0.1 M aqueous potassium 
chloride solution. 

PREPARATIONS 

(1) Dichlorobis(dimethylsuiphoxide)bis(tr@henyl- 
arsine)ruthenium (II) 

A solution of 0.24g (0.5 mmol) of 
RuCl,(DMSO), in 10 cm3 of ethanol and 3 cm3 of 
concentrated hydrochloric acid was refluxed for 
about 15 min. To the hot solution was added an 
ethanolic solution of triphenylarsine (0.612 g, 
2 mmol) and refluxed for about 6 hr. The colour of 
the solution changed from orange to brown. The 
solution was evaporated to a small volume under 
reduced pressure and the orange brown complex 
was precipitated by dissolving in acetone and 
reprecipitating with ether. The same complex was 
also prepared by heating 0.24 g of RuCl,(DMSO), 
and excess of triphenyl arsine (1.530 g, 5 mmol) 
dissolved in a mixture of ethanol and hydrochloric 
acid (70 and 7 cm3 respectively) in a sealed tube at 
70°C for about 48 hr. At the end of the reaction 
period a green complex separated which was 
filtered and washed with methanol. The complex 
was recrystallised from dichloromethane and ace- 
tone. 

(2) Dichloro (dimethykdphoxide )tris(diphenylme - 
thyhzrsine)ruthenium(ZZ) 

About 0.24 g (0.5 mmol) of RuCl,(DMSO), was 
dissolved in 10 cm3 of ethanol and 3 cm3 of concen- 
trated hydrochloric acid was added and the solu- 
tion refluxed for about 15 min. To the hot 
solution was added methyldiphenylarsine (0.9 gm, 
3 mmol) in 20cm3 of ethanol and refluxed for 
about 6 hr. The colour of the solution changed 
from scarlet-red to brown. The solution was evap- 
orated to a small volume and the chocolate brown 
complex was precipitated by the addition of petro- 
leum ether and recrystallised from dichlo- 
romethane and ether. 

(3) Dichloro(dimethylsulphoxide)tris(dimethylphe- 
nylarsine)ruthenium (II) 

A solution of 0.24g (0.5 mmol) of RuCl, 
(DMSO), in 10cm3 of ethanol and 3cm3 of 
concentrated hydrochloric acid was refluxed for 
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about 15 min. To the hot solution was added a 
solution of dimethylphenylarsine (0.846 g, 3 mmol) 
and refluxed for about 6 hr. The solution was 
evaporated to a small volume and cooled to 
-2X b:y kssplng in. dpj !cs. The. orange- eoayle26 
was precipitated by the addition of p&r&urn ether 
(40-60 grade). The complex was recrystallised 
ffrom &cIt~oromethane and ether. 

A mixture of RuCl,(DMSO), (0.24 g, 0.5 g, 
0.5 mmol) and triphenylstibine (0.704 g, 2 mmol) 
in 30 cm3 of ethanol was refluxed for about 3 hr. 
The soiution turned yellowisn orange from brown. 
Tne pink powder separated was fifiereci and 
washed wifn metkim& Tkre complex was re- 
crystallised either from alcohol or dichlo- 
romethane. 

(5) Dichlorotris(methyldiphenylarsine)ruthenium- 

(II) 

(6) Dichlorotris(dimethylphenylarsine)ruthenium- 

(II) 
These complexes were prepared by the addition 

of 6 mmol of methyldiphenyl or dimeth- 
ylphenylarsine to an alcoholic blue solution ob- 
tained by refluxing ruthenium trichloride (0.208 g, 
1 mmol) with zinc amalgam for 30 min. Zinc was 
removed from the solution and 3-4 cm3 of hydro- 
chloric acid added. The mixture was further 
refluxed in the presence of the appropriate ligand 
for 3-4 hr. For the methyldiphenylarsine complex, 
solvent was removed under vacuum and the brown 
complex precipitated by the addition of acetone 
and recrystallised from dichloromethane and ether. 
The dimethylphenyl arsine complex separated as 
yellow crystals was filtered, washed with acetone 
and methanol and recrystallised from alcohol. 

(7) Dichlorotris(triphenylstibine)ruthenium(II) 
Ruthenium trichloride (0.208 g, 1 mmol) was 

refluxed with zinc amalgam in alcohol for about 
30 min. Zinc was removed and to the blue solution 
triphenylstibine (1.408 g, 4 mmol) in alcohol was 
added. The solution was refluxed for about 2; hr. 
A pink coloured solid separated which was filtered 
and washed with methanol. The complex was 
recrystallised from alcohol. 

(8) Dichlorobis { 1,2-bis(diphenylarsino)methane} 
ruthenium(II) 

and ditertiary arsines and phosphines 1249 

(9) Dichlorobis (1 ,Zbis(d@henylphosphino)meth- 
ane)ruthenium(II) 

To a solution of RuCl,(DMSO), (0.242 g, 
0.5 mmol) in loom3 of ethanol, was added a 
s&L!.& Qf t)le qq!&!qz&ak !&g&PA (1!L-!n@~ k_ 
30m3 of ethanol. The mixture was refiuxd for 

about 4 hr. Lemon yellow crystals in the case of 
‘x&>J\‘D?N>J anh orange erysIa>s ‘m ease 01 
RuCl,(DPAM)* were filtered, washed with meth- 
ano\ W&d et&r. The cAn.Y$e~~~ were Xcqstal&d 
from di&oromethane. 

(10) Dichlorobis (1 ,Zbis(diphenylphosphino)eth - 
ane \ruthenium(II) 

This complex was prepared by a method simpler 
than that of Chatt and Hayter.a 1,2 bis 
(diphenylphosphino)ethane (0.796 g, 2 mmof) in 
20cm3 of ethanol was added to a solution of 
RuCI,(DMSO)~ (0.242 g, 0.5 mmol) in 15 cm3 of 
ethanol and the solution refluxed for about 2 hr. 
The colour changed from dark orange to bright 
lemon-yellow. The lemon-yellow crystals separated 
were filtered and washed with methanol. The com- 
plex was recrystallised from dichloromethane. 

(11) Dichlorobis ( 1,2-bis(diphenylarsino)ethane}- 
ruthenium (II) 

This complex was earlier reported by Mague and 
Mitchener? The complex was synthesized by a 
method simpler than earlier reported whereby the 
reguxing time was reduced and a good yield was 
obtained. The complex RuCl,(DMSO).,, (0.484 g, 
1 mmol) was dissolved in 10 cm3 of ethanol and 1,2 
bis(diphenylarsino)ethane (0.480 g, 1 mmol) in 
30cm3 of ethanol were refluxed for about 2 hr. 
Orange yellow crystals separated, which were 
filtered and washed with methanol. The complex 
was recrystallised from dichloromethane. 

(12) Dichloro-dicarbonyl(dimethylsulphoxi&)(tri- 
phenylarsine)ruthenium(II). 

(13) Dichloro -dicarbonyl -his (me thyldiphenylar - 
sine)ruthenium (II). 

(14) Dichloro -dicarbonyl-bis (dimethylphenylar - 
sine)ruthenium (II). 
(15) Dichloro-dicarbonyl-bis(triphenylstibine)ruth- 
enium (II). 
(16) Dichloro-carbonyl-tris(triphe;?ylstibine)ruth- 
enium(II). 
(17) Dichloro-dicarbonyl-bis { l,Zbis(diphenylar- 
sino)methane}ruthenium(II). 
(18) Dichloro-dicarbonyl-bis(l,Zbis(dijrhenylphos- 
phino)methane}ruthenium(II) 
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(19) Chloro-carbonyl-his{ 1,2-bis(diphenylphos- 
Phino)ethane}ruthenium(IZ)chZoride. 
(20) Chloro-carbonyl-his{ 1,2-bis(diphenylarsino)- 
ethane]ruthenium(II). 

In a general method of preparation of the carbo- 
nyls, about 0.02 mmol of the complex (l-4), (8-11) 
was dissolved in dry chloroform and a stream of 
carbon monoxide was passed through the solution 
until there was no further colour change. The 
solutions were concentrated to a small volume and 
the carbonyls (12-20) precipitated by the addition 
of petroleum ether, filtered and dried. 

(21) Hydrido-chloro-bis(dimethylsulphoxide)bis- 
(triphenylarsine)ruthenium(II). 
(22) Hydrido-chloro-(dimethylsulphoxide)tris(me- 
thyldiphenylarsine)ruthenium(II). 
(23) Hydrido-chloro-(dimethylsulphoxide)tris(di- 
methylphenylarsine)ruthenium(II). 
(24) Hydrido-chloro-tris(methyldiphenylarsine)ru- 
thenium (II). 

Molecular hydrogen was bubbled through a 
0.02 m molar dimethylformamide solution of com- 
plexes (l)/(3), (5), for about 12 hr at 40°C. The dark 
brown hydrides were isolated by removing the 
solvent under vacuum and precipitation by petro- 
leum ether. 

(25) Hydrido(dinitrogen)bis(dimethylsulphoxide)- 
bis(triphenylarsine)ruthenium(II)chloride 
(26) Hydrido(dinitrogen)dimethylsulphoxi&-tris- 
(methyldiphenylarsine)ruthenium(II)chloriak 

Molecular hydrogen was passed through a 
0.02 m molar dimethylformamide solution of the 
complexes (1) and (2) and molecular nitrogen 
bubbled through the solution for about 24 hr. The 
mixed ligand hydrido-dinitrogen complexes were 
isoalted by removing the solvent under vacuum 
and addition of petroleum ether. 

(27) Dichloro-nitrosyl-(dimethylsulphoxide)bis(tri- 
phenylarsine)ruthenium(II). 
(28) Dichloro -nitrosyl -(dimethylsulphoxide)bis (me- 
thyldiphenylarsine)ruthenium(II). 
(29) Dichloro-nitrosyl-(dimethylsulphoxi&)bis(di- 
methylphenylarsine)ruthenium (II). 
(30) Dichloro-nitrosyl-(dimethylsulphoxide)bis(tri- 
phenylstibene)ruthenium (II). 
(31) Dichloro-nitrosyl-tris(methyldiphenylarsine)- 
ruthenium (II). 
(32) Dichloro-nitrosyl-bis(diphenylphosphinometh- 
ane)ruthenium (II). 

(33) Dichloro -nitrosyl-bis (diphenylarsinoethane)- 
ruthenium(II). 

Nitric oxide was passed through a 0.02mmol 
chloroform solution of complexes (l-5), (9) and 
(11) for about 24 hr until there was no further colour 
change. The solutions were concentrated to a small 
volume and the nitrosyls precipitated by the addi- 
tion of petroleum ether. 

RESULTS AND DISCUSSION 

Tables 1 and 2 present the analytical data and 
the molar conductivities of the ruthenium(I1) com- 
plexes with mono and bidentate tertiary arsines 
and phosphines. IR spectra of these complexes are 
given in Table 3. The NMR and electronic spectra 
of some of the complexes are given in Tables 4 and 
5 respectively. 

A brown complex (1) was obtained by the 
displacement of two molecules of coordinated 
DMSO by AsPh, from RuC&(DMSO),. X-Ray 
structure of the parent complex RuC~~(DMSO)~ 
had indicated two different types of coordination 
of DMSO groups; three DMSO groups are bonded 
through sulphur and one through oxygen to the 
metal ion14 with cis-chlorides. When RuCl, 
(DMSO), reacts with triphenylarsine the weakly 
O-bonded DMSO group gets displaced first fol- 
lowed by one of the S-bonded DMSO groups to 
give the complex RuCl,(DMSO),(AsPh,), with cis- 
chlorides. The vM-Cl is expected to give two 
bands. Although a sharp peak is obtained at 
320cm-’ the other band must have been masked 
by the DMSO peak. The band at 1075 cm-’ indic- 
ative of S-bonded DMSO was observed but no 
band appeared around 900 cm-’ which could be 
attributed to O-bonded DMSO.” The metal-arsine 
and metal-sulphur absorptions overlap in the com- 
plex and the peak at 48Ocrr-’ could not be as- 
signed unequivocally to any of these vibrations. 
The complex is assigned a C,, geometry as shown 
in Fig. 1. 

A green modification of complex (1) was ob- 
tained when RuCI,(DMSO)~ and triphenylarsine 
were refluxed in a sealed tube. The preparation in 
the sealed tube was attempted with an idea to 
completely displace dimethylsulphoxide by triph- 
enylarsine in RuCI,(DMSO)~ complex. The green 
complex shows an IR spectrum identical to that of 
the brown complex. 

Two geometrical isomers are possible for the 
complex RuCl,(DMSO),(AsPh,),, one with cis dis- 
positions of DMSO, triphenylarsine and cis chlo- 
rides (Fig. 1) and the other with cis dispositions of 
DMSO, the chloride and trans disposition of triph- 
enylarsine (Fig. 2). 
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Table 1. Analytical data for ruthenium(I1) complexes 

AIlilYEh+ H.P. 
S.No. Complex co1our C H 

‘8 
oC 

l40~4o~_~onduptsnce_r; mA. 
.,Cm ,equi 

k RuC1*(M80)2(AsPh3)2 

2. Ruc12(mO)(AsMem2)~ 

.k 
F~IC~~(D)~O)(ASM~~P~)~ 

b. N\ RuC12(DEGO)(SbPh~ 13 

5. 
(cz 

RuC12(AsMem2)3 

6. 
* 

~~Cl~-fe~F'h)~ 

7. 
--"X 

mC12(SbPb3)3 

8. 
v- 

RuC12mPAM~ 

z... ?WC12 (DPPM)2 

1* RuC12(DPPE)2 

11. Rti12(DPAE)2 

orange bmnn 51.13 4.20 

(51.13) (4.~) 

Chocolate 49.70 4.30 
brown (50.10) (4.50) 

Ye?lotish 38.05 4.75 9.20 
green (39.19) (4.90) (8.92) 

41.65 4.87 
(40.11) (4.60) 

ZE" 
59.67 4.38 
(62.50) (4.46) 

Yellow 64.08 
(64.08) (4:;;) 

Orange 54.42 4.34 5.50 
W.64) (4.20) (6.21) 

8.60 

(7.60) 

9.80 
(7.30) 

4.80 
(5.40) 

6: ;, 8 

8.88 
(9.88) 

5.50 
(5.76) 

&z, 

5.86 
(6.97) 

&% 

1C6* 25.12 

118* 16.62 

130* 23.86 

239 

165. 

191* 

250* 

215 

260* 

260* 12.00 

255* 20.41 

11.25 

14.90 

31.78 

37.70 

30.38 

32.50 

+ decomposed 

(+ calculated values in parenthesis) 

Fig. 2. 

The brown isomer will have a C, symmetry 
while the green isomer will have a C, symmetry. 
The two isomers cannot be distinguished on the 
basis of IR spectra which indicate c&-chlorides in 
both the complexes. Dipole moment measurements 
gave almost identical values within experimental 
error of 1.18 Debye for the brown and 1.3 Debye 
for the green isomers, respectively. This is expected 
because both the compounds have c&chlorides, 
and a cis or tram disposition of other less polar 
groups cannot make a significant difference in 
dipole moments. However, these two isomers were 
characterized on the basis of their NMR spectra. 
The .NMR spectrum of the brown complex with 
non-equivalent sets of ligands exhibited two multi- 
plets of equal intensity at 2.1% and 2.6% which 
may be assigned to the phenyl protons of cis- 
triphenylarsines. The methyl protons,of cz&DMSO 
groups also appeared as two multtplets at 6.6% 
and 7.7%. The NMR spectrum of the brown 
compound thus supports a C,, symmetry for the 
complex. 

In the NMR spectrum of the green isomer of (1) 
the phenyl protons of triphenylarsine exhibit a 
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Table 2. Analytical data for ruthenium(R) complexes 

ANALYSISf(% 
5.?,0. Co?llpleX COlOUr C Cl L--T-- r? 

RuC12(COja(AsMe2Ph)2 

Ruh<l(;ji.GO)(AsMe2Ph) 
3 

ZWQ( ti.iio/ (ASMe21-h)j 

I 
R~"2(ilbiSO)2(Asrh3)2 Cl 

1 

E clHh2(ti~>~O)AsMer'h 23 cL 

RWC12(hO)(~iXiO)(AsPh3)2 

RuCL2(hO)UsMeYh2)3 

Yellow 

Yellow 

'x'l? 1 1 ow 

Ora nQe 

Yallow 

Yellow 

Ya1Lc.w 

Yellow 

dark 
brown 

Uark 
brown 

Jark 
brown 

Lark 
brow 

8.COWl 

8rown 

Chocclata 
brown 

Bmwn 

Brown 

Buff 

Chocolate 
brown 

Brown 

43.03 
(43.13) 

52.03 
(52.41) 

36.02 
(36.48) 

52&O 
(53.20) 

56.W 
(56.63) 

53.33 
(53&4) 

62.25 
(62.65 

63.25 
(63.85) 

54.08 
(54.26) 

52.J9 
(53.01)) 

51.82 
(51.93) 

41,JJ 
(40.93) 

52.&l 
(53.71) 

51.30 
(51.42) 

55.30 
(50.43) 

51.20 
(51.12) 

43.s 
(43.75) 

34.w 
(Z.54) 

46.03 
(46.34) 

5o.i)J 
(49.50) 

61.69 
(61.95) 

53.05 
(53.15) 

2.40 
(2.45) 

(E) 

2.05 
(5.71) 

3.50 
(3.69) 

3.40 
(3.92) 

3.45 
(C.75) 

4.05 
(4.45) 

(44:&Z) 

4.03 
(4.09) 

4.dO 
(4.74) 

(G, 

4,?5 
(4.50) 

4.30 
(4.50) 

4.51 
(4.71) 

4.m 
(4.53) 

4.30 
(4.16) 

4.21 
(4.34) 

3.70 
(3.65) 

4.50 
(4.38) 

4.75 
(4.53) 

4.10 
(4.dB) 

11.00 
(11.60) 

ll.xJ 
(11.37) 

11.03 
(11.99) 

&E) 

9.0;, 
(9.06) 

5.85 
(6.35) 

6.30 
(7 l_) ." 

(::Z) 

6.00 
(6.35) 

(;:9":) 

3.JO 
(3.74) 

4.30 
(4.56) 

4.w 
(S.03) 

3.50 
(3.64) 

7.35 
(7.95) 

9.03 
(9.24) 

11.07 
(11.02) 

7.05 
(7.21) 

(z$ 

7.43 
(7.32) 

6.08 
(6.04) 

(::Z, 
4.55 
(4.99) 

5.02 
(5.40) 

3.50 
(C.94) 

2.00 
(2.34) 

2.45 
(2.73) 

(E) 

(E) 

1.26 
(1.26) 

(;:z;) 

1.70 
(1.63) 

1.99 
(2.10) 

2.55 
(3.42) 

1.70 
(1.64) 

2.58 
(T'.5FJ) 

4.05 
(4.16) 

5.32 
(4.96) 

2.05 
(3.25) 

1.82 
(1.79) 

(zz) 

1.38 
(1.35) 

2 87 
(2:99) 

2.75 
(2.87) 

1.47 
(1.57) 

1.73 
(1.a2) 

2.04 
(2.17) 

1.44 
(1.42) 

(::z) 

1.47 
(1.44) 

1.21 
(1.19) 

(+) Calculated values in parenthesis. 

single multiplet at 3.67 *and methyl protons of (1) gives charge transfer bands characteristic of the 
DMSO a multiplet at 8.8~ This is in accord with presence of both DMS016 and triphenylarsine’7”b in 
a truns-deposition of the triphenylarsine and cis the coordination sphere of the metal ion. The 
disposition of DMSO and chloride groups in the electronic spectrum of DMSO gives absorption 
compound with a point group C,. bands at 200 and 210 nm that can be assigned to 

The electronic spectrum of the brown isomer of the 0 - c* and n - IC* transitions of the ligand, 
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Table 3. IR spectra of ruthenium(H) complexes (3000-2OOcm-‘) 

Complex ~M-Cl)cm-' t(M-mO)cm-' 
b (M-L)CEr' 
GP 0‘ As) 

Other bands cm-' 

1253 

320(s) 480(s) 1025(m) 
1075d,1430w 

324(s) 480(s) 1025(s) 
1075(rJ,1435(sJ 

330(s) 485(s) lWfi(S), 
lbd 

275(s) 470(m) 1010(s) 
1060(sj,1420d 

260(w),275(m) 

230(111),270(s) 

23'%),275(s) 

320(m) 

320(m) 

480(s) ~~~~~90(s),7350,100O(m), 

MO(s) 660(m)690(m i’35(~),8cc(s), 
1000(m), 1 4&i* 5(m). 

‘+85(s) 670(v),695(m),730(~),800(~), 
990(m) 

450(m) 670(u) 69O(w),73O(s) 990(s), 
,180(mj,12qO(m),l47O~s). 

480(s) 685(s),7 O(m) 74O(sn),835(m), 
99O(w),l 20(s~,l470w i? 

425(m),475im) 
2 
9O(s),685(~) 72O(s),845(s), 
75(s) 102okJ 1070(s) 
,23o(sj,1385(mj,i475(~). 

gg, 650(m),67 
z 
@1),710(s) 985(w), 

105O(w),l 2O(s),l47&). 

w;* 
585(n),615(m),69O(s),735(s) 

5&S,' 620(m),69O(m),71O(m),740(m), 
m 775(s) 

510(s) 
53O(v.s) 

6764~1~~,690(~),715(~),73O(m), 

565(m),610(w),690(v.s)730(v.s) 
74O(v.s) 

Table 4. Proton NMR spectra of ruthenium(I1) complexes* 

SJO. Complex Phenyl protons Methyl protons Methylene protons Wethyl/Methylene 
protons 

2.15(m) 2.65(m) 
3.60(m) 

2.90(m) 

2.55(m) 

1.75(m),2.76(m) 

2.5O(m),2.9OW 

3.9O(m),3.97W 

3.7O(m),4.Wm) 

3.3O(br),3.95(mbr) 

3.%(m) 

4.10(m) 

4.10(m) 

6. 5(m) 
2 8. O(m) 

7.75(m) 

8.30(m) 8.75(m) k.g;m; 5.30(m) 
. m 

8.13(m),8.577(m) 6.69@),7.1OW 

6.50(m) 

8.30(m),8-65(m) 

8.7O(m),8.9+?~ 

5.87(d) 

5.8O(d),8.7O(t) 

7.26@),8.47(m) 

7.80(~),8.63(s) 

(+) .vvalues: S = slnelet; d = doublet; t = triplet; b = broad; m = multiplet. 

respectively. The n - s * transition undergoes a red These bands are considerably red-shifted in the 
shift in the sulphur coordinated complex and is 
exhibited at 230 nm (62.8 x 104) in the brown 

coordinated arsine at 250 and 270 nm, respectively 
with an increase in intensity. The absorption band 

complex. The electronic spectrum of triph- at 290 nm in (1) appears to be a metal ligand 
enylarsine shows absorption bands at 215 and (DMSO) charge transfer band. The transitions at 
248 nm assigned to c - ~7 * and n - IC * transitions. 410 and 520 nm can be assigned to d - d transi- 
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Table 5. Electronic spectra of ruthenium(H) complexes 

S.MO. Camp lex Absorption 

(nm) 
h Ql= mll-‘Cm-‘) Assignment 

(CC’ ) 

1. 
m 

RuC~~(IWO)~(ASP~~)~ 

3. 
Pn 

RuC12 (DXO) (SbPh3 )3 

4. mc12 (~~Mept+b~ 

5. 
+.. 

RuC12(SbYh3 j3 

6. RI+(W'E)~ 

2 RuC~~(DPAJI)~ 

2%: 
370 7 
344h 
24390 
19230 

4&g 
37878 

: ':: t2 
20000 
15625 

41666 
40000 
32051 
26881 
28727 

40816 
38416 
264 
231 ZB 

C.T. 
C.T. 

K: 
lA, 3 fT, 
IA, -> fTl 

z: 

K: 
IA + lT2 

‘A, 3 IT, 

K: 
E: 
IA, 3 1T2 
iAI -_, IT, 

C.T. 

E: 
'A, -_, 'B, 
'A1 + 'R2 
‘AI v ‘A2 

E: 
C.T. 
ifI 3 ‘9 

-> IB2 
1A; -., “A2 

kTT: 
C.T. 

it1 
1 2 

g2 
1 

K: 
?A, --_, 1T2 
'A, -_, IT, 

C .T. = charl e transfer bands. 

tions in the complex corresponding to lA,-, lTz 
and 1 A, + 1 T, , respectively. The 10 Dq value calcu- 
lated from these transitions comes to 20,518 cm-‘. 

Carbonylation of complex (1) (brown isomer) 
resulted in the formation of the cis-dicarbonyl 
complex (13) by the displacement of a coordinated 
DMSO and triphenylarsine groups. The displace- 
ment is expected on the basis of the high truns- 
effect of DMSO and the arsine groups. The for- 
mation of the cis-dicarbonyl is indicated by the 
appearance of strong peak at 2010cm-’ accom- 
panied by a peak of medium intensity at 1985 cm-’ 
corresponding to the carbonyls truns to arsine and 
DMSO groups, respectively. 

is formed by the displacement of a coordinated 
chloride by hydride. The IR absorption bands 
corresponding to DMSO and triphenylarsine in 
complex (1) remain intact in the hydrido complex. 
On passing molecular nitrogen through the solu- 
tion of the hydrido complex a hydrido-dinitrogen 
complex (26) is formed, as indicated by the total 
disappearance of metal-halogen band and the ap- 
pearance of the characteristic dinitrogen peak 
around 2150 cm - ‘; the hydrido peak was observed 
at 1940 cm - * in the complex. The hydrido and dini- 
trogen stretching frequency in this complex are 
similar to those observed in the complex 

RuHz(Nz)(PPhs)s.‘8 
Hydrogenation of (1) (brown isomer) resulted in Treatment of complex (1) with nitric oxide re- 

the formation of hydride (23) which exhibited a sulted in the formation of RuCl,(NO)(DMSO) 
strong M-H peak around 1960 cm-‘. The hydride (AsPh,), which showed a strong absorption band 
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characteristic of coordinated nitrosyl at 1850 cm-‘. 
The NO frequency in this complex could be com- 
pared to other ruthenium nitrosyl complexes where 
NO may be considered to be coordinated as 
NO+19. 

0 y3 
? 

>‘ . . . . .1. . 
Ii& : \\ I ,‘L 

: \I,‘: 
‘& / 

: 
: ,’ 

MI’\ j 

c< . . . . . . . . ...!. -.. .: 
I 

i 
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Six coordinate complexes of the type RuCl,- 
(DMSO)L,, (L=AsMePh,, AsMe,Ph, SbPhJ 

Complexes (2-4) were obtained by the displace- 
ment of one weakly O-bonded and two S-bonded 
dimethylsulphoxide groups from RuCl,(DMSO), 
by the tertiary arsine or stibine. The remaining 
DMSO group is S-bonded in these complexes as 
confirmed by the presence of a strong band in the 
IR spectra of the complexes around 1075 cm-’ and 
the absence of bands around 900 cm-’ which could 
be assigned to O-bonded DMSO group. Since 
tertiary arsine and DMSO absorb in the region 
400-500cm-‘, the band at 480cm-’ could not be 
assigned to either of these alone. The vM-Cl 
frequency in complexes (2-4) appear as a single 
peak at 324, 330 and 275 cm-‘, respectively, indi- 
cating a trans geometry of the coordinated chlo- 
rides. The complexes have very low dipole moments 
(0.77 and 1.15 Debye units for complexes 2 and 3, 
respectively) and are non-conducting in DMA 
(Table 1). 

In complex (2) the phenyl protons of methyl- 
diphenyl arsine merge and appear as a broad 
multiplet centered at 2.8~. The methyl protons 
appear as two multiplets of 1:2 intensity at 8.32 
and 8.752, respectively and can be assigned to 
meridional arsines. The methyl protons of DMSO 
appeared at a lower field than the methyl protons 
of arsine (between 4.22 and 6.52). The multiplets of 
methyl protons may be explained on the basis of 
a long range spin interaction of the methyl protons 
of DMSO with the methyl protons of arsine and 
vice versa. 

The NMR spectrum of complex (3) is very well 
resolved as far as methyl protons are concerned, 
the phenyl protons again merge to give a broad 
multiplet centred at 2.552. The methyl protons of 
the meridionally disposed dimethylphenylarsine li- 
gand are observed as two multiplets of 1:2 in- 
tensity at 8.132 and 8.572. The methyl protons of 
DMSO are exhibited as multiplets centred at 6.692. 
The integration of NMR spectra are consistent 
with the proposed formulations. 

The phenyl protons of triphenylstibine are well 
resolved (Table 3) in the NMR spectrum of com- 
plex (4) and appear as two multiplets at 1.752 and 
2.762 in the ratio of 1:2. The methyl protons of 
DMSO appear at 6.52. The probable structure for 

Cc 

L =Asmeph,,Asme, ph,Sbph, 

Fig. 3. 

these complexes is given in Fig. 3. The complexes 
have meridional disposition of arsine or stibine 
ligands with trans chlorides and conform to C,, 
symmetry. 

The electronic spectra of complexes (2) and (4) 
(Table 4) show ligand-to-metal charge transfer 
bands due to DMSO and methyldiphenyl arsine or 
triphenylstibine. The absorption bands appear 
around the same region as in complex (1). Thus 
absorption at 230 nm could be assigned to 
ligand-metal charge-transfer in DMSO and bands 
at 246, 264 nm and 250, 272 nm in complexes (2) 
and (4) respectively may be assigned to 
ligand-metal charge-transfer in the arsine and stib- 
ine ligand, respectively. The absorption bands at 
302 nm may be due to metal-ligand (DMSO) 
charge-transfer bands. The transitions around 400 
and 500 nm can be assigned to d-d transition in the 
complex corresponding to IA,+ lT, and lA’+ lT, 
transitions, respectively. The 10 Dq value of com- 
plexes (2) and (4) calculated from these transitions 
are 21,067 and 20,861 cm-‘, respectively. 

Cis-dicarbonyls (lS-15) were obtained from 
complexes (2-4) by the displacement of DMSO 
and one of the arsine or stibine groups. The 
dicarbonyls were confirmed by the appearance of 
peaks around 2010 cm-’ and 2200 cm-‘, 1950 and 
2010 cm-‘, 1980 cm-’ and 2040 cm-’ respectively 
in complexes (13-15). 

Reaction of complexes (2) and (3) with molecu- 
lar hydrogen yielded hydrido complexes (22) and 
(23) by the displacement of a coordinated chloride 
by a hydride. The hydrides Ru(H)Cl(DMSO) 
(AsMePh,), and Ru(H)Cl(DMSO)(AsMe,Ph), 
show strong absorption peaks around 1960 and 
192Ocm-’ respectively. No hydride was obtained 
with complex (4) in accord with a much lower 
acidity of stibine as compared to arsine ligands. 
Treatment with nitrogen, of the hydrido complex 
(22) resulted in the formation of the hydrido- 
dinitrogen complex (26). The characteristic dinitro- 
gen peak appeared at 2150 cm-’ and the hydrido 
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peak at 1960 cm-‘. The other hydrides failed to react 
with molecular nitrogen. 

When nitric oxide was passed through com- 
plexes (2X4), nitrosyl complexes (28~(30) were ob- 
tained. The NO stretching frequency appeared at 
1810 and 1850 cm-’ respectively in complexes 
(28~(30). Nitric oxide with high truns-effect pre- 
fers to be in a tram position to a ligand with a low 
truns-effect. Hence it could not occupy a position 
tram to DMSO. A position tram to tertiary arsine 
or stibine looks more feasible for the ligand which 
may be considered to be coordinated as NO+ in 
these complexes. 

Five coordinate complexes of the type RuCl,L, 
(L = AsMePh,, AsMe,Ph or SbPh,) 

These three complexes (5x7) were obtained by 
the interaction of ruthenium blue solution with 
methyldiphenyl arsine, dimethylphenylarsine or 
triphenylstibene. Molecular weights of the these 
complexes in nitrobenzene indicated them to be 
monomers. The presence of two bands in vM-Cl 
region at 270, 33Ocm-’ in complex (5) 235 and 
315 cm-’ in complex (6) and 260 and 275 cm-’ in 
complex (7) (Table 3), shows two cis chlorides in 
these complexes. There are many bands in the 
region 425-490 cm-’ assigned to vM-L vibrations 
(L = As or Sb). The complexes are diamagnetic. 
Two structures may be considered for these com- 
plexes; a square pyramid with cis chlorides and two 
mutually trans and a cis arsine (Fig. 4a) and a 
trigonal bipyramid with two axial and one equa- 
torial arsine (Fig. 4b). The two proposed structures 
cannot be distinguished on the basis of NMR since 
arsines have the same environment in both the 
structures. For both the structures one should 
observe in the NMR spectra two singlets of 1:2 
intensity due to methyl protons of two arsine 
groups. Because of cis interactions with equatorial 
arsines, two multiplets of 1:2 intensity are ob- 
served at 8.32 and 8.652 in complex (5) and 8.752 
and 8.97r in complex (6) respectively. Likewise, 
phenylprotons also appear as two multiplets at 

Cl 

I 

Cl . . . . . . . 1. . . . . . . . . . . L 
. \ 
j 1, 1 ,“: 

R”’ : 
: ,\ : 
: ,’ ‘\ j 
L/.. . . . . . . . . . . . . . . L 

2.5~ and 2.9r and 3.92 and 3.97r, respectively. In 
a similar manner the NMR spectrum of complex 
(7) shows multiplets in a 1: 2 ratio at 3.72 and 4.1~. 

A square pyramidal arrangement of ligands with 
two cis chlorides and a meridional arrangement of 
ligands however seems ‘to be a much better ar- 
rangement from a steric view point than the tri- 
gonal bipyramidal arrangement. Based on a square 
pyramidal arrangement of the ligands three spin- 
allowed transitions are possible, lA,-+lA,, 
lA,+lB,, lA,+lEi, the first transitions lA,+lA* 
should give the 10 Dq value approximately and it 
is 14,00Ocm- in complex (5). 

The electronic spectrum of complex (7) shows 
three d-d transitions at 770,540,434 nm which can 
be assigned to the transitions lA,+lA,, 1A,--r1B2 
and 1 A, -+ 1 E, in a square pyramidal configuration 
as in complexes (5) and (6). The bands at 263, 298 
and 303 nm are charge-transfer bands as in com- 
plexes (5) and (6). Based on the lowest energy 
transitions 1 A, + 1 A, the 10 Dq value in this com- 
plex is 12,987 cn-‘. Complex (7) reacted with car- 
bon monoxide to yield a monocarbonyl(l6) which 
exhibits a single strong band at 1950 cm-‘. 

Complex (5) reacted with molecular hydrogen to 
yield a hydrido complex (24). As in the other 
hydrido complexes (21)-(24) complex (24) is formed 
by the displacement of a chloride from complex 
(5). The hydride exhibits a strong peak at 
1920cm-‘. Complexes (6) and (7) failed to react 
with molecular hydrogen. 

Reaction of complex (5) with nitric oxide yielded 
the nitrosyl complex (31) which showed a strong 
band around 1910 cm-’ corresponding to a coordi- 
nated NO+ in this complex. 

Cis-RuCl,(DPAM), 
The complex was obtained from RuCl,(DMSO)., 

by the displacement of all DMSO groups by the 
chelating agent. Mague and Mitchener’ had pre- 
pared the complex trans-RuCl,(DPAM), by the 
interaction of hydrated ruthenium trichloride with 
excess of DPAM. In this complex, one of the 

; L-AsMePh* ,AsMe,Ph,SbPh, 

(bl (al 

Fig. 4. 
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DPAM was reported to be bidentate and the other 
two monodentate.’ The complex reported in this 
work was thus obtained from a different route and 
is different in composition and structure from that 
reported by Mague and Mitchener.’ The absence 
of DMSO peaks in the IR spectrum is an evidence 
of complete displacement of DMSO from 
RuCl,(DMSO),. Thus the ligand DPAM seems to 
act as a bidentate ligand. The peaks at 330 and 
485 cm-’ may be assigned to vM-As vibrations of 
the coordinated diarsine. The complexes with che- 
lated DPAE or DPAM lack a centre of symmetry 
in the molecule and diarsine groups are coordi- 
nated as cis or tram and more than one vM-As 
stretching frequency are observed. The cis or tram 
geometry in these complexes is based mostly on the 
observed vM-Cl stretching frequency. The bands 
at 230 and 270 cm-’ in complex (8) may be associ- 
ated with the M-Cl vibrations of the cis chlorides 
in the complex. The M-Cl frequencies 
are lower than complexes with trans-halogen since 
in this case the chlorides are tram to arsenic. A cis 
disposition of the two arsines in the complex is 
confirmed by the NMR spectrum which shows 
methylene protons as a doublet at 5.062. The 
doublet arises due to two non-equivalent methy- 
lene protons of a chelated diarsine group. The 
position of methylene resonance at 8.7r is in accord 
with the bidentate coordination of DPAM. In the 
complex RuCl,(DPAM), the peaks due to the 
methylene protons of bidentate diarsine molecule 
were observed’ at 5.172 and those due to mono- 
dentate diarsine at 7.282. The arrangement of a 
chelated diarsine is thus in accord with the earlier 
observations.’ There are two groups of phenyl 
protons one due to two mutually tram diarsine and 
another one due to two mutually cis diarsine 
groups. These two groups give rise to a compli- 
cated A,B, pattern where many of the peaks 
overlap and appear as a broad multiplet centred at 
3.52 and many peaks in the 3.95-4.432 region. 
Integration of phenyl and methylene protons how- 
ever is in agreement with the proposed formulation 
of the complex. The probable structure for the 
complex is given in Fig. 5. 

The electronic spectrum of RuCl,(DPAM), 
show ligand-metal charge-transfer bands at 245 
and 270 nm (Table 5). The d-d transition in the 
complex was observed at 460 nm which can be 
assigned to the 1A,+lT2 transition. 

Carbonylation of the complex yielded a di- 
carbonyl RuCI,(CO)~-(DPAM)~ (17). The IR spec- 
trum of the dicarbonyl shows strong bands at 1935 
and 2000 cm-’ associated with cis dicarbonyls. The 
dicarbonyls may be considered to have formed by 
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Fig. 5. 

the opening of the DPAM chelate ring resulting 
in two molecules of DPAM acting as monodentate 
ligand. Mague and Mitchener’ have prepared the 
compound RuC~~(CO)~(DPAM), by the inter- 
action of RuCl,(DPAM), with carbon monoxide. 
The configuration of the compound was proposed 
to be a mixture of (a) and (b) in Fig. 6. 

The compound RuCl,(CO),(L), obtained in this 
investigation from cis-RuCl,(DPAM), is expected 
to have configuration 6(b) since carbonylation is 
expected to open the bidentate chelate rings of 
DPAM without any rearrangement of the halogens 

Cl 
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Fig. 6. 
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which is necessary in forming 6(a). The carbonyl 
frequencies of 2000 and 1930 cm-’ are in accord 
with a cis disposition of carbonyl groups to halo- 
gens. 

Cis-RuCl,(DPPM), 
This complex is also prepared from 

RuCl,(DMSO), and diphos as other bidentate 
diphosphine or diarsine complexes. A complex of 
similar composition trans RuCl,(DPPM), was ear- 
lier reported by Chatt and Hayte? and later by 
Mague and Mitchener.’ The former workers* pre- 
pared the complex directly from hydrated ruthe- 
nium trichloride and DPPM and the latter from 
red ruthenium carbonyl solution and DPPM. In 
this complex, the ligand is coordinated as a bid- 
entate group. The procedure employed in this work 
for the preparation of RuCl,(DPPM), is more 
convenient than the earlier methods and gives the 
cis compound in a higher yield than the tram 
compound. As in the case of interaction of other 
chelated ligands with RuCl,(DMSO), interaction 
of DPPM with RuCl,(DMSO), results in complete 
displacement of DMSO by chelated phosphine as 
indicated by absence of peaks corresponding to 
coordinated DMSO in the IR spectrum of the 
complex. 

(a) 

(b) 

Fig. 7. 

The peaks at 420, 510, 545 err-’ were assigned 
to v M-P vibrations of coordinated disphosphines 
(Table 3). The bands at 230, 275 cm-’ were indic- 
ative of a cis geometry for the chlorides. 

The NMR spectrum of complex 9 exhibits peaks 
of equal intensity for methylene protons at 5.82 
and 8.72. This could be assigned to a bidentate and 
a monodentate phosphine ligand. On the basis of 
two modes of coordination for the complex, there 
are two structures possible for the complex. One is 
square pyramid (Fig. 7a) with two mutually cis 
phosphorus, a trans phosphorus and two mutually 
cis chlorides and the other one is a trigonal bi- 
pyramid (Fig. 7b) type of structure in which two 
phosphorus atoms (of two ligands) and a chloride 
are equitorial and a phosphorus and chlorine in 
axial position, In both the cases, there are two 
non-equivalent methylene groups due to the two 
modes of coordination of the ligand and two peaks 
due to methylene protons are expected in the NMR 
spectrum. Phenyl protons appear as a broad mul- 
tiplet centered at 3.962. As in the case of other five 
coordinate complexes (5F(7), the NMR as well as 
the electronic spectra of the complexes cannot 
decide between the two possibilities. On steric 
grounds the square pyramidal arrangement (7a) 
seems to be a better possibility than the tri- 
gonal bipyramid (7b). 

On carbonylation of (9), a cis-dicarbonyl of 
RuCl,(DPPM), is formed which shows strong 
bands at 1960 and 2000 cm-‘. As in the case of (8), 
the dicarbonyl formation may involve the rupture 
of a bidentate chelate ring and. as such has two 
monodentate ligands in tram disposition as that 
of RuCl,(CO),(DPAM),.. The carbonylation of 
RuCl,(DPPM), can be expected to be more facile 
on the basis of a square pyramidal configuration 
rather than a trigonal bipyramid (Fig. 8a). In the 
former case one of the carbons monoxide molecules 
can add to the vacant coordination position on the 
metal ion and the other opens up the chelated 
DPPM groups to form RuCl,(CO),(DPPM),. 
A trigonalbipyramidal structure requires re- 
arrangement of various groups. Mague and 
Mitchener’ have reported a cationic monocarbonyl 
species [RuCl(CO)(DPPM),]Cl by the interaction 
of trans-RuCl,(DPPM), with carbon monoxide 
(Fig. 8b). In this case the displacement of a chlo- 
ride seems to be easier than rupture of a DPPM 
group to form the carbonylated complexes. The 
formation of a dicarbonyl or monocarbonyl thus 
seems to depend very much on the geometry of the 
starting material. 

Complex (9) reacted with nitric oxide to yield a 
nitrosyl complex RuCl,(NO)(DPPM), (32). The 
formation of a nitrosyl complex is confirmed by the 
appearance of a single band around 1825 cm-‘. A 
nitrosyl group gets added to the vacant coordi- 
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the metal ion to give a six 

RuCl,(DPPE), and RuCl,(DPAE), 
These two complexes were prepared by the 

reaction of RuC12(DMSO), with chelated phos- 
phine or arsine. The complex RuCl,(DPPE), was 
previously obtained by Chatt and Hayter* by the 
direct reaction of hydrated ruthenium trichloride 
in ethanol with DPPE and the complex 
RuCl,(DPAE), was synthesized by Mague and 
Mitchener’ by the reaction of Ru(CO),Cl, with 
DPAE. The method adopted in this work is 
different and more convenient than those of pre- 
vious investigations8” and gave a higher yield of 
the complexes. All the four DMSO groups from 
RuC12(DMSO), are replaced by the bidentate che- 
lating ligands to form RuCl,L, (L = DPPE or 
DPAE). This is confirmed by the absence of peaks 
due to coordinated DMSO in the IR spectra of 
these complexes. The bands in the region 
400-500 err-’ may be assigned to the coordinated 
phosphorus or arsenic. The truns configuration of 
the complexes is confirmed by a single vM-Cl peak 
at 320cm-’ in both the complexes. 

The tram geometry of the chloride groups allow 
only tram disposition of the bidentate ligand. This 
fact is confirmed by the NMR spectra of the two 
complexes. The NMR spectrum of the complex 
RuCl,(DPPE), shows a multiplet at 4. lr due to the 

8. 

phenyl protons of the phosphine. The peaks due to 
the methylene protons are observed as multiplets at 
7.262 and 8.472 in a ratio of 1: 2. The methylene 
protons in the chelated ligand do not seem to be 
equivalent because in the five membered chelate 
ring methylene protons are expected to be above 
and below the plane containing the metal ion and 
the two phosphorus atoms. The configuration of 
the protons seems to be fixed in the ring since a 
flip-flop mechanism would give rise to a single 
methylene peak. The methylene triplet is expected 
because of the spin coupling of the protons by 31P. 
In the NMR spectrum of the free ligand, the 
methylene protons are observed as one triplet at 
8.072. This triplet arises due to splitting of equiv- 
alent methylene proton peak by the two phos- 
phorus atoms. The NMR spectrum of complex 
RuCl,(DPAE) shows a similar pattern to 
RuCl,(DPPE). The only difference is that the 
methylene protons appear as two singlets since 
there is no splitting by arsenic. In the free ligand 
also there is a singlet due to equivalent methylene 
protons. The phenyl protons merge together and 
appear as a broad multiplet centered at 4. lz in the 
complex. The integration of the phenyl and meth- 
ylene protons in the two complexes is consistent 
with the proposed structures for these complexes 
(Fig. 9). 

The electronic spectrum of RuCl,(DPPE), gave 
the ligand-metal charge-transfer bands at 240 and 
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E=Asor P 

Fig. 9. 

250 nm (Table 5). The d-d transitions in the com- 
plex are observed at 372 and 440 nm which can be 
assigned to lA,+lT* and IA,+lTI transitions, 
respectively. The 10 Dq value calculated for the 
complex is 23,770 cm-‘. The electronic spectrum of 
RuCl,(DPAE), gave ligand-metal charge-transfer 
bands at 245 and 260 nm. These charge-transfer 
bands can be compared to the monoarsine (Table 
5) complexes that give bands around 240-250 and 
260-270 nm. These bands may be assigned in a 
manner similar to other spin paired octahedral 
complexes as (10). The 10 Dq value calculated for 
the complex is about 23,935 cm-‘. On comparing 
the 10 Dq value calculated for the chelating phos- 
phine and arsine complexes to those of non- 
chelating arsine and DMSO complexes, it may 
readily be seen that chelation gives a much higher 
10 Dq values (about 4OOcm-’ more than non- 
chelated compounds). This indicates extra stability 
and much higher ligand field strength of the che- 
lated ligands as compared to the monodentate 
ligands. 

Carbonylation of complexes (10) and (11) 
yielded the monocarbonyls (19) and (20), re- 
spectively. These carbonyls can be considered to be 
cationic species obtained by the displacement of a 
coordinated chloride from the coordination sphere 
of the metal ion. The monocarbonyls (19) and (20) 
exhibit single sharp peaks at 1950 and 1925 cm-‘, 
respectively. The complexes are cationic as in- 
dicated by their conductivities in DMA (1: 1 elec- 
trolyte). Displacement of carbon monoxide 
from Ru(CO),Cl, by DPAE gives rise to 
RuCI,(DPAE),.~ The coordination of DPAE or 
DPPE to the metal ion seems to be stronger than 
carbon monoxide since the chelating ligands can 
displace carbon monoxide from the coordination 
sphere of the metal ion. In the case of complexes 
(10) and (11) however a coordinated chloride is 
displaced in the presence of excess of carbon 
monoxide from the coordination sphere of the 

metal ion to form cationic monocarbonyl species. 
These cationic carbonyl complexes are prepared 
for the first time and their formation seems to be 
a general phenomenon in the reactions of chelated 
phosphine or arsine complexes with carbon mon- 
oxide. 

Complex RuCl,(DPAE), reacted with nitric ox- 
ide yielding a nitrosyl complex RuCl,(NO) 
(DPAE)z (33). The nitrosyl group shows a band at 
1825 cm-’ in the complex. The nitrosyl formation 
may involve the rupture of a bidentate chelate ring 
and as such may have bidentate and monodentate 
DPAE ligand and a seven coordinate geometry for 
ruthenium. 
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Abstract-Palladium(I1) halide complexes with N-ethylimidazole (N-EtIm) and N- 
propylimidazole (N-PropIm) with general formulae Pd(L)2X2 and Pd(L),X, (X = Cl, Br, 
I) were prepared and characterized by spectroscopic methods and conductivity mea- 
surements. These complexes are diamagnetic and have square planar stereochemistry. The 
Pd(L,)X, derivatives, are non-conductors, and have truns-structures except for the 
cis-Pd(N-EtIm),Br,. The biological activity of water soluble Pd(I1) compounds is also 
reported. 

Imidazole is a heterocyclic penta-atomic ring 
isomer of pyrazole, with an aromatic character; the 
tautomeric nature of the imidazole is missing when 
the hydrogen of the imine atom is substituted with 
an alkyl group. The N-alkylimidazoles are basic 
substances which form salts with acids. 

Imidazole is used as an analgesic, antipyretic and 
antiflammatory agent.’ In previous papers we have 
characterized N-ethylimidazole and N-propyl- 
imidazole complexes with copper( nickel(II), 
cobalt(II)2 and successively with zinc, cadmium 
and mercury(I1) salts.3 

Recently Reedijk et al. have prepared Pd(I1) and 
Pt(I1) complexes with imidazole and N- 
methylimidazole.4 

The present paper reports the preparation and 
characterization of the complexes of general 
formula Pd(L),,X, where L = N-ethylimidazole 

*Author to whom correspondence should be ad- 
dressed. 

(N-EtIm), N-propylimidazole (N-propIm) n = 2, 
4; X = Cl, Br and I. 

The aim of this work is to control different 
stoichiometrical formulas, to establish the stereo- 
chemistry of the isolated compounds and to evalu- 
ate their biological activity. 

RESULTS AND DISCUSSION 

The isolated metal complexes with analytical 
data and other physical properties are listed in 
Table 1, the far IR data in Table 2, the summarized 
electronic spectra are shown in Table 3 and the 
biological data are reported in Table 4. 

The compounds, obtained by refluxing or by 
mixing from water the metal salt and the ligand, 
are of the Ipd(L)4]X2, and Pd(L)iX, types. The 
Pd(L),X, non-conducting derivatives are insoluble 
in water, while the [Pd(LWX, are generally soluble 
in water. 

All the complexes are crystalline, diamagnetic, 
soluble in MeOH, DMF, EtNO, and MeCN. 

The vibrational modes of N-EtIm and 
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Table 2. Far IR spectra (450-200 cm - I)* 

Compound 904-X) Other vibmtiomFd-X kndi.@P and&. Str-dCh. and and. 

N-EtIm 

Pcl(N-EtImj2C12 

Pd(N-EtImj2Br2 

[Pd(W-EtIm)4]C12'2H20 

[Pd(N-EtIm)&Br2 

pd(N-EtIm),,]12 

334sbr, 326mbr 

230vsbr 

N-PropIm 

Pd(N-PropIm)2C12 

Pd(N-PropIm)2Br2 

[Pd(N-PropIm),,lC12 

td(N-PropIm),,lBr2 

/fd(N-PropIm),,]12 

343-338vsbr 

263.3 

412m, 3411wbr, 279~1, 244~ 

428sh, 377m. 254~ 

427mbr, 360wbr, 3OOvs, 285~s 

42&n, 371m, 2029, 259m 

432sh, 37lm, 2829, 259m 

&32sh, 395sbr, 252w, 235wbr, 142w, 138sh 

424w, 362w, 290~ 

42Bw, 373mbr, 309msbr, 27Ovs, 

416ms, 300sh, 297vs, 278sh, 241mw 

390wbr, 381wbr, 295vwbr 

386w, 275~ 

395sh, 378sh, 325s, 296m, 14Ow, 131~ 

-1 
l For the iodide derivatives the range is 450-100 cm . 

Table 3. Reflectance electronic spectra (d-d bands and A, ranges in cm-‘) 

Compound Jl Al 

Pd(N-EtIm)2c12 25,000 27,100 

Pd(Lj2X2 

L I N-EtIm; X = Br, I 

L -_ N-PropIm; X E Cl, Br 

23,800 - 26,650 25,900 - 28,750 

1 C12+2H20 26.450 28,550 

cpd(L)JX2 
26,000 - 28,600 28,100 - 30,700 

N-PropIm in the near and mid IR spectra appear The medium absorption bands within the 3430- 

noticeably unchanged on passing from the spectra 3400 cm-‘, v(OH) and 1670-1625 cm-‘, s(HOH), 

of the free ligands to those of the complexes. ranges are present in [Pd(N-EtIm),]C1,.2H,O. 

Table 4. Inhibitory activity of the palladium(I1) com- 
plexes 

Inhibitory activity % (9) 

Complex 10-4H 

Pd(N-PropIm) cl 
2 2 

41 

bd(N-EtIm),,1Br2 16 

k(N-EtIm),,]12 15 

@d(N-PropIm)4]c12 20 

pd(N-PropIm)4]Br2 32 

pd(N-k-opIm),,l12 35 

The complex loses all the water at 110°C before 
its decomposition. From a detailed analysis of the 
IR spectrum, we have found that the rocking, 
twisting and wagging modes ascribable to coordi- 
nated water are absent, according to the literature 
data.$ 

The Pd(N-EtIm),Cl, and Pd(N-PropIm),Cl,, 
non-conductors, in the far IR spectrum show 
respectively two bands at_ 334 and 326 cm-’ and a 
broad band in the 343-336 cn-’ assigned to v 
(Pd-Cl) terminal for c&square planar compounds 
in C,, stereochemistry.‘jT’ 

In the far IR region the spectrum of the 
Pd(N-PropIm),Br, derivative shows a band whose 
position of the metal halogen stretching is diagnos- 
tic of terminal halides for truns-square planar 
compounds in &,, stereochemistry.8 
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Conductivity measurements 5. 

These measurements were carried out with 
WTW LBR conductivity bridge at 25°C for 6. 
lo- 3 M solutions in MeOH and EtN02. 

7. 

Biological analyses 

The extraction method of the sarcoplasmatic 
reticulum (SR) containing Ca, Mg dependent 
ATP-ase, the ferment activity and the SH groups 
determination by amperometric titrations were 
published elsewhere.” 

10. 
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Abstract-The rate of the reaction 

Cr(NH3)5(NCO)2+ + H30+ - Cr(NH3)63+ + CO2 + other Cr(III) products 

has been investigated at 40-65”C with [HClOJ varying from 0.04 to 0.6 M 01 = 0.6 A4, 
NaClO.,). The observed rate law has the form: - d[Cr(NH3),(NCO)2+]/dt 
= k0,,JCr(NH3),(NCO)2+] where kob, = a[H+]‘{ 1 + b[H+]‘}-’ and at 550°C 
a = 0.36 M-’ se2 and b = 6.9 x 10e3 M-’ s-‘. The rate of loss of Cr(NH3)&NCO)‘+ 
increases with increasing acidity to a limiting value (at [H+] N 0.5 M) but the yield of 
Cr(NH3)63’ decreases with increasing [H+] and increases with increasing temperature. In 
the kinetic studies the maximum yield of Cr(NH3)2+ was 35% but a synthetic procedure 
has been developed to give a 60% yield. 

The major acid hydrolysis product of 
M(NH3)#lCO)2+ is M(NH3)2+ and the kinetics 
of this reaction have been measured for 
M = C0(111)‘*~ Ru(III)~ and Rh(III).’ At low acid 
concentrations (< 0.1 M) the rate law 
- dw]/dt = k p][H +] is observed,1-3 but at higher 
acidities, some deviation from this is found. 

Recently, the synthesis of Cr(NH3)s(NC0)2+ has 
been described,4 and this too, hydrolyses in acid to 

give Cr(NH,), 3+.4 In our hands, however, the yield 
hexammine from 

&NH3),(NCO)](N03)2 in HEO, rHt%, ~1: 
never greater than 20%. In this paper we describe 
kinetic data for the loss of Cr(NH3),(NCO)2+ in 
acid media and present conditions to produce a 
reasonable yield (60%) of Cr(NH3)63+. 

EXPERIMENTAL 

[Cr(NH,),(NCO)](NO,), was prepared as de- 
scribed by Schmidtke and Sch6nherr.4 The bright 
orange crystalline nitrate salt had visible absorp- 
tion and IR spectral parameters similar to those 

*Author to whom correspondence should be ad- 
dressed. 

described in the literature. Cr Calc, 17.2% Cr 
Found, 17.1%. 

Kinetic studies and product analysis 
Solutions (6.6 mM) of Cr(NH3),(NCO)2+ were 

prepared by dissolving 100 mg of the nitrate salt 
(F.W. = 303) in water (20 cm3) and adding appro- 
priate volumes of HC104 and NaClO, solutions to 
give 50 cm3 p = 0.6 M, [H+] = 0.04 - 0.6 M. The 
rate of complex decomposition was measured spec- 
trophotometrically (1 cm cells) at constant tem- 
perature either by repetitive scans or fixed wave- 
length (490 nm) techniques. No isosbestic points 
were maintained in the spectral scan envelope 
(700-3OO’nm), but satisfactory “infinity” readings 
(7-8 half-lives) were obtained. 

Pseudo-first-order rate constants were calculated 
from the expression 

kt =lne 
, m 

where A,, A, and A, are the absorbances (490 nrn) 
at time zero, time, t, and at the end of the reaction 
(> 7 half lives). 

At the end of the reaction, the sample used for 

1267 
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spectrophotometric analysis was returned to the 
bulk flask (which had been maintained at the 
appropriate temperature for the duration of the 
spectrophotometric measurements) and the solu- 
tion was stored at - 5°C for at least 24 hr. During 
this time, all the Cr(NH,),3+ present crystallised as 
the perchlorate salt and 10 cm3 aliquots of the now 
pink coloured solution were removed for total Cr 
analysis.’ The difference between the [Cr]ikhal 
(6.6 mM) and the [Cr] in the mother liquor allowed 
an estimate of the amount of Cr(NH3),3+ pro- 
duced. The [Cr] in the mother liquor of a control 
containing 100 mg of [Cr(NH,),](ClO,), dissolved 
50 cm3 of 0.04 M HC104, 0.56 M NaClO, was too 
small to be of any significance (co.1 mM). 

Synthesis of [Cr(NH,),](ClO~), 
A solution of NaClO,.H,O (45 g) in water 

(500 cm3) with 5.0 cm3 of 60% HC104 added was 
heated to 85°C. 3 g of [Cr(NH,),NCO](NO,), were 
rapidly added to the stirred solution and the 
temperature was maintained for exactly 6.0 min 
before rapid cooling in ice. After 24 hr at - 5°C the 
yellow crystalline product (2.7 g, 60%) was re- 
moved from the faintly pink coloured mother 
liquor by filtration, and washed successively with 
2-propanol and ether, and air dried. Calc for 
[Cr(NH,),](ClO,),: Cr, 11.5%. Found: Cr, 11.5%. 

Synthesis of cis-[CrCl(NH,),(OH,)]Cl~ 
[Cr(NH,),(NCO)](NO,), (2 g) was dissolved in 

HCl (6 M, 30 cm3) and warmed (40°C) until pink 
crystals deposited (20 min). The solution was 
cooled to room temperature, and the filtered prod- 
uct (1.5 g, 93%) washed with isopropanol and then 
ether and air dried. Calc for [CrCl(NH,)~(OH,)]Cl,: 
Cr, 21.3%. Found: Cr, 21.4%. 

L4 

65 

0 
H' , 

0.1 0.2 0.3 0.4 0.5 0.6 

Fig. 1. Plots of kob vs p+] for the decomposition of 
Cr(NH,),(NCO)*+ in HCIO, (JI = 0.6 M) at 40, 55 and 

65°C. 

RESULTS AND DISCUSSION 

Tables 1 and 2 list values for the pseudo-first- 
order rate constants (k,,,J for the loss of 
Cr(NH,),(NCO)*+ in acid conditions at various 
temperatures, together with yields of Cr(NH3)63+. 
Figure 1 shows a plot of kobs vs [H+] at various 
temperatures. The non-linearity and limiting val- 
ues at high [H+] suggest that the [H+] dependence 
on the reaction rate is unique for H+ catalysed 
decompositions of M(NH3),(NC0)2+ complexes.‘” 
Activation energy plots for In (k,,) vs T(K)-’ at 
any particular [H+] are linear and Table 3 presents 
the calculated kinetic parameters, with a systematic 
trend to lower activation energies (and more nega- 
tive activation entropies) with increasing acidity. 
The data in Table 2 indicate the decomposition 
reaction is characterised by a positive salt effect 
and linear plots of k;, vs [H+]-’ (Fig. 2) give slope 
(k,-,‘) and intercept ([ktiK]-‘) (Table 4) for the 
reaction scheme:2,3 

Cr(NH3),(NC0)2+ + 2H+ + H,O & 

Cr(NH3)5(NH2C(OH)2)4+ (1) 

Cr(NH3),(NH,C(OH)2)4+ -% products (2) 

where 

kobs = kbK[H+12{ 1 + K[H+12}-‘. (3) 

Values of K (eqn 1) increase with increasing tem- 
perature and the associated thermodynamic para- 
meters are given in Table 4. 

The yield of Cr(NH3)2+ (Tables 1 and 2) in- 
creases with increasing temperature, and de- 
creasing [H +] and is independent of ionic strength. 

Fig. 2. Plots of [k& vs [H+]-* for the decomposition 
of Cr(NH&,(NCO)*+ in HC104 01 = 0.6 M) at 40, 55 

and 65°C. 
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Table 3. Calculated kinetic parameters for the acid hydrolysis of Cr(NH~)JW!O)*+ in HClO, 
01 = 0.6 M) at 298.2 K 

Ea 
AS' 

(k.7 mol-') (J K-l mol-1) 

0.04 0.31 co.343 83.4?12 -60+24 

0.05 0.553 LO.511 79.2?3 -69+6 

0.10 1.57 [1.553 67.5*3 -99?6 

0.20 2.71 E3.121 68.3+2 -92t4 

0.30 3.13 [3.86] 68.3+4 -91+8 

0.50 4.45 [4.373 60.7+2 -133+4 

0.60 4.56 C4.481 57.8?2 -123+4 

5 See footnote b_, Table 1. 

Although the maximum yield of Cr(NHJ:+ 
under the reaction conditions used was only 3574, 
we have extrapolated these trends to develop a 
synthetic procedure where yields of 60% of the 
hexaammine can routinely be obtained from the 
easily prepared [Cr(NH,),(NCO)](NO,),. 

Unfortunately we have been unable to charac- 
terise the other Cr(II1) complexes formed. Absorp- 
tion spectra of the resulting pink solutions (after 
precipitation of Cr(NHS)a3+) indicate a complex 
mixture of Cr(NH3),(OH,)~+_X (x # 5) but the ratio 
of the products (x = l-4) could not be determined. 
We can exclude Cr(NH3),(OHJ3+ as a product on 
three accounts: 

(a) The C104- salt of this complex is reasonably 

insoluble, but no [Cr(NH3),(OH,)](C104)3 was de- 
tected. 

(b) Treatment of the pink solution with concen- 
trated HCl did not produce any of the very HCl 
insoluble [Cr(NH3).&l]C12. 

(c) The major product of the reaction between 

Cr(NH3)4NCO)*’ and 6 M HCl is cis- 

[C~W-&k(OWICL 
Table 5 lists the reported visible absorption 

spectral parameters for various Cr(NH,),(OH,)~+_ * 
species, together with selected data for the red 
Cr(NH,),(OH&+_, complex mixtures produced in 
the reaction between Cr(NH3),NC02+ and H+. 
Inspection of these data suggest that di- and 
tri-ammines are the most likely products and that, 

Table 4. Calculated limiting values for rate and equilibrium constants 

4 a,r b 
d 

T [Kl '9 Ilim K- AHoc ASo- K e 
talc 

(OC) (s-l) (M-l s-l) (kJ mol-l)(J K-1,1-1) 

25.0 298.2 4.76 48.2 9.6 64.4 48.2 

40.0 313.2 16.0 59.5 58.1 

55.0 328.2 52.6 68.7 68.7 

65.0 338.2 106.0 76.8 76.3 

d Estimated from the intercept of k+bs-' vs [H + -2 plots. 1 

b - Estimated from the slope of Lbs-' vs CH+Ie2 plots. 5 Estimated 

from the slop of the 1nK vs T -l plot. a Calculated from the 

expression RT In K2g8 = TASO-AHo. 5 Calculated from the expression 

RT In KT = TASO- AH0 using the values of ASO.and AH0 in the Table. 

f Kinetic activation parameters for klim are'Ea = 65.3 t 1 -1 
kJno1 , 

AS' = -98 f 2 J K-'mol-1. 
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Table 5. Visible absorption spectral parameters for CI@IH~)AOH&‘_~ species’ 

Product Mixture b_,c,fi 

x A x 
MX max lo6k+4(700c)Ref. [H+l Imax lmax T 

(s-l) @) (OC) 

6 465 350 47.G e 0.04 525 387 55 

(40) (33) (15.9) (14.9) 

5 480 359 41.2 B 0.10 517 381 55 

(35.1) (30.3) (21.0) (17.0) 

c-4 595 366 24.2 f 0.20 517 381 55 

(35.8) (26.8) (19.9) (16.3) 

t-4 470 369 44.4 f 0.30 515 397 55 

(21.5) (32.1) (22.1) (17.4) 

fat-3 513 374 7.6 f 0.50 512 376 55 - 

(36.6) (22.6) (24.3) (18.6) 

mer-3 502 376 23.5 0.60 510 374 55 - g 

(26.3) (26.8) (26.5) (20.4) 

c-2 526 386 3.4 g 0.05 523 385 40 

(27.0) (21.3) (18.3) (15.1) 

t-2 522 387 17.5 grh 0.05 526 388 55 

(21.3) (24.6) (17.1) (15.4) 

1 547 396 1.1 CJ 0.05 525 387 65 

(19.9) (18.6) (16.2) (15.4) 

0 574 407 9 

(13.2) (15.5) 

5 A in nanometers, values in parenthesis are molar extinction 

coefficients (E, M 
-1 -1) cm . 5 = C&-, &= a-. 

b [Cr(NH3)6](C104)3 precipitated by storage at -5OC for at least 

24 hours before spectral analysis. c [Cr(III], determined 

spectrophotometrically by alkaline oxidation 

Mean of 3 determinations (E f 0.2 M -1 cm-l). 

e Ref. 9. g 8. Ref. 2 Ref. 6. !! 

to Cr04 
2- 

with H202. 

a )I = 0.6 M_ (NaC104). 

Ref. 7. i Kinetic 
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data from Table 4, ref. 9. 

like the production of Cr(NH,),3+, the product 
ratio depends on both [H+] and temperature. In 
addition, Table 5 also lists rate constants for the 
thermal rupture of successive Cr-NH, bonds in 
HClO, media.““” If di- and tri-ammines are in- 
deed produced, it is obvious that their rate of 
formation from the parent pentaammine must be 
strongly catalysed with respect to thermal Cr-NH, 
bond rupture. It has been observed previously,*‘*‘* 
that weakly acidic leaving groups (e.g. NO*-) can 
catalyse Cr-NH3 bond rupture in acidic media and 
it is possible that the CO2 produced in the acid 

decomposition of Cr(NH,),(NCO)Z+ behaves in a 
similar fashion. 

CONCLUSION 
Comparison of the data obtained here with 

those obtained for other M(NH3)S(NCO)2+ sys- 
tems is difficult because of different rate laws, but 
at a constant [H+] the order of reactivity is 
Rh3 > CO’~ > Ru3 % Cr. 

In the case of Rh, Co and Ru, there is good 
evidend’ for an intermediate N-bonded car- 
bamate complex and the mechanism proposed here 
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(eqns 1 and 2) incorporates such a protonated 
species for the Cr(II1) system. It is possible that the 
rapid loss of NH, could be attributed to chelation 
of the carbamate (cj oxalate)13 and this could 
account for the isolation of cis-[CrCl(NH,), 

(OH,)]Cl,. Indeed Cr(NH,), /NH,\ , o ,C=O 
> 

‘+ or 

CrPJH3h 
/o\ 2+ ( ,. //C-NH, 

> 
could also be in- 

cluded as potential components of the unknown 
red reaction products. 
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Abstract-The kinetics and mechanism of the hydrolysis of several cyano(pyrrolyl-l)bor- 
ates in aqueous medium has been investigated. The hydrolysis of cyanophenyl(pyrrolyl- l)- 
borates, cyano(tripyrrolyl-1)borate and cyanohydro(pyrrolyl-1)borates proceeds via two 
kinds of reactions; (a) a special H + ion catalyzed reaction (A- 1 mechanism) and (b) a H + 
ion concentration-independent process of Gl mechanism. In acidic medium the 
[BH,(NC4H4)CN]- anion is reversibly protonated at the a-carbon of the pyrrolyl group 
and a product with composition C,H,N * BH,CN, stable towards hydrolysis is also formed. 

In the H+ ion catalyzed reaction the B-N bond very likely breaks, whereas upon the 
[H+] ion concentration-independent reaction a B-CN cleavage occurs. The presence of 
the cyano substituent significantly increases the hydrolytic stability of the EN bond, 
whereas the pyrrolyl-l-substitution remarkably decreases the stability of the B-CN 
bonding. 

In previous papers we have described the kinet- 
ics and mechanism of the hydrolysis of 
phenyl(pyrrolyl-1)borates’ and hydro(pyrrolyl-l)- 
borates.2 In this paper we wish to report on the 
study of the hydrolysis of several cyano(pyrrolyl- 
1)borates ([BH,(NC,H,),_.CN]- and [B(C,H,),- 
(NC4H4),_.Cq-, where n = 0, 1,2). 

The kinetics and mechanism of the hydrolysis of 
the borates is significantly changed and modified 
by the presence of the cyano group. For example, 
the rate-constant of the hydrolysis of [BH,CN] - 
anion3 is about 108-fold lower than that of the 
BH,- anion.4 Concomitant to the hydrolysis in 
D20 such a rapid B-H isotopic exchange reaction 
takes place in the case of [BH,CN] - that the 
[BD,CNl- salts3 can be isolated with good yields, 
whereas H-exchange of low degree has been ob- 
served upon hydrolysis of BH,- anion.5 In this 
paper the effect of the cyano substituent on the 
kinetics and mechanism of the hydrolysis of 
(pyrrolyl- 1)borates is described. 

*Author to whom correspondence should be ad- 
dressed. 

EXPERIMENTAL 

The preparation of the borates utilized, 

NatB(C,H,),(NC,H,)CNl, NatB(C6H5)(NC4Hd2- 
CN], Na[B(NC,H,),CN] .1,5 C4H802, K[BH,- 
(NC,H,)CN] * C4HsO2 and Na[BHINC,H,),CN] * 3 
C,H,O, have been described previously.6,7 

The buffers used have been prepared in the usual 
manner using analytical grade chemicals from Re- 
anal and Merck. The ionic strengths of the buffers 
was adjusted to 0.1 mole/dm3 or 1 .O mole/dm3 with 
NaCl. The pH values of the buffers was determined 
with a Radiometer model PHM4 pH-meter. In the 
case of K[BH,(NC,H,)CN] at [H+] > 0.01 
mole/dm3 the pH value was calculated on the basis 
of the HCl concentration, while at [H +] c 0.01 
mole/dm3 the pH was measured, and the pH of a 
solution containing 0.010 mole/dm3 of HCl was 
acknowledged 2.00. 

Kinetic measurements 
The rate of hydrolysis of the cyano(pyrrolyl-l)- 

borates was followed by spectrophotometric (a) 
and complexometric (b) methods. The mea- 
surements were carried out at 25°C (or at 17.5 and 
35°C) using samples thermostated to + O.l”C. 

POLY Vol. 2. No. 12-C 
1273 
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(a) The concentration of the cyano(pyrrolyl-l)- 
borates in the buffer solutions was 
2 x 10e4-4 x 10e4 mole/dm3. The light absorp- 
tion of the samples was determined using a 
Beckman Acta M-IV spectrophotometer at 
250 nm (NajB(C,H,),(NC,H,)CN]), 240 nm 

(Na[B(C,H,)(NC,H,),CNl, N@H(NC4H4)DJl 
and Na[B(NC,H,),CN]) and 247 nm (K[BH,- 
(NC,H,)CN]). The solid borate samples were dis- 
solved in the buffer with rapid stirring and the 
change of absorption was followed for a period of 
l-2 half-life time. The absorption of the hydrolysis 
products was measured when eight times the half- 
life of the reaction had elapsed. 

(b) In neutral and alkaline media the progress of 
the hydrolysis was followed by measuring the free 
CN- ion concentration of the solution. For these 
experiments 0.02 mole/dm3 solutions of the borates 
in the buffers were used. The free CN- ion concen- 
tration was determined by means of 0.1 mole/dm3 
AgNO, solution. For the determination of the 
end-point the I- ion indicator method was 
applied. 

Examination of the influence of acetic acid on the 
rate of hydrolysis 

The rate of the hydrolysis of Na[B(NC4H4),CNl 
at 25°C was measured in pH = 4.07 buffers with 
0.1 ionic strength at different acetic acid concen- 
trations (0.015, 0.15 and 0.35 mole/dm3). The fol- 
lowing values were obtained for the pseudo-first- 
order rate constants: 3.26 x 10m4; 3.08 x lop4 and 
2.97 x 10-4s-‘. 

Determination of the activation parameters 
The rate of hydrolysis was measured in 

pH = 5.36; 4.40; 3.90; 3.61 and 3.38 buffers and in 
the case of Na[B(NC,H,),CN] in pH = 3.90; 3.38; 
2.43; 2.11 and 1.90 buffers at 17.5,25.0 and 35.O”C. 
With the knowledge of the measured pseudo-first- 
order rate constants and the H + ion concentration, 
both the H + ion concentration-dependent and H + 
ion concentration-independent rate constants were 
determined. The actual [H+] values were calcu- 
lated from the measured pH values at 17.5, 25.0 
and 35.O”C. The activation parameters were calcu- 
lated in the usual manner from a plot of log k vs 
T- ’ according to the Eyring equation using the 
determined values of the rate constants. 

RESULTS AND DISCUSSION 

The cyano(pyrrolyl- 1)borates decompose slowly 
in aqueous acidic media, according to eqns (1) and 
(2) (n = 0, 1,2): 

[W6H5),(NC4H4)3 _.CNj - + H + + (3 - n)H,O 

= [B(C,H,),(OH), _ “1 + (3 - n )C,H,NH + HCN 
(1) 

[BH,(NC,H), -,&TN] - +,H + + 3H20 

= B(OH), + nH, + (3 - n)C,H,NH + HCN. (2) 

In contrast with the hydrolysis of the other 
(pyrrolyl-l)-borates,‘v2 cyano@yrrolyl- 1)borates 
hydrolyse slowly also in strongly alkaline medium 
(0.1 mole/dm3 NaOH) but pyrrole does not form 
upon the hydrolysis (Fig. 1). In neutral and alka- 
line medium this process takes place as shown by 
the following equations (n = 0, 1,2): 

PGWWJ-L), - .W - + H2O 

= PW,W,W,W, -@HI - + HCN (3) 

W-WGH& -PI - + (n + 1P-W 

= [B(NC,H,),_.(OH),+,]- + nH2 + HCN. (4) 

Since the spectrum of the borate significantly 
differs from that of the hydrolysis products in the 
range 220-270 nm, the rate of the hydrolysis of the 
cyano(pyrrolyl-1)borates can be readily followed 
by spectrophotometry. The measurement of the 
cyanide ion concentration is also a good method 
for determining the rate of hydrolysis in alkaline 
medium. 

210 230 250 A(nm) 

Fig. 1. The change of the spectrum of K[B(NC,HJ,CN] 
(c = 1.4. 10m4 mole/dm’) upon hydrolysis in 
0.1 mole/dm3 NaOH solution: (a) before hydrolysis; (b) 
after hydrolysis; (c) after hydrolysis and adjustment of 
the pH first to acidic range (3-4) and then to the original 

value. 
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According to our studies the hydrolysis of 
cyano-(pyrrolyl- 1)borates in aqueous buffers can 
be described as a kinetically pseudo-first-order 
reaction: 

O-1 - - = k;Yd’dsB-] 
dt 

where B- denotes the cyano(pyrrolyl-1)borate and 
kfY& is the pseudo-first-order rate constant. The 
measured kFYd* values of the cyano(pyrrolyl-l)- 
borates in aqueous buffers are summarized in 
Tables 1 and 3. 

In acidic media the kfY& values of the 
[B(C,H,),(NC,H& _ .CN] - anions (n = 0, 1,2) and 
the [BH(NC,H.,),CNj- anion varies linearly with 
the H+ ion concentration (Table 1) and it can be 
expressed by the following equation: 

kFydr = k,[H +] + k, (6) 

where kH is the second-order rate constant of the 
acid-catalyzed process and k, is the first-order rate 

constant of the H + ion concentration-independent 
reaction. The values of the kH and k, rate con- 
stants, determined from the data given in Table 1, 
and also the AH * and AS * values, calculated from 
the k,, and kl constants are summarized in Table 
2. 

The rate-determining step in the H+ ion- 
catalyzed hydrolysis of cyano(pyrrolyl-1)borates 
may be the cleavage of the B-CN or the B-N bond 
(in the case of borates containing B-H bond the 
cleavage of this bond may be also rate- 
determinant). We believe that in the reaction of the 
cyano@yrrolyl-1)borate with H+ ion the EN 
bond is cleaved since the formation of pyrrole and 
the corresponding amine borane was observed in 
the reaction between cyano(pyrrolyl-1)borates and 
pyridine hydrochloride in non-aqueous solvents.‘J 

On the contrary, the rate-determining step of the 
H+ ion concentration-independent reaction can be 
only the cleavage of the B-CN bonding, as no 
formation of pyrrole can be observed in alkaline 
medium (Fig. 1), and also, the value of kfydr, 
measured in alkaline medium, is equivalent with 

Table 1. Pseudo-first-order hydrolysis rate constants (kkydy of cyano(pyrrolyl- 1)borates in aqueous 
buffers at 25°C @ = 0.1) determined by spectrophotometric (pH < 8.8) and complexometric methods 

(PH > 8.8). (Ph = C6H,; Pyl = I-NC,HJ 

*Jar cs-ll 1 
PH 

EBPh2QlCNI- C~fi~l2CNl- CBPY~~NI- CBHFy12CNI- 

1.90 

2.11 

2.43 

3.05 

3.38 

3.61 

3.90 

4.19 

4.40 

4.64 

5.36 

8.8 

9.3 

9.9 

11.2 

12.6 a 

5.9.10-3 

2.9.10-3 

1.8.10'3 

9.8.10-4 

6.0*104 

4.30104 

3.0.104 

2.2.104 

4.0.10-3 

2.6.10-3 

1.7.10-3 

1.3.10-3 

9.1'10-4 

7.9.10-4 

6.4.10-4 

1.6*10-4 6.1~10-~ 

1.7.10-4 5.9*10-4 

1.8.10'4 6.0010~ 

1.8*10'3 

1.2.10-3 

7.5.10-4 

4.2010~ 

3.6.104 

3.1.104 

3.3.10-4 

3.3.10-4 

4.6dO-2 

2.2.10-2 

2.7*10-3 

1.6*10-3 

9.1'104 

5.2*10-4 

3.8.10'4 

2.9.10-4 

1.8.10-4 

1.2'10-4 

1.1.10-4 

1.2.10-4 

a NaOH-NaCl buffer 
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Table 2. Rate constants (kH, k,) and activation parameters of the hydrolysis of cyano(pyrrolyl-l)- 
borates at 25°C. @ = 0.1; Ph = C,H,; Pyl = l-NC,H,) 

Parametere Values 

(unite) CBPh2FylCNl- CBfiPgl2~Nl- CBPY~~CNI- fBHl?yl2CNI- 

kH 
-1 3 '1) w-+0.3 4.720.2 0.117-+0.003 

(mole 
6.220.4 

l dm l e 

A H+ 
-1 (KJ=mole ) 

SO-+3 

AS+ 
3126 

(J-mole -l.K-l) 

5823 6522 

-37% 4425 

kl (e-‘) (1.7-+0.1)*10-4 (6.1-t0.2)*10-4 (3.2+0.1).10-4 (1.2+0.1).10-4 

AH' 

(KJ*mole-') 
9123 6923 8722 

AS* 

(J-mole -l.K-l) 
-1426 -S-+6 -21-+5 

that of k, determined for the process in acidic 
medium (Table l), where the formation of pyrrole 
can be detected. 

Studies with cyano(amino)borates ([BH,- 
(NR,)CN]- anions), having analogous structure 
with that of the cyano(pyrrolyl-l)-borates, have 
shown that the rate-determining step of the hydro- 
lysis is also the cleavage of the B-CN bond.’ 

According to the above experimental data, the 
hydrolysis of cyano(pyrrolyl-1)borates of type 
[BR,(NC.,H,), _ ,,CN] - (where R = C6HS, n = 1,2; 
R = H, n = 0, 1) can be described by the following 
equations: 

WWJGHJ, - .CNl - + I-I + 

$ Br,(HNC,H&NC,H,), _ ,,CN 
k’” 

(7) 

4 BRn(NC4HJ2 _ .CN + C4H.,NH (8) 

B(C6HMWHJz - .CN + (3 - n )HzO 

fast 

- B(C,H,)JOH), _ n + (2 -- n)C,HJW + HCN 

(9) 

fast 

BH,(NC,H,), _ .CN + 3H,O - B(OH), + n H, 

+ (2 - n )C,H,NH + HCN (10) 

[BR,(NC,H,),_.CNj- 2BR,(NC,H,),_. + CN- 

(11) 

fast 

+[BR,(NC,H,),_,OH]- +H+. (12) 

Since the borate is only weakly basic (i.e. 
kLH B kk), the Bodenstein principle can be applied 
for the reaction, namely, the concentration of 
BR,(HNC,HJ(NC,H,), _ .CN remains small and 
quasi-constant all the time during the reaction. 

At the same time-similarly to the reactions of 
phenyl(pyrrolyl-l)borates’-the reaction between 
the borate and the H+ ion is a specific acid- 
catalyzed process (the rate of the hydrolysis is 
independent of the acid concentration), thus one 
can also assume that k’_, 9 kZ, 

As the hydrolysis takes place according to eqns 
(8) and (11) thus, the following expression can be 
given for the ktYdr value (eqn 5) on the basis of the 
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above considerations: 

k;Yd’ = k2 2 [H+] + k,. 
l-l 

(13) 

Equation (6), obtained from the experimental 
data, is practically identical with eqn (13), namely, 
the kH value in eqn (6) is identical with the 
kl(k;I/kLH) value in eqn (13). 

The hydrolysis involving the loss of CN - ion 
(eqn 11) may be of SNl or &Ztype process. 
However, the determined great AH* values and 
the small AS* values (Table 2) make the S,l 
mechanism more probable. This mechanism is also 
supported by the change of the kl values measured 
for [B(NC,H,),CN]- in dioxanewater mixtures 
(Fig. 2) since plotted log k, vs log [Hz01 the slope 
is 5.7, whereas a value of about 2 would be 
eexpccted if the process were of !$2-type mech- 
anism.” 

Our studies have shown that the hydrolysis of 
[BH2(NC41-14)CNj- under alkaline and weakly 
acidic e0&i&ns trakes p5am similar@ 10 %i=ia% of& 
other cyano(pyrrolyl- I)-borates (Table 3). 

Contrary to the results with the other 
cyano(pyrrolyl-1)-borates (Table 1) the kiYdr rate 
constant for [BH,(NC,H,)CN]- approaches a con- 
stant value in more strongly acidic media (Table 3). 
Also, parallel with the relative decrease of the rate 
off the h~~dra~vsis such a +nec~Ysl &a~ ar &. 
sclution is observa6le which in&cates the for- 
mation of a stable amine borane (C,H,N*BH,CN) 
ccn&tinin~ a pyrraly( graup pro<~~ti ac tf.~ 

log[H20 1 

Fig. 2. The change of the rate constant (k,) of the 
hydrolysis of K[B(NC,H.,),CN) in water-dioxane mix- 
tures of 0.1 mole/dm3 NaOH concentration at 25°C as a 

function of the water-concentration. 

Table 3. Pseudo-first-order hydrolysis rate constants 
(k:Y”? of KBH,(NC,H.,)CN in aqueous HCl. (a) 
H3PO-KHrPO,, (b) KH2P04-NarHP04, (c) buffers at 
25°C (ionic strength 1.0) determined by spectro- 

photometric method 

PH Buffers ,$Ydr ~~-1, 
1 

0.023 a 5.5.10-5 

0.325 a 5.6*10-5 

0.602 a 5.6010-~ 

0.996 a 5.2°10-5 

1.292 a 4.9.10-5 

1.553 b 4.1'iO'5 

1.602 a 3.9.10-5 

1.824 a 3.2910-5 

1.854 b 3.4'10'5 

1.921 a 3.1.10-5 

2.097 a 2.6010-~ 

2.149 b 2.2.10-5 

2.456 b 1.4'10'5 

2.745 b 8.9*10'6 

5.9 C 1.5’zo-6 

6.9 C ~6'10'~ 

7.9 C 1.5'10-6 

u-position, arising from the reaction between 
[BH,(NC,H,)CN)]- and the H+ ion.’ The for- 
mation of similar compounds, containing 
n-FQWaa\z.& ~~XXZ!P$ gro;u-p, =n & &~.rve& 
in more concentrated sulphutjc acid sol~tiozz.s 
of L*BH(NC,H3CN-type amine boranes8 
(L =zmj@ and of the [BJ9QVC&$~C_W&t - a~- 
ion.” 

In the reaction of the [BH#IC,H&XVj- anion 
with the H+ ion first either the B-H or the B-N 
bond is cleaved. According to our results the 
cleavage of the EN bond was more probable since 
neither hydrogen gas evolution was observed upon 
the reaction of the borate with acid in non-aqueous 
medium, nor could B-H exchange be detected 
upon hydrolysis in D,O.’ If the hydrolysis proceeds 
via the cleavage of the B-N bond, protonation at 
the N atom of the pyrrolyl group gives rise to 
hydrolysis. At the same time, protonation at the 
carbon atom results in a stable borane complex 
with composition C4H,N.BH,CN, since according 
to earlier resultsi the rate of the H-exchange at the 
N atom of the pyrrole derivatives is about 
lOOO-fold greater than at either carbon atom. On 
the basis of these considerations the hydrolysis of 
the [BH,(NC,H&CN’j - anion can be described by 
the following equations: 

[BH,(NC,H,)CN] - + H + ?& C,HsN-BH,CN (14) 



1278 J6ZSEF EMRI and Bl?LA GYC)RI 

[BH,(NC,Hz,)CN]- + H+ 2 [BHz(HNCdH&N’j 
k-H 

(15) 

[BH,(HNC,H,)CN] 2 BH&N + C,H,NH 

(16) 

[BH,(NC,H&CN] - 2 BH,(NC,H,) + CN- 

(17) 

fast 
BH,CN + 3H,O --, B(OH)3 + 2H, + HCN 

(18) 

fast 
BH*(NC,H,) + OH - zz [BH2(NC4H,)OH] - . 

(1% 

According to eqns (14)-(19), to the preceding 
results obtained from the hydrolysis studies with 
the other cyano-(pyrrolyl-l)borates, and also, ta- 
king into consideration the following relationship 
between the total concentration of the non- 
hydrolysed borate (C,), the concentration of the 
borate (B-) and the concentration of the pro- 
tonated product (HB): 

C,=[B-]+[HB]=[B-](l+KJH+]) (20) 

the kFydr value can be given by eqn (21): 

k,,y,,' _ &W-HW + I+ ‘6 
1 - 

1 +K,[H+] * 
(21) 

After calculation of the k, values, the parameters 
of eqn (21) were determined by the method de- 
scribed earlie? using the data of Table 3. The 
resulting values are summarized in Table 4. The KP 
value (80) obtained from the kinetic measurements 
is in good agreement with that (K, = 69) deter- 
mined by the spectrophotometric method.’ 

Comparing the k, values of the phenyhpyrrolyl- 
I)-berates” and the hydro(pyrrolyl-1)borates’ with 
that of the corresponding cyano derivatives (Ta- 
bles 3 and 4) it can be established that a H-CN or 
C,H,-CN substituent exchange in the molecule 
results in a 4-5 orders of magnitude decrease in the 
value of k,, but in the case of [BH,(NC,HJCNl- 
a 7 orders of magnitude’ decrease was observed. 
Thus the hydrolytic stability of the 
[BH,(NC,H,)CN]- anion is much larger than has 
been expected on the basis of the substituent effect. 
However, this extra-stability is in good accordance 

Table 4. Rate constants (kH, k,) and protonation con- 
stant (K,) of the hydrolysis of KBH,(NC,H,+)CN at 25°C 

(ionic strength 1.0) 

Rate constants 

(units) 

Values 

kH 
k2 - (mole -1 •dm~.s-1) (4.&0.3)*10’3 

k-H 

kl (s-‘) 

Kp (mole-l* au?) 8026 

with the results of the H-exchange studies in D,O: 
in the case of the [BH,(NC,H3CNj - anion the 
pyrrolyl group can be entirely deuterated’ whereas 
only partial deuteration can be observed with the 
other anions.2~‘* We believe that in the case of the 
hydrolysis of the cyano@yrrolyl-1)borates a close 
connection exists between the alteration of the rate 
of the hydrolysis from the linear substituent-effect, 
and the degree of deuteration of the pyrrolyl group 
of the borate. Similar explanation can be given also 
for finding that the hydrolytic ability of the 
[B(C,H,),(NC,H,)CN] - anion is somewhat larger 
than that expected according to the linear 
substituent effect (Table 2). 

Contrary to the other (pyrrolyl-l)borates’*2 the 
hydrolysis of the cyano(pyrrolyl- 1)borates involves 
a novel reaction-the hydrolytic loss of cyanide 
anion-which does not take place upon the hydro- 
lysis of the BH,CN- ion, but does proceed in the 
case of amine boranes’ ([BH,(NR,)CN] - anions). 
The data summarized in Tables 2 and 4 clearly 
show that the rate of the Gl-type hydrolysis (k,) 
of the cyano(pyrrolyl-l)-borates increases with the 
increasing number of the pyrrolyl groups of the 
molecule. A similar change is characteristic also for 
the Lewis-acid character of the (pyrrolyl-l)- 
boranes,13 namely, the value of the k, constants 
(Tables 2 and 4) is primarily determined by the 
Lewis-acid character of the borane attached to the 
CN group. 
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Abstrac&-Complexes of the type [Cr(CN),_.(OH)A3- were found to produce the chro- 
mate(V1) ions upon exposure to UV radiation in alkaline medium. The quantum yields 
are reported and possible mechanism is discussed. 

Chromium(II1) complexes are generally known to 
undergo substitution and substitution-related pho- 
toreactions. Photoredox reactions of these com- 
pounds are apparently rare. Only in few cases such 
processes were reported and then reduction to 
chromium(I1) species was concluded.2-9 

The cyanide complex, [Cr(CN)6]3 -, has received 
perhaps more detailed study thaa that ofany other 
ligand and photosubstitution of the CN- ligand 
was inferred as the only mode by all authors5y’g17 
except Fleischauer4 who suggested also a redox 
behaviour from his flash experiments. Our pre- 
vious study I8 has revealed that under special condi- 
tions photosubstitution has been accompanied by 
a redox process in the case of hexa- 
cyanochromate(III) and hydroxocyanochrom- 
ates(II1). 

We now report details of the redox photo- 
decomposition of chromium(III) compIexes with 
CN - and OH - ligands. 

RESULTS AND DISCUSSION 

Spectral changes recorded upon exposure of 
aerated alkaline solutions of cyanochromates(II1) 
were found to depend strongly on the energy of 
radiation. This is iIIusQated in Fig. I(a) and I@>) 
ffor._lCrjC~‘- and jCt;ctXQ~O~-~. re$uective@. 
(Dz)Xr hy~~D~DcyanDc~~Dma~Cs~)))> cm.JM IJot be 

*Author to whom correspondence should be ad- 
dressed. 

studied photochemically due to their high thermal 
instability. However, similar photochemical behav- 
iour was also detected in the case of the 
[Cr(CN),(OH)3]3-, the most stable member of this 
group. In all these systems exposure to radiation 
within LF bands (see Table 1) resulted only in 
absorption changes characteristic of substitution 
products (see Ref. 181, whereas irradiatioa within 
LMCT bands (Table I) generated also another 
species absorbing at 26.8 x 103cn--’ and 
36.6 x lo3 cm-‘. 

This new photochemical mode was observed not 
only in the case of cyanochromates(III) but also in 
highly alkaline solutions of other chromium(III) 
salts. These were characterized by two LF bands at 
16.8 x 103cm-’ (E = 29dm3mole-’ cm-‘) and 
23.3 x 103cm- (E = 30dm3mole-’ cm-‘) and a 
continuous increasing absorption towards higher 
wave numbers (Fig. Ic). Species prevailing in 
such a solution were as yet not fully defined, 
among others it was formulated earlier as 
[CrO,(H,O),] - ?9 For the sake of convenience, the 
complexes studied here are formulated as 
[Cr(CN),_.(OH),.]’ -, where x = 0, 1,3 or 6. 

Spectral characteristic of the product generated 
up0n exposure to radiation from CT bands in ai1 
systems studied fitted that of the Cro,l- ions ,&.ee 

E&F, Id>, %IiS CDndJJ&Dn Was CDdkX#Cd ah by 
chemical analysis. The rate of the chromate(V1) 
pr&uction. was. found. TV. depend. an. ssn~entzatkn. 

of the OH - ions and molecular oxygen in solution. 
However, considerable amounts of CrO,2- were 
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Fig. 1. Absorption changes observed in continuous photolysis of oxygenated alkaline (1 M KOH) 
solutions of: (a) [Cr(CN),]‘- (10e2 M, t = 2 min); (b) [Cr(CN),0H]3- (10e2 M, tin = 5 min); and 
(c) [CrO,(H,O),J- (lo-’ M, tin = 20 min). Curves 1, in Figs. l(a-c), refer to unirradiated solutions, 
curves 2-to solutions irradiated *thin LF bands (? 6 32 x 10’ cm-‘); and curves 3-to solutions 
irradiated within both, LF and CT, ranges (up to T x 37 x lO’cm_I). In Fig. l(d) the difference 
spectra, (A,’ - A2) from Fig. l(a) (curve l), Fig. l(b) (curve 2) and Fig. l(c) (curve 3) are compared 

with the spectrum of lo-’ M CIO~~- in 1 M KOH (curve 4). 

observed also in aqueous unbuffered aerated solu- 
tions of [Cr(CN)J3 - due to increase in pH in 
consequence of photoaquation. Some traces of 
Cr(V1) were also detected in de-aerated* alkaline 
solutions of [Cr(CN), _ ,(OH)J’ -. 

Quantum yields of the CrQ,2- production (Ta- 
ble 2) were found to depend strongly on the 
number of the CN- ligands in the complex. The 
redox process at 265 nm was observed in the case 
of cyanochromates(II1) to be accompanied by sub- 
stitution. Its quantum yield could not be, deter- 
mined however, with sufhcient precision due to 
significant overlap of the product spectra with 
dominating absorption from the CrQ~- ions (see 
curves 3 in Figs. la, b). For hexacyano- 
chromate(II1) the substitution quantum yield un- 
der conditions quoted in Table 2 was roughly 
estimated as 0.06 _+ 0.03. 

Flash photolysis (time resolution 20 ps, de- 
tection within 14 c f < 35 x l@ cm-‘) did not re- 
veal any transient product preceding substitution 
in de-aerated as well as in aerated alkaline solu- 
tions of cyanochromates (see Fig. 2a). Since the 
experiments were carried out under conditions 
appropriate to detect transient absorption charac- 
teristic of hydrated electron (e.g. Ref. 31), its 
generation in the system seems to be improbable. 

Chromate(V1) absorption was recorded not ear- 
lier than within seconds upon flashing of aerated 
samples (Figs. 2a and b) indicating that the CI-Q~~- 
ions are generated in secondary thermal processes 
at the expense of intermediates(i) absorbing weakly 
in the visible region, according to overall reaction 

kT 

[Cr(CN),_.(OH),]‘- hvo I - 
OH-,02 

cro42- +(6-x)CN-. (1) 

*The presence of traces of oxygen in the system 
cannot be excluded. 

The intermediate species, I, could be observed only 
upon flashing of the [Cr(CN)J3- complex in the 
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Table 1. Electronic spectra of cyanochromates(II1) in alkaline solution 

1283 

3, 
d 

Complex 
103 om- ‘1 

Assiguunt 

[WCW- 26.5 ash 86 

pH 5.8 - 14 32.6 a,b 60 t2g-eg 

43.5 1700 

45.8 3100 t I&---+ t2g 

48.4 3900 

tCr(CN),OHl- 23.0 = 120 

m 14 27.5 ’ 78 

41.2 4100 

a see also Refs. 19, 20; 
b 

see also llof~. 11, 21 - 24; o a.. ah0 Ref. 25; 

d 
based on SINLlO/FEZMP calculations 26,27 ; th. assignrent of d - d banda is oonmiatent with 

other report6 11,19, 21-23 ) dlereas CTL-W oharaoter of the mar. energetic transitions waa 

suggested earlier by Sohlafer et al 28 , although Alexander and Gray “, basing on SCCC MO 

method, assigned the band at 38.1~10~ om” to t2g [MJ~t,,r”[L~. 

Table 2. Quantum yields of chromate(W) production at 265 nm (1 M KOH, saturated with oxygen, 
T=295fOSK) 

concentration, Quantum yield, 

I4 [mol. Einstein-‘1 

2 x. 10-3 0.057 * 0.002 

2 I: 10-3 0.025 + 0.002 

I x 10’2 0.007 + 0.002 

presence of an excess of the CN - ions. Then, a 
short-lived absorption with a maximum at 
N 30.5 x lo3 cm-’ was recorded (Fig. 2c) that 
fitted into that characteristic of the [Cr(CN)J4- 
complex in solution. *‘JO Rapid decay of the 
[Cr(CN)J4- absorption when the [OH-]/[CN-] 
ratio in solution is higher than 525 would be 
responsible for the lack of any transient absorption 
in our experiments carried out in absence of the 
excess CN -. 

These results have led us to believe that CT 
photochemistry of the [Cr(CN), _ ,.(OH),.J3 - com- 
plexes proceeds through photoreduction pathway. 

This conclusion is consistent with the LMCT 
character of the transitions (see Table 1) and is 

supported by the quantum yield values (Table 2) 
corresponding with the reported earlierr5 tendency 
of the chromium(II1) complexes to be reduced to 
the Cr(I1) ones in alkaline medium. 

Subsequent fate of chromium(I1) species gener- 
ated photochemically would depend on the pres- 
ence of oxygen in the system. In aerated solution, 
chromium(II1) complexes should be rapidly regen- 
erated. However, chromium(I1) compounds are 
known3* to be oxidized by molecular oxygen not 
only to chromium(II1) but also to chromium(V1) 
with presumable generation of O,- and/or O,*- 
ions. The latter are used to oxidize Cr(II1) com- 
pounds in alkaline medium to the CrO:- ions for 
analytical purposes. Hydrogen peroxide was 
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sf)&@!i&, 
30 20 5 [IobiJ 

Fig. 2. Absorption changes recorded upon flashing of: (a) [Cr(CN)& (2 x 10e4 M) in oxygenated 
0.01 M NaOH: curves 1 and 2-difference spectra (A, - A,), recorded at delay times, t, between 20 ps 
and 0.2 s (curve 1) and at 200s (curve 2), curve 3difference spectrum (&,,S - AX&; 
(b) [Cr0,(H20),,- (2 x lo-’ M) in oxygenated 1 M NaOH: curves 14-difference spectra (A, - A,) 
for t between 20 ps and 1 s (no changes), 22, 120 and 600 s, respectively; (c) [Cr(CN),]‘- (2 x 10v4 M) 
in de-aerated 0.02 M NaOH and 0.05 M KCN curve 1 (left scalej-difference spectrum 

(A IOPS -A,,& curve 2 (right scale)-spectrum of the [Cr(CN),14- complex according to Ref. 25. 

reported3’ also to produce chromate(V1) from al- 
kaline cyanochromates(I1). We have found that the 
[Cr(CN), _ .(OH)A3 - complexes are transformed to 
the CrO,*- ions by an excess of H,O, at room 
temperature (with the exception of [Cr(CN),13- 
that needs to he heated). 

Thus, reductive properties of generated photo- 
chemically chromium(I1) species would be re- 
sponsible for chromium(V1) production in second- 
ary thermal processes. 

On the other hand, chromium(I1) complexes 
were reported2* to catalyze substitution of hexa- 
cyanochromate(II1) in aqueous alkaline cyanide 
media. Thus, the substitution proceeding upon 
exposure of the [Cr(CN),13- complex to CT radi- 
ation would be a consequence of the catalytic 
properties of chromium(I1) species generated pho- 
tochemically, although population of the 4T2g level 
could not be excluded as well. 

The photoreduction pathway should be accom- 
panied by generation of ligand or/and sol- 

vent radical. In aqueous solution of the 
[Cr(CN), _ .(OH)J3 - complexes, where x # 6, 
these could be the CN and *OH radicals, whereas 
for x = 6, the only one possible would be -OH. 

Unfortunately, due to the high concentration of 
OH - ions and relatively high radiation energy 
necessary for the redox process to proceed, our 
scavenging experiments did not lead to un- 
equivocal detection of any radical in aqueous 
solution. 

On the other hand, use of ESR spin trap- 
ping technique in methanolic solution of 
K,[Cr(CN),]/crown ether has revealed that photo- 
chemical decay of the [Cr(CN),13- signal 
(g = 1.992, 43.3 G linewidth) was accompanied by 
generation of spin adducts of the .OCH, and 
CH,OH radicals (Table 3). This would be consis- 
tent with the intermolecular pathway 

DVW3 - CH30H 
B [Cr(CN),14- + *OCH3 + H + 

(2) 

Table 3. Hyperfine splitting constants of spin adducts (in mT) generated in photolyzed solutions of 
K,[Cr(CN)J 18-crown-6 

Radical spin trap 

*ocH 
3 

LmPO 

.CH2Oli DMPO 

'cn2OH ND 

c 

Abbreviations : DMPO = 

Solvent 
I_ 

%J 

C?130H / NaOH 1.36 + 0.02 

CH3OH / NaOH I .60 + 0.02 

CH30H / ai2C12 

I 

1.37 + 0.02 

(5 : 1 v/v) 

,,5-dimethylWrroline-l-oxide; ND I nitrosodurene. 

0.76 + 0.02 /w 

2.27 2 0.02 /lW 

0.79 2 0.02 /a/ 
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Abstract-Solubilities and the solvolytic behaviour of various inorganic compounds, Lewis 
acids and bases in fused monobromoacetic acid at 60 f 05°C are discussed. Ionic com- 
pounds are fairly soluble, iodides and thiocyanates being comparatively more soluble than 
chlorides and bromides. Tetraalkyl ammonium halides are highly soluble in this solvent. 
Conductometric and spectroscopic studies of various Lewis acids and bases in fused 
monobromoacetic acid indicate their solvolytic behaviour and their subsequent ionization. 
The solvolyses products BBr3CH2BrCOOH and SbC15CH2BrCOOH have been observed 
to be the strongest Bronsted acids. Auto-ionization of this solvent has been supported by 
acid/base titrations. 

Very little is known about fused monobromoacetic 
acid as solvent compared to acetic acid,’ mono- 
chloroacetic acid,2-5 sulphuric acid,6 disulphuric 
acid,7 or fluorosulphuric acid.* Earlier work on the 
solubility of substances in monobromoacetic acid 
is very limited. It has a convenient working range 
(6 b.p. 208”C, m.p. 48.5”C, dipole moment 2.90 
at 35°C and specific conductance value 
1.35 x 10e3 ohm-’ cm-‘). From freezing point, vis- 
cosity and density data of the mixture of SnBr, and 
CH2BrCOOH it has been reported’ that there is no 
interaction between these two components. How- 
ever in the’case of SbBr,-CH,BrCOOH system 
some chemical interaction has been proposed (foe. 
cit.). This is unreasonable since SnBr, is a stronger 

*Author to whom correspondence shohd be ad- 
dressed. 

acceptor than SbBr,. Although monobromoacetic 
acid is moderately acidic in nature, very few ad- 
ducts with nitrogen and oxygen donor molecules 
are known,“*” which seems surprising. A quan- 
titative method for the estimation of organic ter- 
tiary bases has been established,i2 but no attempt 
has yet been made to isolate their addition com- 
pounds with monobromoacetic acid or to charac- 
terize them. Therefore, in view of the very favour- 
able properties of fused monobromoacetic acid an 
attempt has been made to study it as a non- 
aqueous solvent. In this paper, we report the 
results of a study of the solubilities of various 
compounds, Lewis acids and bases and their sol- 
volytic behaviour in, fused monobromoacetic acid. 

EXPERIMENTAL 

Monobromoacetic acid was prepared and 
purified by the method reported earlier.” The best 

1287 
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available commercial A.R. grade samples were 
used for solubility determinations. Lewis acids 
used were either commercially available or were 
prepared in the laboratory by standard methods. 
Organic tertiary bases were purified by distillation 
over potassium hydroxide pellets before use. 

Quantitative determination of the solubilities of 
various solutes were made by taking a known 
amount of the salt and monobromoacetic acid in 
a small stoppered flask. Monobromoacetic acid was 
added in such an amount that there was always an 
excess of the solid undissolved. Each experiment 
was carried out in a dry box flushed continuously 
with dry nitrogen. The flasks were closed tightly, 
spring retainers on the standard taper stoppers. 
These flasks were rotated continuously in a ther- 
mostat maintained at 60 f 05°C for about 38 hr; 
to ensure that the equilibrium was established. 
After this the contents were filtered quickly in the 
dry box. Careful estimation of the cations by 
standard methods allowed the solubility of the 
substance in grams per 100 g of the solvent to be 
determined. From the qualitative study of the 
solubilities, the substances were extremely low 

solubilities have been considered to be insoluble, 
while others which are soluble to an extent of either 
less than 5% or 5-10% have been termed as 
sparingly soluble and fairly soluble respectively. 
The colour of the saturated solution at equilibrium 
and the thermal changes during the dissolution 
have been observed as shown in Table 1. 

Solvates of Lewis acids and bases were prepared 
by taking excess of monobromoacetic acid dissolved 
in hot benzene in a flask and adding Lewis acid or 
base in small amounts with constant shaking of the 
solution till a solvate separated. It was then quickly 
filtered in a dry atmosphere, washed with anhy- 
drous hot benzene to remove the excess of mono- 
bromoacetic acid, finally washed with anhydrous 
methylene chloride and then dried under vacuum. 
In the case of the boron tribromide solvate, both 
the compounds were mixed in equimolar amounts 
in liquid SO, and then the solution was slowly 
restored to room temperature and a white solid 
was obtained on evaporating the solvent. In certain 
cases the bases form solvates which are separated 
as a second liquid phase. Excess of the solvents 
were decanted and the last traces of the solvent 

Table 1. Solubilities of various solutes in fused monobromoacetic acid at 60 f 05°C 

Solubility gms/ Colour of Solublllty gms/ Colour of 
Solute 100 gms of solvent the solution Solute 100 gms of solvent the solution 

CH2BrCOOK 10.63 Colourless CH2BrCOONa 9.42 Cclourless 

A1C13 14.70 Colourless AlBr3 10.00 Light yellow 

BBr3 Miscible Colourless SnC14 Miscible Colourless 

SnBr4 4.95 Dark brown Ethyl acetate Miscible Colourless 

TiC14 

FeC13 

.W13 

BiC13 

H2Se04 

Br2 

COC12 

(C6H513P 

a-Picoline. quinoline 

Triethylamine 

Isoquinoline 

HqC12,HgBr2,Cd8r2 

(CH3j4NBr 

Miscible 

6.10 

10.50 

5.80 

Soluble 

Miscible 

1.16 

4.86 

Miscible 

Miscible 

Miscible 

Insoluble 

52.80 

Yellow 

Colourless 

Colourless 

Colourless 

Colourless 

Yellow 

Light pink 

Colourless 

Light yellow 

Light yellow 

Light yellow 

Colourless 

Colourless 

Sbc15 

AsC13. POc13. PC13. P8r3 

TeC14 

SeC14 

SO3 

NiCl 2, BaC12,CdC12, SnC12,ZnC12 

(C6H5j3As 

(C6H5j3Sb 

CF3COOH, HN03 

Aniline 

(C4Hg14NI 

KI 

SOC12, s2c12 

Miscible 

Miscible 

0.24 

1.50 

Miscible 

Insoluble 

4.45 

4.32 

Soluble 

Miscible 

72.6 

0.80 

Miscible 

Colourless 

Colourless 

Yellow 

Colourless 

Colourless 

Colourless 

Colourless 

Light yellow 

Yellow 

Reddish brown 

Colourless 

Colourless 

NH4CX 11.50 Colourless 2.2'-bipyridine 20.30 Colourless 

Pyridine. piperidine Miscible Light yellow KBr 1.40 Colourless 

KC1 3.48 Colourless KIO, 55.40 Brown 

KW04 10.20 Pink KBrO; 13.20 Light Yellow 
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were removed under vacuum. After keeping the 
liquid solvates for a couple of days, needle shaped 
compounds separate. All these compounds have 
been characterized by elemental analysis and are 
reported in Table 2. 

The conductance measurements in mono- 
bromoacetic acid were made in a specially designed 
cell with a y-shaped jacket and a cell constant of 
0.678 cm-’ kept in a thermostat at 60 f O.YC. The 
solutions were prepared directly in a conductance 
cell. The conductance was measured using a pre- 
cision conductivity bridge (Phillips PR-9500). The 
infrared spectra of various solvates were recorded 
using a Perkin-Elmer Model 337 spectro- 
photometer either as neat liquids or as Nujol mulls. 

RESULTS AND DISCUSSION 

Fused monobromoacetic acid has a compara- 
tively high dipole moment and low dielectric con- 
stant compared to acetic and monochloroacetic 
acids, which helps in the dissolution of various 
ionic compounds. The solubility of various solutes 
in monobromoacetic acid has been checked at 
60 + 0.5”C and their values are given in Table 1. It 
has been noted that the chlorides of Mn, Ba, Pb, 

Ni, Co and Cu, etc. are insoluble in it. Iodides and 
thiocyanates of these elements are more soluble. 
Anhydrous chlorides of Li, Na, K, NH,, Ca, Sr are 
also insoluble. The low dielectric constant of 
monobromoacetic acid accounts for its being a 
poor solvent for these ionic compounds. Non- 
metals like S, Se, Te, phosphorus and the oxides of 
iron, chromium, aluminium, copper and lead are 
also insoluble. It is interesting to note that the 
anhydrous acetates of Na, K, Li and Cs are fairly 
soluble while those of Ca, Mg, Ba, Sr, Zn, Cd are 
insoluble. Tetramethyl ammonium chloride and 
bromide are highly soluble. When these com- 
pounds are added in excess, corresponding mono- 
bromoacetates separated out. Lewis acids and 
bases are fairly soluble in monobromoacetic acid. 
Chlorides of Zn, Ca, Mg form solvates of com- 
position MCl,.2CH,BrCOOH when dissolved in 
monobromoacetic acid. Phosphorous and arsenic 
halides are miscible with monobromoacetic acid in 
all proportions without the separation of any com- 
pound. However, antimony and bismuth tri- 
chlorides form solids of composition 
MC13.CH,BrCOOH[M = Sb, Bi]. Selenium and 
tellurium tetrachlorides undergo reduction when 

Table 2. Analysis of various adducts of Lewis acids and bases with fused monobromoacetic acid 

Compound M. ot. 
(0 

Elemental Analysis 
% Found 

Hal- Halogen Matal 

Molar Conductance 
in nitrobcnzene 
(ohm-1cm-2mole-1) 

FeCl3.CH2BrCOCki Solid Brcwn 

AlC13.CH2BrCOOH S,elid White 

AlBr3.CH2BrCOOH Solid Light Yells 

TiCl4.CH2BrCOOH Solid Light Yells 

SnBr4.CH2BrCOOH Solid Light Yellow 

SnC14.2CH2BrCOOH Solid Black 

SnCl4CH2BrCOOH Solid Black 

SbCl5.CH2BrCOOH Liquid Light Yells 

SbC13.CH2BrCOCtl Liquid Light Yellow 

BBr3.CH2BrCOOH Solid White 

CSH5N.CH2BrCOM( Solid White 

(C2H5)3N.CH2BrCO@l Solid White 

a-C6H7N.CH2BrCOOH Solid White 

C5H1,N.CH2BrCOOH Solid White 

(C2H5)3.C6H4N.2CH2BrCOOH Solid Bluish White 

C7H7N.2CH2BrCOOH Solid White 

(CH3)2 C6H5N.2Ck2BrCOOH Solid Green 

C10H8N2.2CH2BrCOOH Solid Pink 

96-97 

92-930 

196 

202 

lB2'C 

177'(B.P.) 

@j(D) 

95(D) 

02-115 

147 

61.50 18.59 62.00 18.60 13.0 

63.23 8.00 64.80 9.90 15.1 

79.20 6.20 80.00 6.65 22.6 

66.20 14.90 67.70 14.58 18.0 

83.10 2.16 84.50 2.06 13.5 

55.10 20.21 56.20 21.50 14.5 

65.30 31.07 66.60 29.75 15.5 

47.23 26.20 48.80 27.93 17.2 

54.30 32.90 55.50 33.19 13.6 

82.50 - 81.52 2.50 14.5 

25.90 (6.78) 36.69 (6.42) 16.53 

32.00 (5.40) 33.33 (5.83) 18.50 

33.63 (6.00) 34.48 (6.03) 9.10 

34.23 (6.17) 35.71 (6.20) 15.00 

47.00 (3.60) 46.00 (4.00) 12.00 

xl.40 (4.90) 29.80 (5.20) 13.00 

20.30 (3.42) 21.00 (3.50) 10.~00 

34.57 (9.26) 34.93 (8.77) 23.31 

In brackets ( ) the values are given for % Nitrogen in the base; 0 = Decomposed 
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heated with monobromoacetic acid but FeCl, and 
AlCl, are highly soluble in it. Tetrahalides of tin 
and titanium, and pentahalides of antimony and 
phosphorus are completely miscible with mono- 
bromoacetic acid in all proportions. The sub- 
stances which are soluble are generally Lewis acids 
and give coloured solutions probably due to the 
formation of solvates or complexes and which has 
been shown conductometrically in this solvent. 
Qualitative tests show that the solubilities of most 
of the solutes increase with rise in temperature. 
Only strong Lewis acids form adducts with mono- 
bromoacetic acid. 

high conductance of solutions containing these 
solvates may be supported by the ionization of 
these adducts as; 

MX, + CH,BrCOOH+MX, . CH,BrCOOH 

11 
H+(solvated) + (MX,*CH,BrCOO)- 

(where X = Cl, Br., M = Al, B) 

Organic tertiary bases (Table 1) are highly solu- 
ble in monobromoacetic acid. Varying amounts of 
heat are produced when these two compounds are 
mixed. Solid compounds of bases with fused 
monobromoacetic acid have been isolated from 
their solutions in carbon tetrachloride. Mono- 
bromoacetates of alkali metals are highly soluble in 
monobromoacetic acid, while monobromoacetates 
of alkaline earth metals are only sparingly soluble. 

SnX, + 2CH,BrCOOH -SnX,,. 2CH,BrCOOH 

41 
H+(solvated) + &X4. 2CH,BrCOO)- 

SbCl, + CH,BrCOOH -4bCl,*CH,BrCOOH 

11 
H+(solvated) + (SbCl,.CH,BrCOO)-. 

The auto-ionization of fused monobromoacetic 
acid has already been suggested as; 

2CH&COOH+CH,BrCOOH,+ + CH,BrCOO-. 

(1) 

According to the solvent system concept, those 
solutes which directly or indirectly produce the 
cations characteristic of the auto-ionization of the 
solvent shall be acids of the system and the so- 
lutes which produce directly or indirectly the 
anions characteristic of the auto-ionization of the 
solvent shall be the bases of the system. 

The nature of these solutions and the formation 
of these adducts has been further supported by 
isolating these solvates as shown in Table 2. Only 
very strong acceptor molecules form solvates with 
monobromoacetic acid. Except SnCl, and SnBr, 
which form solvates in this solvent in a 1:2 mole 
ratio all other metal halides form solvates in 1: 1 
mole ratios and show that monobromoacetic acid 
acts as a mono-dentate ligand in these solvates. All 
these compounds are moisture sensitive, have 
high melting points and are insoluble in polar 
solvents, but are soluble in various aprotic sol- 
vents. Molar conductance values of the milimolar 
solutions show them to be quite ionic in nature. 

Lewis acids are fairly soluble in fused mono- There are some references to solvates of Lewis 
bromoacetic acid and form highly conducting solu- acids with various aprotic solvents and molar 
tions. The breaks in their conductance composition conductance values of milimolar solutions show 
curves (Fig. 1) have been observed at the molar them to be quite ionic in nature. 
ratios of Lewis acid: solvent of 1: 1 and 1:2 and There are some references to solvates of Lewis 
which corresponds to the solvate formation. The acids with various carboxylic acids but IR 

Table 3. Shift of carbonyl stretching frequency in fused monobromoacetic acid on complex formation 

Canpound Observed Carbcmyl hv cm -1 

frequency (cm-l) 
Canpound 

CH2BrCOOH 

CH2BrCOOH.TiCl4 

CH2BrCOOH.SnBr4 

CH2BrCOC+l.A1Br3 

CH2BrCOWSbC13 

1720 CH2BrCOCtl.SbCl5 1640 BO 

1650 70 CH2BrCOOH.SnCl4 1672 48 

1654 66 CH2BrCOOH.A1C13 1664 56 

1660 60 CH2BrCOOH.FeC13 1678 62 

1675 45 Ci2BrCOW.BBr3 1645 75 
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X-X SbC13 

- SbCl, 

0-0 SnC14 

- SrlEJr, 
- Al’& 

/I, - AlEV3 

20 

t 

I I I I I I I I 
3 04 06 I.2 16 20 24 28 

Mdor ratio Lewis acid/CH, BrCOOH 

Fig. 1. Conductance composition curves of Lewis acids in CH,Br-COOH at 60°C + 09C. 

spectral evidence in support of their formation are 
very limited.‘4J5 Monobromoacetic acid has a 
sharp intense band at 1720 cm-’ which may be 
attributed to carbonyl stretching mode.16 A broad 
absorption band at 3430cm-’ may be assigned to 
hydrogen bonded hydroxyl group. Pure carboxylic 
acids are known to have peaks near 1400 and 
1300 cm-’ which arise from O-C vibrations but 
coupled with -OH vibrations in-plane bending 
vibrations.” It is therefore not possible to study the 
O-C vibrations of these adducts as has been 
described in the case of the adducts of the esters.‘* 
Changes in the frequency due to carbonyl group of 
the ligand on adduct formation have been noted. 

On adduct formation with Lewis acids the ab- 
sorption band due to -OH group of the mono- 
bromoacetic acid becomes very sharp. In the case 
of very weak acceptors like ferric chloride and 
antimony trichloride, the stretching frequency for 
the -OH group for the various adducts is at the 
same position as has been reported for the -OH 
group of the monomeric acid. It is quite resonable 
to assume that in these adducts the intermolecular 
hydrogen bonded structure of the ligand is rup- 
tured. On adduct formation the withdrawal of 

electrons from the carbonyl oxygen weakens the 
hydrogen bond and strengthens the adjacent -OH 
bond. 

The carbonyl stretching frequency in the cases of 
aldehydes, I9 ketones,20 amides” and esters” are 
lowered on complex formation with various ac- 
ceptor molecules. With the withdrawal of electrons 
from the carbonyl group, the double bond charac- 
ter of the carbonyl group is reduced and the 
carbonyl frequency is lowered, accompanied by a 
corresponding increase in the O-C stretching 
mode. But if the ethereal oxygen is to be the donor 
site, a reverse effect would be expected. The present 
studies show that there is decrease in the v(C==O) 
frequency of the ligand on adduct formation and 
thus the carbonyl oxygen of monobromoacetic 
acid is the donor site. If the lowering of the (GO) 
stretching mode is a measure of the acceptor 
strength of the Lewis acids, then from Table 3 it is 
quite clear that the order of their acceptor strength 
is; 

SbCl, > BBr, > TiCl, > SnBr, > AlBr, > AlCl, 

> SnCl, > SbC& > FeCl,. 
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Table 4. Principal IR bands (cm-‘) of the adducts of monobromoacetic acid with organic bases 

Pyridine BrA Piperidine BrA a&Picoline BrA Quinoline BrA 

2942 (W). 2730 (S), 2150 (M) 2940 (W), 2732 (S), 2170 (M) 2941 (W), 2829 (S), 

1620 (S), 1605 (S) 1622 (S), 1608 (S) 2142 (M), 1625 (S) 

1505 (S), 1482 (S) 1508 (S), 1487 (S) 1606 (S), 1510 (S) 

1435 (M), 1383 (S) 1431 (M), 1380 (S) 1485 (S), 1434 (M) 

1320 (S), 1250 (MS) 1329 (S), 1254 (MS) 1385 (S), 1325 (5.) 

1204 (MS), 1165 (MS) 1200 (MS). 1160 (MS) 1251 (MS), 1206 (MS) 

1050 (M), 1035 (5) 1052 (M), 1030 (S) 1169 (MS), 1057 (M) 

1025 (S), 1002 (S) 1822 (S), 1000 (S) 1032 (S), 1020 (S) 

995 (S), 890 (S) 998.(S), 882(S) 1004 (S), 996 (S) 

2945 (W), 2715 G), 2195(M) 

1635 (S), 1612 (S), 1530 (M) 

1488 (S), 1410 (M) 

1388 (M), 1325 (M) 

1240 (S), 1170 (M) 

1062 (M), 1044 (S) 

1025 (S), 1005 (S) 

995 (S), 885 (S) 

780 (S), 690 (vs) 

755 (S), 682 (vs) 725 (S), 679 (Vs) 884 (S), 751 (S) 
685 (Vs.) 

M = medium 

- 
S = strong 

- 
Y = weak Vs=very strong 

The adduct BBr, . CH,BrCOOH when dissolved in 
fused monobromoacetic acid forms further solvate; 

BBr,.CH,BrCOOH + CH,BrCOOH 

IL 
CH,BrCOOH: + (CH,BrCOOBBr,)-. 

This behaviour has been supported by its molar 
conductance value, infra-red spectral mea- 
surements of the solid and also from its behaviour 
in solutions. Boron tribromide and aluminium 
trihalide adducts with monobromoacetic acid give 
absorption bands at 525, 540, 520 and 540cm-’ 
respectively. The bands at 540 cm-’ are analogous 
to the degenerate v,(M-Cl) bending mode in 
MCl,20*21[M = B, Al]. These bands may be assigned 
to the change in the local symmetry from Td to C3” 
for the boron and aluminium. In these compounds 
a strong absorption band is also observed at 
1100 cm-’ which may be due to a M-Br stretching 
mode analogous to v., but this is coupled with the 
M-O stretching mode which also occurs in the 
same region.22 In the case of the 
SbCl,. CH,BrCOOH compound, a new band, not 
present in the ligand appears at 412cm-’ which 
may be attributed to the Sb-0 stretching m0de.u 
The absorption bands at 342cm-’ and 63Ocm-’ 
may be attributed to Sb-Cl stretching modes in an 
octahedral environment of the metal.24 Antimony, 
therefore, has achieved an octahedral environment 
by combining with the carbonyl-oxygen of the 
monobromoacetic acid as; 

SbCl, . CH,BrCOOH + CH,BrCOOH 

*CH2BrCOOH: + (SbCl, . CH,BrCOO)-. 

In the case of adducts of the tetrachlorides of tin 
and titanium, the metal-oxygen stretching modes 
are observed at 390 cm-’ and 46Ocm-’ re- 
spectively. These stretching modes are observed at 
the same region as has been reported in litera- 
ture.25*26 The metal-chlorine stretching mode is ob- 
served at 380 cm-’ with a shoulder at 362 cm-‘. A 
sharp absorption band at 295cm-’ may also be 
assigned to Sn-Cl stretching mode. As the Sn-0 
stretching mode of the spectrum is simpler than 
Sn-Cl stretching mode, the ligands are probably 
disposed at trans-positions to each other.27 It is 
therefore probable that the tetrachlorides of tin 
and titanium acquire a co-ordination number of 
six by combining with two molecules of mono- 
bromoacetic acid with trans-disposition of the 
ligands. 

Table 2 show that a large number of bases form 
solvates with monobromoacetic acid. Their solution 
behaviour in bromoacetic acid has been shown by 
IR spectral studies where only the principal spectra 
of these complexes are discussed. It has been noted 
that during complexation the bands of the pure 
compounds undergo the same changes and in the 
same order as reported for pyridinium chloride’* 
complexes of acetyl chloride and pyridine.2g 

Bases are known to form complexes with Lewis 
acids where the nitrogen atom of the tertiary bases 
donates electrons to the vacant orbital of the 
central metal atom. Their IR spectra have been 
changed on donation. Here we discuss the for- 
mation of pyridinium, picolinium, quinolinium 
ions in monobromoacetic acid and their formation 
has been supported by their IR spectra when 
compared with the reported IR spectra of pyridine 
chloride. 
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Table 4 show the various bands obtained in case 
of pyridine, quinoline, picoline and piperidine and 
their assignment is according to Wimsprest and 
Bersten.30 The C-H stretching mode of pyridine 
shifts ti, lower region on its adduct formation with 
monobromoacetic acid. The lowering of this band 
has been assigned to the co-ordination of pyridine 
through the nitrogen atom. Presently this band is 
found as a broad band at 2730 cm-‘. In pure 
pyridine, this band is observed at 3002 cm-‘. A 
broad absorption band at 2942 cm-’ is assigned to 
the -CH, group of monobromoacetic acid. The 
strong absorption bands at 1580, 1570, 1480 and 
1440 cm-’ in pyridine are due to the CzC and 
CzN symmetric and antisymmetric stretching 
vibrations. Evidently the donation of electrons by 
the nitrogen of pyridine will increase the double 
bond character of the C”“r and C---N bands 
owing to the reduced electron density on the 
nitrogen. New bands are found in the adduct 
CSH,N * CH,BrCOOH at 1620, 1605, 1505, 
1482 cm-’ are nearly at the same position as those 
of the pyridinium ion (lot. cit.). Two strong bands 
in the adduct at 1383 and 1320cm-’ are at the 
same position as those of pyridinium ions. Pyridine 
has a very weak band at 1375cm-’ which is 
intensified and shifts a little in the pyridinium ion 
complex. A new absorption peak is observed at 
1435 cm-’ in the compound may be assigned to the 
N-H stretching frequency. The absorption peaks 

at 1250, 1204 and 1165 cm-’ are due to the C-H 
in-plane deformation bands of pyridine which 
are present at 1222, 1150 and 1075 cm-’ in the free 
base. The shift to higher frequency is based on the 
withdrawal of electron density from the C-H 
bond. The next three bands at 1050, 1025 and 
1002cm-* found in the adduct are at the same 
position as in pyridinium ion. These’bands arise 
from the deformation of the pyridine ring. They 
appear at 1035 and 995cm-’ on complex for- 
mation. Strong bands at 890 cn-’ in the spectrum 
of the complex is present in pyridine at 885cm-’ 
as a weak band. Two bands at 751 and 680 cm-’ 
in the complex are in the same position as in 
(PyH)+Cl- (755,682 cm-‘) while pure pyridine ab- 
sorbs at 785 and 705cm-‘. Similar spectral 
changes have been observed in complexes with 
other tertiary organic bases as shown in Table 4. 
Thus all the changes in the spectra correspond to 
the formation of the protonated N cations as; 

CSH,N + CH2BrCOOHeCsHSN. C!H,BrCOOH 

C,H,Nh + CH,BrCOO- 

Similarly the adducts of monobromoacetic acid 
with 2,2’-bi-pyridyl and 1, IO-phenanthroline have 
been prepared and characterized by their elemental 
analysis (Table 2). Both these compounds are 
susceptible to the hydrolytic attack but are quite 

Table 5. IR spectra (cm-‘) of the adducts of 2,2’-bipyridine and 1, IO-phenanthroline with 
monobromoacetic acid 

2,2'-Bipyridine 2,2'-Bipyridine.CH2BrCOUi l,lO-phenanthrolene C12H8N2.CH2BrCOOH 

30% 4000 3306J797 C-H stretching 3590 
3100 

3078 C-H stretching 3098 modes 

3061 3081 
3054 modes 3078 

1584 1620 1580 c=c 1620 
1552 

Phenyl nuclear 
1692 i$: ,"!!! 

stretching mode 
1590 

l45Q 1490 1520 
1405 stretching mode 1498 1450 1468 

1;;: In-plane hydrogen 

bending 

1418 Ring Vibration 
1355 
1250 

1418 
1430 

990 Ring breathing 1025 995 1015 

$$ Ring (-H) out-of-plane bend 770 860 out-of-plane (-H) cm 860 
hetrocyclic ring 

670 bend 670 740 710 
620 

Ring 
620 

out-of-plane (-H) 
of central ring 
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stable in a dry atmosphere. Molar conductance 
values of their milimolar solutions indicate them to 
be ionic. The infra-red spectra of these compounds 
have also been tabulated in Table 5 along with the 
fundamental vibrations of the pure ligand. All the 
spectral changes as shown in Table 5 suggest that 
2,2’-bipyridinium ion is formed on complex for- 
mation with monobromoacetic acid. 

From the above studies, it is evident that the 
adducts of acids and bases with fused mono- 
bromoacetic acid are ionic in nature and it is 
reasonable to assume that ions are formed when 
these solvates are dissolved in fused mono- 
bromoacetic acid and both behave as solvo acids 
and solvo bases producing ions specific to the 
auto-ionization of the solvent. It is therefore of 
interest to carry out acid/base titrations in fused 
monobromoacetic acid conductometerically and 
visually. Crystal violet, malachite green and ben- 
zanthrone have been used to detect the end points 
in the case of visual titrations. Change in colour of 
the indicators near the end points are very sharp. 
The results are reproducible and the indicators can 

act reversibly. Figure 2 illustrates the conduc- 
tometric titration curves of boron tribromide ad- 
duct with monobromoacetic acid and various 
bases. Acid/base neutralization reactions may be 
suggested as; 

CH,BrCOOH: + K+ + CH,BrCOO- 

+ (BBr, - CH,BrCOO)- 

1 
K+ + 2CH2BrCOOH + (BBr,CH,BrCOO)-. 

Similarly in case of SbCl,, the reaction may be 
suggested as; 

(SbCl,*CH,BrCOO)- + C,H,NH+ 

+ CH,BrCOO- + CH,BrCOOH: 

+(SbC15*CH,BrCOO)- + C5H5NH+ 

+ 2CH,BrCOOH 

Decrease in the conductance of the solution 
upon addition of the acid solution is due to the 
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Fig. 2. Conductometric titrations between BBr,CH,BrCOOH and bases in fused mono- 
bromoacetic acid at 60°C f OST. 
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removal of CH,BrCOO- ions. After the molar 
ratio acid: base of 1: 1, when there is complete 
removal of CH,BrCOO- ions further addition of 
CH,BrCOOH: ions causes an increase in the 
conductance of the solution. The presence of 
only one break in the conductance composition 
curve shows that SbCls * CHzBrCOOH and 
BBr, . CH,BrCOOH behave as monobasic acids. 

In the case of stannic chloride and titanium 
tetrachloride adducts, there are two breaks in the 
conductance-composition curves corresponding to 
the molar ratio acid: base of 1: 1 and 1: 2 
confirming the dibasic character of these adducts 
which ionize as; 

MX, .2CH,BrCOOH + CH,BrCOOH 

-CH,BrCOOH: 

+ (MX&HzBrCOOHCH,BrCOO)- 

and subsequently ionize as: 

(MX.,CH2BrCOOHCH,BrCOO)- 

+CH,BrCOOH 

1 
CH,BrCOOH$ + [MX,(CH,BrCOO),JZ-. 

All these studies support the ionic behaviour of 
monobromoacetic acid and suggest its mode of 
ionizations as: 

2CH,BrCOOH~CH,BrCOOH: + CH,BrCOO -. 
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SPECTRAL INTENSITY ANALYSIS OF THE 
Sm3+-POCl -ZrC14 3 SYSTEM 
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Abstract-The solution absorption spectra of the Sm3+-POCl,-ZrCl, system were 
recorded within the 40,000-4000 cm-’ range. A number of absorption bands in solution 
in the near-IR region were considered taking advantage of the optical transparency of the 
solvent. It was proved that only in this case the Judd-Ofelt parameters f& are physically 
significant and can be determined with relatively good accuracy. 

Spectral intensity data for the Sm3+ ion are scarce. 
Application of the Judd-Qfelt equations’*2 to the 
analysis of the intensity of f-f transitions leads 
usually to high errors in the evaluated G parame- 
ter, the error being sometimes one order higher 
than the Q2 values. 3-5 A satisfactory set of intensity 
parameters of Sm 3+ has been reported only for the 
Sm3+-DC10 Sm3+-TBP solutions and the 
Sm3+-KN03zLiN03 eutectic.@ We have studied 
the Sm3+ ion spectra in POCl,-ZrCL solutions. 
The large transparent range (down to 4000 cm-‘) 
in the near-IR region for this aprotic solvent made 
it possible to observe 4f-4f transitions, which in 
protic solvents are very difficult to measure because 
of the existence of relatively strong and broad 
absorption bands in this region due to the over- 
tones of OH, NH and other similar groups. This 
holds particularly for the Sm3+ ion because rela- 
tively intense absorption bands (with the hyper- 
sensitive one: 4Fl,2+6H3/2 W 6400 cm-‘) occur in 
this region. 

EXPERIMENTAL 

Freshly precipitated samarium carbonate, pre- 
pared from Sm,O, (Merck 99.9x), was dissolved in 
a solution containing 60% of trifluoroacetic acid 
(Reachim). The excess carbonate was filtered off; 
after evaporation samarium trifluoroacetate crys- 
tallized. The product was dried under vacuum over 
P,O, at 330 K for about 150 hr,9”0 then it was 
monitored by IR spectroscopy and analysed. 

We further used ZrC14 (Merck zur Synthese 
99%) and POCl, (Merck), freshly distilled in a 
stream of dry nitrogen. Sm(CF,COO),- 

*Author to whom correspondence should be ad- 
dressed. 

POCl,-ZrCl, solutions were prepared by dissolving 
Sm(CF3COO), in the POCl,-ZrC1, mixture under 
dry nitrogen atmosphere as described by Brecher 
and French.‘* The solutions were slightly heated 
for 10 hr to remove the volatile impurities. ‘The 
concentration of Sm3+ ions was determined as 
follows: samples of the solution were evaporated to 
dryness and then treated with warm HC104. The 
insoluble residue (with Zr) was filtered off and the 
amount of samarium was determined gravimetri- 
tally as oxalate. The Sm3+ :Zr4+ molar ratio could 
be calculated from the amount of ZrCl, and 
Sm(CF,COO), used in the preparation. 

Absorption spectra were recorded over the 
40,000-4000 cm-’ region with a Cary 14 spec- 
trophotometer, with POCl, as standard. 

RESULTS AND DISCUSSION 

The experimental oscillator strengths were calcu- 
lated by graphical integration of the absorption 
bands (with correction for the base line) using an 
appropriate programme. From the experimental 
oscillator strengths, the 0. parameters were calcu- 
lated using the least-squares method from the 
equation:‘,2.‘2 

c WfvJ 11 ~c”qlsJI ‘J’12 
A= 2.4.6 2J+l 

where P = the oscillator strength of the transition, 
x = Lorentz field correction for the‘refractivity of 
the medium, (T = the wavenumber (in cm-‘), 
J, J’ = the total quantum numbers of the initial 
and final states respectively, (f’$JII UCa)@,b’J’)2 = 
U(L) = the squares of the matrix elements of the 
unit tensor operator. I3 The root-mean square devi- 
ation (rms) were determined from the differences 

1291 



1298 K. BUKIETYkSKA 

between the experimental oscillator strengths and 
those calculated from the evaluated set of rZ, 
parameters. 

In all .the investigated spectra of Sm3+ ions in 
POCI,-ZrC& solutions (similarly to those of Dy3+ 
in POCl,-ZrCl,,), a rise of the spectral base line is 
observed in the UV region down to 24,000 cm-‘. 
This fact makes accurate measurements in this 
spectral region very difficult. The changes in the 
base line cause the variations of the oscillator 
strength values from one solution to another. It is 
difficult to decide what effect is responsible for this 
phenomenon. However the application of POCl, as 
solvent made it possible to determine with good 
accuracy the oscillator strength values for the 
bands within the near-IR region (transitions to the 

‘943,~; 6F l/z, 6H,3,z, 6F3,2; ‘%p; 6F,,2 and 6F9,2 levels). 
It is possible to leave out the UV part of the 
spectrum since a sufficient set of oscillator 
strengths is available in this case. 

Experimental oscillator strengths values and 
those calculated from the Judd-Offelt equation for 
the Sm3+-POC13-ZrC& solutions with different 
Sm3+ concentrations are presented in the Table 1. 
The rms deviations of the oscillator strengths and 
evaluated sets of the intensity parameters are also 
included. The evaluated sets of the S& parameters 
reproduce relatively well the experimental set of 
the oscillator strengths values. The advantage of 
using the aprotic solvent in the investigation of the 
spectral intensity of the Sm3+ ion consist in the fact 

and B. RADOMSKA 

that, aside from the relatively intense bands in the 
near IR, most of the 4f-4f transitions of the Sm3+ 
ion give rise to the rather weak absorption bands. 
For the transitions at wave number higher than 
75OOcm-‘, the U(2) matrix element values are 
small (they do not exceed 0.022) and the total of 
all the U(2) values for about 100 transitions within 
the 750&48,300 cm- ’ spectral range ‘is over 30 
times smaller than that for the five transitions 
within the 4200-75OOcm-’ energy range. More- 
over, the interpretation of the Sm3+ spectrum 
becomes complicated by the high density of the 
energy levels in the visible -UV regions. There it is 
necessary to assign arbitrarily the centres of gravity 
for a rather large number of states for each of 
the complex band envelopes observed up 
20,000 cm-‘.’ Thus, those observables are of little 
value in the fitting procedure and the omission of 
this group of bands seems to be quite reasonable. 

We found that if the transitions with higher U(2) 
and U(4) matrix elements values transitions: 

6Fs/2 + 6Hs,z and 6F3,z 6H,5,2 6F,,z c 6H5,2 are in- 
cluded in the set of absorption bands used for the 
calculations, the values of the R1 parameters for 
the Sm3+-POCl,-ZrCI, solutions are insensitive to 
variations of the fitting procedure. This was proved 
by repeating the fitting procedure with omission of 
one or two absorption bands. If however the 
6F5,p-6Hs,z and/or 6F3,26H,slz6F~,zt6H~/z~ transi- 
tions were excluded from the considered absorp- 
tion bands, the values of the fL$ and a parameters 

Table 1. The experimental and calculated oscillator strengths and a, parameters values for the Sm3+ 
in F’OCI,-ZrCh solutions. csm3+ :cz,,+ = 1:1.5 

Spectral hergy level 

region (cm-') 
max 10 P 

k*-') 
sxp. talc. exp. ca1c. exp. ca1c. 

I 41 
4G 9/2 414 1112 4F 512 23250 21950 

22180 
0.26 

.18 
r 3.01* 0.29 

.18 
t0 0.01% 0.33 

0.18 
15/2 - 22210 t 0.01* f 

41, ,2 41 ,/ 4M , 41 21950 - 20200 21530 1.82 1.18 1.89 1.16 1.86 1.16 ( 
! 

4G,,, 20200 - 19720 20010 0.03 0.09 0.03 0.08 0.04 0.08 1 

I $,,/2 11050 - 9900 10610 0.36 0.42 0.31 0.41 0.38 0.41 

I x/2 9100 T 8700 9260 2.54 2.61 2.47 2.56 2.53 2.58 

4 -.,r. 1 8550 - 7600 8110 3.88 4.08 3.19 4.01 3.77 4.01 

~~~~~~ ~~ 
6F , 7580 - 6860 1 7250 2.73 2.62 2.71 2.59 2.68 2.55 

6F 
6 3/2 

6720 

6H15/2 6860 - 5880 6550 2.10 2.13 2.11 2.19 2.09 2.11 

Fl/2 6450 

6 =13/2 5750 - 4300 5120 0.29 0;26 0.28 0.25 0.30 0.26 

1028,b2) 3.421.14 3.6721.39 3.6'1zl.39 

*Calculated magnetic-dipole oscillator strength.” 
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varied significantly and were determined with a low 
accuracy (if the 6F3P 6H,s,2 6F,,2 t 6H5j, transitions 
were excluded then Sr, = 58.5 f 18.6). This means 
that when those important transitions are omitted, 
the Jz, and Q, parameter values will become simply 
fitting parameters with no physical meaning. 

From these results we are led to conclude 
definitely that a reasonable set of Cl1 parameters 
can be evaluated for the Sm3+ ion (similarly as for 
the Dy3 + ‘3 only if the near-IR region is available 
to measurements. To avoid the danger of evalu- 
ation of R1 values devoid of physical meaning for 
the Sm3+ ion it is always necessary to consider 
transitions in the near-IR region. 
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Ahstraet-Copper(II) reacts with rut-5,5,7,12,12,14-hexamethyl-1,4,8,ll_tetraaza- 
cyclotetradecane (tet-b) in strongly basic aqueous media to give [Cu(tet-b) (OH) (blue)]+ 
which contains trigonal bipyramidally co-ordinated Cu2+ with the tet-b ligand in its most 
stable, folded form. The kinetics of formation of this blue complex have been studied at 
25.0“ f 0. 1°C using the stopped-flow technique. Second-bond formation is proposed as the 
rate-determining step for tet-b reaction with Cu(OH); and Cu(OH)i-. Possible mech- 
anisms for the reaction and the steric effects resulting from the methyl groups on the alkyl 
backbone of the macrocyclic ligand are considered. 

In order to account for the remarkable kinetic 
effects of ligand cyclization upon complex for- 
mation rate constants, a number of papers have 
dealt with various aspects of the kinetics of incor- 
poration of metal ions into macrocyclic ligands-I0 
As recently demonstrated,5 the comparative behav- 
iour of the closely correlated open-chain and cyclic 
ligands indicates that ligand cyclization itself has 
only a relatively small influence upon the complex 
formation rate-constants. Instead, the more 
significant kinetic effects arise from the substi- 
tution at the nitrogen donor atoms of the open- 
chain ligands or on the alkyl backbone of the cyclic 
compounds.5 

In the current investigation, we have attempted 
to study the steric effects resulting from alkyl 
substitutions on the alkyf backbone of the macro- 
cyclic ligand in complexation reaction. To accom- 
plish this we have studied the kinetics of copper (II) 
reacting with unprotonated rat-5,5,7,12,12,14- 
hexamethyl- 1,4,8,11 -tetraa~~y~lotetrad~ane (tet- 
b, see Chart 1) in strong NaOH solutions. 

Under these conditions the copper is present as 
a mixture of soluble hydroxide species,%” and the 
ligand is essentially unprotonated.” Thus the reac- 
tion studied may therefore be represented by the 
formulation in eqn (1). 

Cu(OH)z-” + tet-b --+ 

[Cu(tet-b) (OH) (blue)]+ f (X - l)OH- (1) 

*Author to whom correspondence should be 
addressed. 

In marked contrast to the reactions of 
1,4,8,1 l-tetraa~cyclotetrad~ane (cyclam, see 
Chart 1) and meso-5,12-dimethyl-1,4,8,1 l-tetra- 
azacyclotetradecane (Me,cyclam, see Chart 1), 
tet-b reacts with copper(I1) in basic aqueous media 
to give initially a blue 5-codrdinate complex 
[Cu(tet-b)(OH)(blue)]+ with the ligand in its most 
stable, folded form.13 This kinetically controlled 
blue product is readily converted to the more 
thermodynamically stable red isomers, and the 
kinetics of this blue-to-red interconversion has 
recently been reported.‘4.‘5 

U 
tet-b cydam 

fYCH3 
C” .,I NH HN 

H& u 

Me2 cyclam tet-a 
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EXPERIMENTAL 

Reagents. The macrocyclic ligand tet-b was pre- 
pared by using the procedure described by Hay, 
Lawrance, and Curtis;16 m.p. 102-105” (lit. m.p. 
97-105”“). Found: C, 64.47; H, 12.64; N, 18.34. 
Calc. for C,,H,N,*H,O: C, 63.53; H, 12.66; N, 
18.52%. The li’gand stock solutions were standard- 
ized by spectrophotometric mole ratio plots with 
standard Cu(I1) solution. 

The salt Cu(ClO&.6H,O was recrystallized 
twice from water and standardized by titration 
with ethylenediaminetetraacetate. NaNO, was re- 
crystallized twice before use. A saturated solution 
of sodium hydroxide (reagent grade) was prepared 
to precipitate sodium carbonate. A sample of this 
was diluted with freshly boiled, distilled, deionized 
water and stored in a Nalgene Teflon bottle. It was 
standardized against weighed amounts of potas- 
sium hydrogen phthalate. 

Kinetic measurements. The reactions were mon- 
itored at 270 and 670 nm using a Union Giken 
RA-401 stopped-flow spectrophotometer. The 
temperature was maintained at 25.0” & 0.1% 
Ionic strength was controlled at 1.0 mol dm-’ by 
using NaNO,. The rate constants were obtained by 
a linear least-squares fit of the data by using the 
IBM 1130 computer. 

RESULTS 

In the [OH-] range of the measurements the 
ligand is essentially unprotonated, while the cop- 
per(I1) is present as Cu(OH), and CU(OH),~-.~ The 
reactions were studies as a function of NaOH 
concentration at 25.0” 5 O.l”C in an attempt to 
resolve the individual rate contributions of 
Cu(OH), and Cu(OH)i- . Studies were carried out 
under pseudo-first-order conditions by using at 
least a tenfold excess of ligand or copper(I1) ion. 
The observed pseudo-first-order rate constants are 
given in Table 1. Plots of k:, vs [tet-b] and k;, 
vs [Cu(OH)z-“1 give straight lines as shown in Figs. 
1 and 2 respectively. The reaction was found to be 
first order with respect to each reactant and to 
proceed to completion according to the rate ex- 
pression in eqn (2). The second-order rate con- 
stants are given in Table 1. 

d[Cu(tet-b)(OH)(blue)+]/dt = k,, 

[Cu(OH);-“l&et-b] (2) 

As shown in Table 1, values of k& decreased as 
[OH-] increased. The rate of formation can be 
represented by eqn (3). Here L is tet-b. 

Rate = k,t,JCu(OH)~-X]~L] = k&,,,, 

x KWW3-WI + k&mj, 

x [Cu(OH):-][L]. (3) 

Table 1. Observed rate constant values for copper(I1) reacting with tet-b in basic solution at 
25.0” & O.l”C, Z = 1 .O mol dmw3 (NaNO, + NaOH) 

lo5 [Cu (OH) ;-“lT lO'[tet bl [NaOHl 
k;bsd 1°-4kobsd 

mol dm 
-3 mol dm 

-3 
mol dm 

-3 
s-1 dm3 m01e-'s-~ 

1.04 20.1 0.02 5.48 2.73 
1.04 30.5 0.02 0.24 2.70 
1.04 40.3 0.02 10.7 2.66 
1.04 20.1 0.05 4.02 2.01 
1.04 40.3 0.05 7.98 1.98 
1.04 20.1 0.05 4.07 2.02 
1.04 20.1 0.10 2.92 1.45 
1.04 10.2 0.20 0.833 0.866 
1.04 15.1 0.20 1.36 0.901 
1.04 20.1 0.20 1.88 0.935 
1.04 25.6 0.20 2.16 0.844 
1.04 30.1 0.20 2.93 0.973 
1.04 40.4 0.20 3.71 0.718 
1.04 80.6 0.20 6.93 0.860 
1.04 167 0.20 14.1 0.844 
1.04 325 0.20 28.1 0.865 
1.04 495 0.20 39.4 0.796 
1.04 564 0.20 46.5 0.824 

10.8 1.03 0.20 0.991 0.918 
24.5 1.03 0.20 2.46 1.00 
43.5 1.03 0.20 3.75 0.837 
07.2 1.03 0.20 7.13 0.818 

107 1.03 0.20 9.17 0.857 
158 1.03 0.20 13.4 0.848 

1.04 20.2 0.40 0.981 0.485 
1.04 40.3 0.40 1.99 0.495 
1.04 20.2 0.50 0.818 0.405 
1.04 80.4 0.50 3.36 0.418 
1.04 40.3 0.80 1.12 0.279 
1.04 20.1 1.00 0.480 0.239 
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Fig. 1. The effect of tet-b concentration on the observed pseudo-first order rate constant for 
the reaction of CU(OH)~-~ with tet-b, [Cu(OH)z-“1 = 1.04 x 10-5moldm-3 25.o”C, 

[OH-] = 0.20 mol dmm3, and Z = 1.0 mol drnm3 (NaOH + NaNO,). 

Using the reported concentration equilibrium A plot of eqn (4) is shown in Fig. 3, and the 
constants,5s’8 the resolved rate constants can be values thus obtained are listed in Table 2 along 
obtained from eqn (4). with the reported values for cyclam, Me,cyclam, 

k,,U + K:PH -1) = k~ulo~~, + k&,,,ti[OH - 1 and meso-5,5,7,12,12,14-hexamethyl-1,4,8,1 l-tet- 
(4) raazacyclotetradecane @et-a, see Chart 1).5,‘8 

14- 

/ 

/ 

12 - 

lo- 
I 

a- 

0 
/ 

6- 

4- / 

2-/N 

0 I I t ,I 1 I1 11. . a I I I 
0 5 10 15 

~O’[CU+~],. mol dm-’ 

Fig. 2. The effect of Cu(OH):-” concentration on the observed pseudo-first order rate constant for 
the reaction of Cu(OH):-” with t&b, [tet-b] = 1.03 x 10-5moldm-3, 25.0” k O.l”C, 

[OH-] = 0.20 mol drne3 and Z = 1 .O mol dm-3 (NaOH + NaNO,). 
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0 4 8 12 16 

K$ I OH J 

Fig. 3. Plot of eqn (4) to resolve the rate constants for the reaction of tet-b with Cu(OH); and 
Cu(OH): - . 

Table 2. Resolved formation rate constants for hydroxycuprate(I1) species reacting with 
unprotonated macrocyclic tetraamines at 25.0” k 0.1 “C 

Ligand kL 
Cu(OW3 

,dm3lIlOl-lS-l kL 
CuKw4 

,dm3mol 5-l 

tet b 

cyclama 

Me2cyclama 

tet ab 

3.2x104 l.lx102 

2.7~10~ 3.8x104 

5.6~10~ o.9x104 

-lo4 <lo 2 
- 

a Reference 5. b 
Reference 18. 

DISCUSSION 

As shown in Table 2, the resolved rate constants 
decrease with increasing methyl substitutions on 
the alkyl backbone of the cyclic ligands, and the 
difference increases dramatically for the highly 
substituted ligands, tet-b and tet-a. This trend 
indicates that the reactions exhibit a significant 
degree of association with the incoming nucleo- 
phile at the point of the rate-determining step. 

The position of the rate-determining step is an 
important consideration in comparing the reac- 
tivities of closely related multidentate ligands with 
metal ions. The kinetics of Cu(I1) reacting with a 
series of open-chain and cyclic polyamines have 
been studied by Lin et al.’ For the reactions of 
cyclam and Me,cyclam, Jahn-Teller (tetragonal) 
inversion following the first copper-nitrogen bond 

formation is proposed as the rate-determining step 
with Cu(OH),-, while second copper-nitrogen 
bond formation is proposed as the rate- 
determining step with CU(OH):-.~ 

In the reaction of tet-b, the formation of 
Cu-N(1) or Cu-N(8) bond is expected to be faster 
than the formation of Cu-N(4) or Cu-N( 11) bond 
on steric grounds. Accordingly, the first- 
coordinate-bond formation with N(1) or N(8) is 
expected to represent the predominant reaction 
route for the Cu(OH)z-” reaction with tet-b. The 
second-bond formation is the formation of 
Cu-N(4) or Cu-N(l 1) bond. As pointed’ out by 
Turan and Rorabacher,19 alkyl substitution at sites 
three or more atoms removed from the donor atom 
undergoing coordinate-bond formation has little 
effect upon the ligand reactivity. Therefore, only. 
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one of the six methyl groups on the alkyl backbone 
of tet-b has significant effect upon the ligand 
reactivity at the point of first coordinate-bond 
formation. If Jahn-Teller inversion following the 
first-bond formation were the rate-determining 
step for the Cu(OH)z-” reaction with tet-b, the 
observed difference of the resolved rate constants 
between tet-b and cyclam should be mainly attri- 
butable to the steric effect of a C-substituted 
methyl group. The small ratios ki$toHj3 /kF”‘” and 
kZ-&u~.,lk?$%~, 

u~oH~, 
strongly suggest that the first 

coordinate-bond formation may not be the rate- 
determining step for the tet-b reaction with 
Cu(OH); or Cu(OH):- . 

It is extremely unlikely for copper(I1) to main- 
tain a coordination number of 7 with three amine 
groups of tet-b and three OH - groups. The fact 
that Cu(OH)$- appears as a reactant indicates that 
the rate-determining step occurs prior to the third 
coordinate-bond formation.5 Furthermore, chelate 
effect and the stable copper-amine bonds also 
suggest that the rate-determining step occurs prior 
to the third-bond formation.20 Thus these kinetic 
results lead to the postulate that second-bond 
formation is the rate-determining step for tet-b 
reacting with Cu(OH); and Cu(OH)i-. 

It is interesting to note that first-bond formation 
is the rate-determining for the Cu(OH); reaction 

H qH2 

with cyclam or Mercyclam, while the second-order 
formation is the rate-determining for the Cu(OH); 
reaction with tet-b. This sterically induced shift in 
the rate-determining step can readily be explained 
by the reaction mechanism proposed by Ror- 
abacher and Margerum shown in Fig. 4.’ As 
discussed previously, the second-bond formation is 
the formation of Cu-N(4) or Cu-N( 11) bond, and 
the large steric effects resulting from the methyl 
groups on tet-b related to the crowding of coordi- 
nated water molecules and the high-energy barrier 
to internal rotation are expected to retard the 
formation of the second Cu-N bond (k%) and to 
accelerate the reelongation of the Cu-N bond 
(k_ ,b). This would greatly improve the chances 
that k_,* > k,, resulting in a shift of the rate- 
determining step to the point of second-bond 
formation. Similar sterically induced shift in the 
rate-determining step for Ni(II)-diamine reactions 
has been reported.” 

Another interesting aspect of this study is the 
geometry of the product. In marked contrast to the 
reactions of Cu(OH)z-” with cyclam and 
Me,cyclam, ” Cu(OH)z-” reacts with tet-b to form 
initially a blue complex. This blue complex has 
been neutralized and isolated as [Cu(tet-b)],- 
Cl(ClO,), which contains 5-coordinate (trigonal- 
bipyramidal) copper and with the tet-b ligand in its 

H QH2 

H/‘,H 

H 

wt / H’ H 

fast \ Product 

Fig. 4. Detailed mechanism proposed by Rorabacher and Margerum (Ref. 5) for Cu(OH),- (or 
Cu(OH)$-) reacting with a tetraamine macrocyclic ligand showing sequential bonding and 

Jahn-Teller inversion steps. 
POLY vol. 2.No. 12-E 
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most stable, folded formi Chloride ion, which 
occupies one of the positions in the trigonai plane, 
dissociates from the copper in dilute solution but 
the electronic spectral characteristics of the com- 
plex in aqueous solution are similar to those of the 
crystals.” The blue complex is the kinetically con- 
trolled product, and is readily converted to the 
more the~odynamically stable red isomer in basic 
solution. The thermodynamics and kinetics of this 
blue-to-red interconversion have recently been 
reported.‘4,23 

Assuming an initial coordination number of six 
for Cue-” the coordination number of the 
blue product indicates that at some point in this 
reaction the formation of a copper-nitrogen bond 
has caused the loss of two coordinated water 
molecules. As pointed out by Margerum,” it is 
energetically more favourable if the multiple de- 
solvation step occurs after the coordination of 
several strong donor groups. In order to relieve the 
steric congestion attributable to the methyl groups 
and to avoid multiple desolvation occurring prior 
to the rate-determining step, this highly substituted 
macrocyclic ligand folds in the complexation reac- 
tion with Cu(OH)z-“, resulting in the formation of 
the blue species. 

In addition to the reaction of CU(OII)~-~ with 
tet-b, unstable blue intermediates were also 
observed in the reactions of copper(I1) with highly 
substituted macrocyclic tetraamines such as meso- 

5,5,7,12,12,14-hexamethyl-1,4,8,1 I-tetraazacyclotet 
radecane, rat-5,7,7,12~12,l~hexamethyl-1,4,8,11- 
tetraazacyclotetradecane, meso-5,7,7,12,12,14- 
hexamethyl- 1,4,8,1 I-tetraazacyclotetradecane, and 
5,7,12,14- tetraethyl-5,12-dimethyl-1,4,8,1 l-tetra- 
azacyclotetradecane. 24 Similar to the reaction of 
tet-b, some degree of ligand twisting or folding 
may be necessary to avoid multiple desolvation 
occurring prior to the rate-dete~ining step. The 
formation of the blue species is a consequence of 
the folding or twisting of the macro-cyclic ligand. 
The kinetics of the blue-to-red interconversions of 
copper(I1) complexes of these ligands have recently 
been reported. 24-26 It is interesting that such blue 
intermediates were not observed for the Cu(OH)Z-” 
reaction with the less sterically hindered ligands such 
as cyclam and Me+yclam.21 

In conclusion, the steric effects attributable to 
the substituted methyl groups on tet-b retard the 
forward steps and accelerate the backward steps of 
the complexation reaction of tet-b with copper( 
resulting in a shift of the rate-determining step to 

the point of second-bond formation, and a folding 
of the macrocyclic ligand. 
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Abstract-Synthesis of two Ni(I1) complexes with furfural S-methylthiosemicarbazone 
(HL) of the formula [Ni(HL)2(H20)2](C10,)2 (A) and wi(HL),(ClO,),] (B) are reported. 
Compound A was dbtained from an ethanolic solution of Ni(ClO,),~6H,O and HL, 
whilst compound B was produced by heating compound A to 378 K. An X-ray analysis 
of the complex A showed that it has a trans(H,O)-truns(HL) octahedral configuration in 
which HL behaves as a bidentate (NN) ligand. On the basis of the IR and electronic spectra 
as well as the magnetism, it was found that the compound B has also an octahedral 
configuration in which, HL and ClO, groups, are coordinated. 

The synthesis and structural investigations of a 
considerable number of complexes of transition 
metals with S-methylthiosemicarbazide’*2 and 
different S-methylthiosemicarbazones3-9 have been 
recently reported. It has been established that 
S-methylthiosemicarbaiide1p2 and acetone S- 
methylthiosemicarbazone3 behave as bidentate 
(NN) ligands. On the other hand, the products 
obtained by a condensation reaction of S- 
methylthiosemicarbazide with salicyladehyde”7 
and 8-quinolinaldehyde8*9 behave as tridentate 
(NNO) and (NNN) ligands, respectively. Studying 
further these complexes of 3d elements with S- 
methylthiosemicarbazones we report here the syn- 
theses, IR and electronic spectra of two Ni(I1) 
complexes with the new furfural S- 
methylthiosemicarbazone [Ni(HL)2(H20)2](C10,)2 
and [Ni(H&),(ClO,)d as well as the crystal struc- 
ture analysis of the first complex, where 
HL = furfural S-methylthiosemicarbazonei: 

*Author to whom correspondence should be 
addressed. 

tThis ligand can be coordinated as a monoanion (L-) 
resulting from deprotonation of the NH,-group 
(unpublished results). 

, NH2 

CHXN-.N=C 

\ 
S -CHS 

EXPERIMENTAL 

Elemental analysis. For the elemental analysis 
the air.dry substance was used. Nickel was deter- 
mined as bis(dimethylglyoximato)-nickel(I1) after 
decomposing the complex by heating with 5.0 cm3 
of cont. HNO, and 3-4 drops of cont. H2S0,. 
Nitrogen was determined as N, according to 
Dumas’ method; carbon and hydrogen were deter- 
mined by combustion into CO, and H,O, re- 
spectively. 

Magnetic susceptibility measurements. Magnetic 
susceptibility was measured at 300 K according to 
the Faraday method using Hg[Co(NCS),] as cali- 
brant; diamagnetic corrections were made by em- 
ploying Pascal’s constants.‘O 

IR and electronic spectra. IR spectra were 
recorded with Carl-Zeiss model Specord IR 75 in 
KBr. Electronic spectra were measured in 
reflection mode on monochromator SPM-2 
(Zeiss-Jena) using a reflection cell of the type 
R-45/0. Samples were prepared to comply with the 

1307 
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hypothesis of theory. ii MgO powder was used as 
a white standard. 

Preparation of ligand. The ligand, furfural S- 
methylthiosemicarbazone was obtained by heating 
with retluxing the ethanolic solution of the stoi- 
chiometric amounts of S-methylthiosemicarbazide 
hydrogen iodide,12 furfural and Na2C03*10H20. 
After completing the reaction (3 hr) the solution 
was filtered and its amount reduced to a small 
volume by heating with warm air. The yellowish 
crystals of the ligand, formed at room temperature, 
were filtered out and washed with ethanol and 
ether. Yield: 60%. 

Preparation of complexes. [Ni(HL),(H,O)J 

(ClO412. A mixture consisting of 0.6 g of 
Ni(ClOJ, .6H2O and 0.5 g of furfural S- 
methylthiosemicarbazone was dissolved by heating 
in 4.0 cm3 of ethanol and left at room temperature 
for about 50 hr. The resulting green-grey crystals 
were filtered off and. washed with ethanol and 
ether. Yield: 0.6 g. Found: Ni, 8.76; C, 26.06; H, 
3.17; N, 13.01; H,O, 5.42; Calc. for 
[Ni(HL),(H,O)J(Cl03,: Ni, 8.89; C, 25.47; H, 
3.36; N, 12.73; H,O, 5.45%; j+= 3.18 B.M. 
(300 K). 

[Ni(HL),(CIOJJ. Heating the powdered crystals 
of [Ni(HL)2(H20)&C10,)2 at 378 K produced the 
anhydrous complex [Ni(HL),(ClO,JJ. This trans- 
formation was accompanied by a change of colour 
from green-grey into yellow-green. The new com- 
pound is air stable. Found: Ni, 9.39; C, 27.08; H, 
2.82; N, 13.61; Calc. for [Ni(HL),(ClO,),]: Ni, 9.41; 
C, 26.94; H, 2.91; N, 13.46; Pi,= 3.29B.M. 
(300 K). 

Crystal structure analysis of [Ni(HL), 
(H,O)J(Cl03,. Crystal data of the complex 
are: NiC,4HZZNd0,2S2C12, M, = 660.04, triclinic 
PI, a = 7.938(2), b = 12.039(3), c = 7.807(2) A, 

LEOVAC et al. 

solved by direct methods using MULTAN and 
refined by full-matrix least-squares techniques. All 
non-hydrogen atoms were refined with anisotropic 
thermal parameters; H atoms were kept with fixed 
values for both positional and isotropic thermal 
parameters. The positions of all H atoms were 
located from a difference map. The least-squares 
refinement converged to a final R = 0.062. The. 
ESD of an observation of unit weight was S = 5.63 
for the observed reflections. The correction for 
extinction was applied with the refined value of 
g = 0.35624 x lo-‘. Atomic scattering factors in- 
cluding the corrections for anomalous dispersion 
were taken from International Tables for X-ray 
Crystallography. Final atomic coordinates, ther- 
mal parameters and list of F,/F, values have been 
deposited with the Editor as supplementary mate- 
rial; copies are available on request. Bond dis- 
tances and angles are given in Table 1. 

RESULTS AND DISCUSSION 

Descriptions of the crystal structure. As shown by 
Fig. 1 the lattice consists of discrete complex 
cations [Ni(HL),(H20)2]2+ and ClO,- bound to- 
gether by hydrogen bonds. However, the Ni(I1) is 
screened completely from the anions. Ni(II), situ- 
ated at a centre of symmetry, is surrounded 
pseudo-octahedrally by four N and two 0 atoms. 
The four nitrogen atoms: N(1); N(l), N(3) and 
N(3) form a plane around Ni with a mean 
Ni . . . .N distance of 2.112(5) I$, which is in a good 
agreement with those found in high-spin Ni(I1) 
complexes with four coplanar N donors.i3 The 
apical positions of the octahedron are occupied b 
two water molecules at a distance of 2.119(5) x 
from Ni(I1). Each water molecule maintains two 
hydrogen bonds with the ClO,- ions 

a = 99.34(2), /3 = 110.44(2), y = 105.74(2)“; V = These infinite chains are formed along the [ 1001 
645.0(7) A3, D, = 1.70 gem-‘, D, = 1.75 gem-3, direction. They are crosslinked by a third hydrogen 
Z = 1, P~,,~,) = 11.8 cm-‘, F(OO0) = 338. bond built up between N(2)-H(N2) bonds pointing 

X-Ray diffraction data and accurate cell dimen- outward from the complexes and 0( 1) atoms of the 
sions were measured on an automated anions. 
Enraf-Nonius CAD4 diffractometer using graph- 
ite monochromated MO& radiation and the w-28 

N(2)-H(N2). . .0(l) 1 -x, 9, 1 -z 

scan mode. Of the 2286 unique reflections recorded 2.22( 1) 2,95( 1) 139( 1)” 
with 20 < 50”, 1818 were regarded as observed 
I > 40(I). No absorption correction was applied. Of C104- only O(2) is not involved in hydrogen 
The intensity statistics suggested the centro- bonding which is shown by the shortest Cl-O 
symmetric space group PT. The structure was distance (1.348(4) A). As it is apparent from the 
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Table 1. Bond distances and bond angles of [Ni(HL)z(HzO)&CIO,)z 
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Iii - N(1) 
Iii - H(2) 
Mi - 0, 
S I C(1) 

S - C(2) 

N(l)- C(1) 

K(2)- C(1) 
R(2)- N(3) 

n(3)- C(3) 
C(3)- C(4) 

2.002(3) : C(4) - C(7) 
2.223(3) C(4) - O(O) 

2.119(3) C(7) - C(6) 
1.754(4) C(6) - C(5) 

1.795(5) C(5) - O(8) 

1.265(5) Cl - O(l) 

1.364(6) Cl - O(2) 

1.387(4) Cl - O(3) 

1.269(5) Cl - O(4) 

1.427(6) 

1.336(7) : 
1.352(G) 
l.'+W7) 
1.310(10) 

1.420(7) 

1.380(5) 
1.348(4) 

1.358(4) 

1.367(7) 

N( 1) - Xi - N(3) 77.7(2)' 
N(1) - Iii - Ow 91.3(2) 
N(3) - Ni - 0 88.4(2) 

C(2) - s - Gil) 101.3(4) 

S - C(l)- I?(l) 129.7(6) 

S - C(l)- N(2) 111.2(5) 

M(1) - C(l)- H(2) 119.0(5) 

Iii - id(l)- C(1) 117.2(5) 

"(1) - N(2)- N(3) 118.7(6) 

X(2) - +1(3)- Ni 104.7(4) 

C(3) - X(3)- Hi 140.0(5) 

C(Q) - C(j)- ~(3) 126.6(7) 

c(7) - C(4)- c(3) 121..2(7) 

O(8) - C(4) - C(3) 
O(8) - C(4) - C(7) 
C(6) - C(7) - C(4) 
C(5) - C(6) - C(7) 
C(8) - C(5) - C(6) 
C(5) - O(B) - C(4) 
O(1) - Cl - O(2) 

C(1) - Cl - O(3) 
O(1) - Cl - O(4) 
O(2) - Cl - C(3) 

O(2) - Cl - C(4) 

O(3) - Cl - O(4) 

126.8(7)' 

112.0(7) 

104.9(8) 

110.1(9) 

107.8(9) 

105.1(7) 

ll6.3(5) 
110.6(5) 

107.1(6) 

1@9.7(6) 

112.6(b) 

99.3(7) 

C 

Fig. 1. A perspective view of the crystal lattice showing the coordination polyhedron around Ni(I1) 
sitting at a centre of symmetry and some of the symmetry equivalent ClO,- tetrahedra. Atomic 
numbering is given with molecular fragments at (x, y, z). Bare numbers are for carbon atoms unless 
indicated otherwise. The numbering of H atoms is omitted. Symmetry equivalent atoms are labelled 

as follows: *, = 2, 7, 2; ** = 1 -x, y, 2; l **l -x, 7, 1 -z. 
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vigorous thermal motion of the CIO, tetrahedra 80 1 

the mean Cl-O bond length (1.363(4) A) should be 
significantly shorter than that which is expected 

\ 

theoretically (1.45 A)” and observed at low tem- 
7 7 0 - -:, 
2 1 

perature. In accordance with the positions of H 
atoms around N(1) and N(2) inferred from 
difference Fourier synthesis the C(l)-N(1) double 
bond (1.265(5) A) together with the low 
S-C( 1)-N(2) angle (111.2(5)“) suggest that the new 
furfural S-methylthiosemicarbazone ligand pre- 
dominantly assumes the imido form. No such 
localized C( 1) = N( 1) double bond has been found 
in other transition metal complexes with different 
S-methylthiosemicarbazone ligands.3,6,7*9 

The thiosemicarbazide moiety together with 
C(3) and C(4) atoms lie roughly in the same 
plane (0.9744X + 0.1509Y - 0.16692 = - 0.0966). 
The maximum deviation (0.18 A) from this plane 

. 

is shown by N(2). The furan ring is practically 
lO-- 

planar, the maximum displacement from the best 
plane (0.7281X + 0.5221Y - 0.44412 = - 1.2517) 0-m 

is about 0.02 A. The dihedral angle between these 
1200 1100 1000 

two least squares planes is 36.1(4)“. The two 
5 [cr;11] 

symmetry related (1) ligands are bound together by Fig. 2. Fragments IR spectra ofi--+Ni(HL),(H,O)J 
a pair of weak hydrogen bond formed between the (ClO,),;---[Ni(HL),(ClO,)J. 
N(l)-H(N1) moiety and the ether oxygen O(8) of 
the symmetry related furan ring and vice versa. 

H.. . 0 = 2.37(l), N . . . 0 = 3.00(l) 8, 

NH . . . = 127(l)“. 

Magnetic and spectral data. Both compounds are 
paramagnetic and their effective magnetic mo- 
ments (3.18 B.M. for [Ni(HL),(H,O),](ClO,), and 
3.29 B.M. for [Ni(HL),(ClO,),]) are within the lim- 
its characteristic for hexacoordinated Ni(II).‘5 
These values are in agreement with the un- 
equivocally determined octahedral configuration 
for [Ni(HL),(H,O)J(ClO,), and with the supposed 
structure (based on the spectroscopic data) for 
[Ni(HL),(C104)J In Fig. 2 the fragments of the IR 
spectra for both complexes are depicted. It can be 
seen for [Ni(HL),(H,O),](ClO,), in the region of 
1150-1080 cm-’ there is a considerably wide very 
intense triplet band which can be assigned to the 
v) vibrations of ClO, group. It is known from the 
literature15~16 that the ionically bonded perchlorate 
has around 1100 cm - ’ a characteristic wide band 
of strong intensity which often shows tendency for 
splitting. The last is more pronounced in com- 
plexes which is the consequence of deformation of 
T, symmetry of ClO, group, which is, on the other 
hand, caused by its coordination or, by presence of 
hydrogen bonds. With respect to the unequivocally 
determined ionic character of ClO, group in the 
complexes, the structure of v,(ClO,) band is doubt- 

lessly, a consequence of the identified hydrogen 
bonds of these groups and atoms. 

In contrast to this the vr(Cl0,) band in the IR 
spectrum of [Ni(HL),(ClO,)J is split into one band 
of very strong intensity at 1115 cm-’ on the one 
hand, and two somewhat weaker bands at 1150 
and 1065cm-‘, on the other hand. This is most 
probably due to the effect of coordination of the 
perchlorate group. In this way the paramagnetism 
of the compound can be also explained and sup- 
ports the postulated octahedral configuration con- 
sisting of the two molecules of the bidentate fur- 
fural S-methylthiosemicarbazone and two ClO, 
groups. 

It can be expected that the octahedral structure 
of this complex would be expected to be more 
tetragonally deformed compared to the starting 
aquo-complex; the same is indicated by the higher 
value of its magnetic moment. 

The diffusion-reflection spectra are shown in 
Fig. 3. The reflectance spectra indicate un- 
equivocally, the identical type of coordination of 
the central ion. Their array and the number of 
absorption maxima indicate the octahedral coordi- 
nation of Ni(I1). The Ni(I1) ion involves the system 
3d8 system. The first three maxima (1, 2, 3) can be 
attributed to the energy levels on a diagram of the 
Tanabe-Sugano type,17 with the symmetry corre- 
sponding to the octahedral crystal field (Table 2). 
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Fig. 3. Reflection spectrum of: - [Ni(HL)z(H,0)21(C10,),; - - - [NWLWWJ 

Table 2. Electronic spectral data 

Transitions [ cm-f103 1 cm -1 
Complex 

3A,g+3Tzg(F) 'Aq3Tlg(F) 3Ay3TQP) ='q B 

[Ni(HL)2(H20)2](C10,,)2 9.8 16.0 22.5 960 910 

[Ni(HL)2(C10g)2] 9.6 15.8 22.5 960 950 

The parameters of crystal field strength (Dq) and 
R&G&Z p&xrrrr&xs @I were &r&rmmed using a 
pair of equations derived from the theory of the 
crystal field.,‘* are shawn in Table 2. 

The small difference in the values of the energy 
levels and other parameters, are probably due to 
difference in the strength of the ligand field of H,O 
molecules and ClO, group. 

It can be supposed that the band at 30,700 cm - ’ 
(I%;\ results from a _tcanritn srf Sk .k&4@& 
character since it was also detected in the spectrum 
of the free ligand of similar type.19 
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Abstract-Formation constants for the binary and ternary Mn(II)-nitrilotriacetic acid 
(NTA) and adenosine triphosphate (ATP) which model the action of (Na + + K +)ATPase 
have been determined at 25°C and I = 150 mmole dm -3 NaCl. The results are interpreted 
in terms of the known stabilities of the enzyme complexes and it is concluded that metal-ion 
chelation of ATP alone is not enough for hydrolysis to occur. A substantial stabilisation 
of the ternary complex occurs, possibly through bridging sodium ions. 

An important facet in the normal functioning of a 
biological cell is the maintenance of a Na and K 
concentration gradient across the cell membrane. 
As the cell membrtane is permeable to these ions 
via a passive transport mechanism, the cell requires 
an energy dependent, active transport mechanism 
to maintain the ionic balance against the concen- 
tration gradient. It is believed that the active 
transport mechanism, the so-called sodium pump, 
involves Na+ and K+ activated adenosine- 
triphosphatase,‘,2 a membrane bound metalo- 
enzyme, 

Grisham and Mildvan’ have proposed a mech- 
anism for the action of (Na+ + K+)ATPase. An 
essential part of this proposal is coordination of 
manganese(I1) to the enzyme and subsequent coor- 
dination of ATP to form a ternary complex. Using 
nuclear magnetic resonance techniques one tight 
binding site for manganese(I1) with a dissociation 
constant, &, of 0.88 FM has been found.’ Kinetic 
studies have given an activator constant KA of the 
same value, thus identifying the single tight man- 
ganese(I1) binding site as the active site of the 
enzyme.3 

Dissociation constants for ternary Mn(II)- 
(Na + + K + )ATPase-phosphate and methylphos- 
phonate’ complexes have also been determined. 
However, because of the rapidity of ATP hydro- 

*Author to whom correspondence should be ad- 
dressed. 

lysis no ternary ATP complex has been studied. In 
an attempt then, to throw more light onto the role 
of the metal-ion in the sodium pump mechanism, 
the stability constants of ternary Mn(II)-model 
(Na* + K+)ATPase-ATP have been determined. 
In choosing a simple molecule as a model for the 
enzyme cognizance. was taken of the known 
strength of Mn-enzyme binding. This dictated the 
use of a multidentate mixed nitrogen, oxygen 
donor ligand, e.g. nit~lot~acetic acid (NTA). 

RESULTS AND DISCUSSION 

Protonation constants were determined for ATP 
and found to agree with the literature (Table 1). 
Formation curves (Fig. I) for the Mn(II~ATP 
system at different total metal and ligand concen- 
trations were non-superimposable indicating the 
presence of protonated and/or hydroxo species. 
Final MINIQUAD refinement resulted in the 
model given in Table 1. While the agreement 
between the experimental and theoretical for- 
mation curves is acceptable, at higher pH values 
there are reproducible systematic deviations. The 
low “c~stallo~aphic” R factor indicates the basic 
correctness of the model while the high x2 suggests 
the existence of further minor species. The intro- 
duction of hydroxo species did not result in a 
significant’ improvement in the model and hence 
were discarded. The final results are in good agree- 
ment with the literature considering the different 
experimental conditions. 

1313 
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Table 1. Formation constants determined in this study at ZS’C, Z = 1 SO mmol dm - * NaCI; e denotes 
standard deviation in log/?, n the number of experimental observations, R the MINIQUAD 
crystallographic R factor and x2 the statistical chi-squared function for normal distribution of 

residuals. The general formula of a complex is expressed by M,2+(NTA)43-(ATP)4~- H, 

Log Bpw'r 

P 9 4'r Experimental 
10 

Literature (I n R X2 

I .o 

0.0 

0 0 1 I 6.39 

0 012 10.44 

1010 4.72 

1011 9.19 

IO I2 12.73 

0101 9.34 

010 2 11.87 

010 3 13.95 

110 0 7.15 

12 0 0 10.20 

1110 9.12 

1111 15.57 

ti.4zb 

10.57a 

4.76a 

8.90a 

9.6sa 

12.13a 

13.93= 

7.46a 

10.94a 

0.002 128 0.00309 52.5 

0.003 

0.054 179 0.0083 38.95 

0.074 

0.099 

0.005 55 om48 4.04 

0.013 

0.002 

0.006 83 0.00427 17.60 

0.018 

0.068 155 0.00397 257.94 

0.140 

a 25% I = 0.1 mol 
-3 

dm b 25% I = 0.15 mol dm 
-3 

T 

+++++4 44444 

94 

Fig. 1. Metal complex formation curves for the Mn(II)-ATP system at 2i”C and 
Z = 150 mmol dme3’ NaCl. The symbols represent different combinations of total ligand and total 
metal concentrations. The full lines represent corresponding theoretical curves obtained using the 

constants given in Table 1. 
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A similar set of experiments was carried out 

using NTA instead of ATP. In this case the 
formation curves were all superimposable indi- 
cating simple stepwise, mononuclear complex for- 
mation MINIQUAD refinement resulted in a 
model and constants (Table 1) in very good agree- 
ment with the literature. 

Potentiometric data from titrations of man- 
ganese(II), NTA and ATP with base were used to 
refine constants for the ternary system. Conditions 
were varied so as to maximise the formation of 
ternary species and minimise the formation of 
binary metal complexes. Again the final model 
(Table l), as exemplified by the very low R value, 
is in good agreement with the experimental data. 
The high value for x2 may be a result of inade- 
quately defining the binary Mn(II)-ATP system. 

In order to compare the formation constants of 
our model system with results obtained for the 
native enzyme system it is necessary to calculate 
the association constants for the various inter- 
actions of a pH of 7.4. This can be done using the 
appropriate equations, e.g. 

Mn + ATP P MnATP 

K = [MnATPl 
’ [Mn][ATP] 

where [ATP] = total concentration of uncom- 
plexed ATP. In this way K,, for the model system, 
is calculated to be 2.07 log units. This does not 

compare well with association constants of 5.32 
and 5.14 log units for complexation of inorganic 
phosphate and methylphosphate respectively, to 
the Mn-ATPase complex.’ However the stability 
of these latter two complexes is far greater than 
ATP with Mn(I1) on its own (log K, = 4.7). Since 
the presence of a bulky ligand (the 
Na + + K + )ATPase protein molecule) on the metal 
centre is expected to destabilize any subsequent 
chelation (as shown by the model system) there 
must be a very substantial interaction between 
ATP and the protein in the ternary 
(Na + + K +)ATPase-Mn(II)-ATP complex, i.e. 
coordination to the Mn(I1) alone cannot account 
for the stability of the complex. Grisham and 
Mildvan’ have postulated the existence of bridging 
sodium ions between the phosphate residues of 
ATP and the protein. However it is difficult to 
envisage such an electrostatic interaction sta- 
bilizing the complex by a factor of 104. 

Of special interest is the amount of ternary 
complex formed at physiological pH. To this end 
a species distribution diagram (Fig. 2) was con- 
structed. This shows that at no time is an appre- 
ciable amount of the Mn(II)-ATP complex 
formed. Rather initial coordination is to NTA 
followed, at higher pH, by formation of the ternary 
Mn(II)-NTA-ATP complex. An essential feature 
of the proposed Grisham and Mildvan’ sodium 
pump mechanism is the deprotonation of the ter- 
nary complex upon migration to the outer surface 
of the cell membrane. In our model system this 

Fig. 2. Species distribution diagram for the ternary Mn(II)/NTA/ATP system. Total concentrations 
of Mn(II), NTA and ATP are: 3.3 x 10m3, 3.3 x 10-3, 7.9 x 10m3 mol cn-3 respectively. Using the 
notation (1111) to represent species ATP4-.NTA3-.Mn *+.H+: 1 =(lOOO), 2=(0010), 3=(1010), 
4 = (101 I), 5 = (1012) 6 = (lOOl), 7 = (1002), 8 = (OlOl), 9 = (0102), 10 = (0103) 11 = (01 lo), 

12=(1110) and 13=(1111). 
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deprotonation does take place but at a phys- 
iologically unrealistic pH of 6.5. Even so the 
duplication of this feature is encouraging. 

In conclusion, although our simple model of 
(Na+ + K+)ATPase is not in good quantitative 
agreement with the enzyme system, it does dupli- 
cate several of the essential features, viz. (i) coordi- 
nation of ATP to the metal-ion, (ii) increased 
stability due to interaction with the protein and (iii) 
deprotonation of the complex at higher pH. 

twice to check the reproducibility of the system. 
The data was treated to MINIQUAD least 
squares analysis and the resulting “best” set of 
constants checked using the PSEUDOPLOTg ap- 
proach. 

Acknowledgements-We wish to acknowledge the Uni- 
versity of Cape Town and the C.S.I.R. for financial 
assistance. 

EXPERIMENTAL REFERENCES 

Stock solutions of nitrilotriacetic acid (Merck) 
and manganese(I1) chloride were standardised by a 
Gran6 plot and compleximetric (EDTA) titration 
respectively. ATP (Merck) being unstable, was 
weighed directly into the titration vessel. All solu- 
tions were prepared using degassed, glass distilled 
water. 

Potentiometric titrations were carried out as 
described in Ref. 7, all studies being performed at 
25.00” + 0.05”C and Z = 150 mmol dmV3 in NaCI. 
The electrode system was calibrated using the 
MAGEC’ approach. Protonation curves for the 
ligands were obtained at different total ligand 
concentrations while metal complex formation 
curves were obtained at different metal:ligand 
ratios and for different total ligand and total metal 
concentrations. All titrations were repeated at least 

1. 

2. 

3. 

4. 

5. 

6. 
7. 

8. 

9. 

10. 

C. M. Grisham and A. S. Mildvan, J. Biol. Chem. 
1974, 249, 3187. 
J. G. Norby and J. Jensen, Biochem. Biophys. Acta 
1971, 253, 104. 
J. P. Slater, I. Tamir, L. A. Loeb and A. S. Mildvan, 
J. Biol. Chem. 1972, 247, 6784. 

A. Sabatini, A. Vacca and P. Gans, Talanta 1974, 
21, 53. 
A. Vacca, A. Sabatini and M. A. Gristina, Coord. 
Chem. Rev. 1972, 8, 45. 
G. Gran, Int. Cong. Analyt. Chem. 1952, 77, 661. 
G. V. Fazakerley, G. E. Jackson and P. W. Linder, 
J. Znorg. Nucl. Chem. 1976, 38, 1397. 
P. M. May, D. R. Williams, P. W. Linder and R. G. 
Torrington, Talanta 1982, 29, 249. 
A. M. Corrie, G. K. R. Makar, M. L. D. Touche 
and D. R. Williams, J. Chem. Sot. Dalton 1975, 105. 
A. E. Martell and R. E. Smith, Critical Stability 
Constants. Plenum Press, New York (1974). 



Polyhedron Vol. 2, No. 12, pp. 1317-1322. 1983 
Printed in Great Britain. 

0277-5387183 S3.00 + .OO 
0 1983 Pergamcm Fwss Ltd. 

THIOCYANATO ADDUCTS OF CHROMIUM(I1) CARROXYLATES 
AND THE MOLECULAR STRUCTURE OF TETRAETHYL- 

AMMONIUM TETRA-pPROPIONATODIISOTHIO- 
CYANATODICHROMATE(n) 

PETER D. FORD, LESLIE F. LARKWORTHY,* DAVID C. POVEY 
and ANDREW J. ROBERTS 

Department of Chemistry, University of Surrey, Guildford GU2 5XH, England 

(Received 8 March 1983; accepted 16 June 1983) 

Abstract-X-Ray crystallographic studies on [NEt&[Cr,[(02C~H,),(NCS)J show that the 
Cr-Cr separation (2.46710 in the dinuclear anion is one of the longest known. The 
thiocyanato groups are N-bonded, and the results emphasize the known sensitivity of the 
quadruple Cr-Cr bond to the nature of the axial ligands. The compound crystallises in 
the tetragonal space group P4/mnc with two molecules per unit cell, the dimensions of 
which are a = b = 9.785(l), c = 21.186(2) A. Magnetic investigations from room to liquid 
nitrogen temperature on the tetra-p-propionato complex and on INMe.& 
[Cr,(O,CCH,),(NCS)J show that both complexes have been obtained free from para- 
magnetic chromium(II1) impurities. Their weak paramagnetic susceptibilities (xc, is approx. 
200 x 10-6cm3mol-’ at 295 K and 50 x 10-6cm3mol-’ at 90 K) are inherent, and are 
ascribed to temperature independent paramagnetism at low temperature plus para- 
magnetism arising from slight population of the triplet state (W N 700 cm-‘, g = 2, 
Ncc = 50 x 10 -6 cm3 mol - ‘) at higher temperatures. 

The preparation of the first dichromium carbox- 
ylato complex with axially bonded anions, 
[NEt4]2[Cr2(02CCH3),(CS)~, was recently re- 
ported.’ From its reflectance spectrum and a 
correlation* between the band frequencies and 
CrCr separations in known compounds, it was 
suggested’ that the Cr-Cr separation in this com- 
pound should be among the longest known. Single 
crystal investigations have now shown that this 
is true for the analogous compound [NEtd, 

1Cr2(QCCH2CH3)~(NCS)d. 

RESULTS AND DISCUSSION 

Structure of the dinuclear anions 
The carboxylato-bridged dinuclear structure of 

the anions in [NEt&[Cr,(O,CCH,CH,),(NCS)~ is 
represented in Fig. 1. The anions have 4/m sym- 
metry, with the linear N-bonded thiocyanato li- 
gands along the four fold axis defined with the 
Cr-Cr bond. Coordination of thiocyanate throu 
nitrogen increases the N-C bond length (1.168 f , 

*Author to whom correspondence should be ad- 
dressed. 

Table 1) and decreases the C-S bond length 
(1.614 A) compared with the free ion values (1.149 
and 1.689 81).3 This is the usual effect of coordi- 
nation through nitrogen. All Cr-0 bond lengths 

Fig. 1. The structure of the anions in [NE& 
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Table 1. Bond lengths and angles of [NEt4]2[Cr2(02CCH2CH3)4(NCS)J 

Bond lengths (II) Bond angles (O) 

Anion 

Cr -Cr' 

Cr -O(l) 

Cr -N(l) 

0(1)-C(2) 

C(2)-C(3) 

C(3)-C(4) 

Cationa 

N(2)-C(5) 

C(5)-C(6) 

2.467(3) N(l)-C(1) 1.168(9) O(l)-Cr -O(i)' 89.8 

2.019(4) C(T)-5(l) l-614(7) Ct-' -Cr -O(l) 86.5 N(l)-Cr-O(1) 93.5 

2.249(3) Cr -0(1)-C(2) 121.6 

1.257(5) N(2)-C(5) 1.518(g) O(l)-C(2)-O(1)" 123.9 

1.504(9) C(5)-C(6) 1.502(9) O(l)-C(2)-C(3) 118.0 

1.229(10) C(2)-C(3)-C(4) 119.1 

1.518(5) C(6)-C(5)-N(2) 115.0 

1.503(10) 

a The tetraethylammonium cations possess 222 point symmetry. 

are equal (2.019 A), and very close to the average 
value (2.018 A) in [Cr,(0,CCH&(0H,)J4. The 
Cr-0 bonds of the CrO, units are bent towards the 
Cr-Cr bond (Cr’-Cr-0 = 86.5”) presumably be- 
cause the Cr-Cr bond length (2.467 A) is greater 
than can be accommodated without distortion by 
the bite of the carboxylato ligands. 

Extensive crystallographic investigations’ have 
emphasized how the length of the Cr-Cr bond is 
primarily dependent upon whether axial ligands 
are present. Axial ligands donate electron density 
into the dz, - dJo* antibonding orbital and so 
lengthen the bond, the effect being greater with 
more strongly donating (basic) ligands. The nature 
of the bridging ligands is secondary, but the Cr-Cr 
bond is longer when weakly donating bridges are 
present. 

Tetra-p-carboxylato dichromium(I1) complexes 
show a range of Cr-Cr bond distances from 2.28 8, 
in [Cr,(02CC,4H,)4(DME)J (DME = 1,2-di- 
methoxyethane) to 2.54 A in [Cr,(O$CF,), 
(Et,O),], and in all cases axial ligands are present. 
Excluding the trifluoroacetate complex, which is 
exceptional in the weak donor nature of the bridge, 
the thiocyanato complex has the longest Cr-Cr 
bond. 

N-bonded thiocyanate is usually considered a 
o-donor, with a weaker ligand field than ammonia 
or pyridine, and, as isothiocyanic acid is a strong 
acid3, NCS is a weak base. Nevertheless, since the 
Cr-Cr bond in the thiocyanato adduct is longer 
than in the pyridine (2.369A) and pyrazine 
(2.342 A) adducts of chromium(I1) acetate5, NCS- 
has greater donor strength than these amines to- 
wards the Cr-Cr bond. This may be because the 
charge and weak n-donor ability of NCS - offset 
its lower basicity. 

The Cr-Cr bond is considerably shorter than the 
Cu-Cu bond (2.643 A)” in the analogous cop- 
per(I1) dimer, llVMe4]2[Cu,(0,CCH3)4(NCS)J, and 
the Cr-N bond (2.249 A) is somewhat longer than 
the Cu-N bond (2.08 A), but in other respects the 
two structures have similar geometry. 

Magnetic investigations 
Owing to the difficulty in preventing oxidation, 

it has been uncertain whether the weak para- 
magnetism of chromium(I1) ‘acetate samples is 
inherent or arises from traces of chromium(II1) 
impurities. The magnetic behaviour over a tem- 
perature range of one sample of chromium(I1) 
acetate monohydrate” could be reproduced by 
assuming strong interactions in a dinuclear struc- 
ture (2J = 1250”(869 cm-‘)>, and 0.3% C?+ 
impurity (~l,~ = 3.87 B.M., independent of T). 
Similar behaviour was found’ for 
[NMe,],[Cr,(O,CCH,),(NCS)J. On the other hand, 
unpublished magnetic susceptibility measurements 
on [Cr,(0,CCH3)4(OH2)J are said’ to show that the 
ground state consists of filled shells, and the weak 
paramagnetism of [Cr,(O,CCH,),(NH,)J was 
ascribed’ to temperature independent para- 
magnetism. Since molecular orbital calculations 
suggest9 that the highest filled level lies some 
5000 cm-’ below the first excited level, population 
of the triplet state is expected to be insignificant at 
room temperature, and quadruply bonded CrZ4+ 
species should be diamagnetic or at the most 
exhibit some temperature independent para- 
magnetism. 

Samples of [NMe4],[Cr,(02CCH3),(NCS)J and 
[NEt4],[Cr,(02CCH2CH3)4(NCS)J, after correction 
for the diamagnetism of the ligands, gave small 
positive values of xcr which decreased as the tem- 
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perature was lowered (Table 2). There is no in- 
crease in xcr at low temperatures in contrast to the 
behaviour of the acetate, [Cr~(O~CCH,),(OH3~“, 
the new stearate (see Ex~~mental), and the earlier 
preparation* of ~Et~]~[Cr~(~*CCH~)*~CS~, 
which all showed increases in xcr at low tem- 
peratures due to small amounts of chromium(II1~ 
impu~ties. The data for ~Me~]~~Cr~(O~CCH~~ 
(NCS&J and ~Et~]~[Cr~(~~CCH~CH~)~~CS)~ can 
be approximately reproduced over the available 
temperature range by substitution of J = 375 cm - ’ 
(NMe, salt): J = 320 cm-i (NE& salt), g = 2 and 
Na = 50 x lop6 cm3 mol-f in the expression 

xc NS2 1 -- 
‘-- kT 3+x2 [ 1 - +Na 

where x = exp(J/kT), to which the full 
expr~sion~ for antiferroma~etic interaction in a 
bin&ear ch~mium(II~ complex (S = 1 or 2) re- 
duces when J is large. Errors are large” in mea- 
surements on weakly paramagnetic compounds 
but in these preparations pamma~etic impurities 
have been avoided so that the weak para- 
magnetism must be inherent. The singlet-triplet 
separation (W) is of the order of 700 cm -’ which 
is inconsistent with the molecular orbital 
calculations9 and the tentative assignment2 of the 
S +I* transition to a weak band at approx. 
16OOOcm-*. 

The IR spectra of the complexes contain absorp- 
tion bands (Table 3) characteristiti of N-bonded 
NCS- groups in agreement with the crystal struc- 
ture determination. 

A detailed analysi8 of the low temperature 
polarised single-crystal absorption spectrum of 
~Cr2(O~CCH~)~(OH~~ has shown that there are 
dominant absorption bands at approx. 21000 cm-’ 
(Band I) and approx. 30,000 cm - ’ (Band II). Band 
I has been assigned to the 6 -+R * transition of the 
binuclear system intensified by vibronic coupling, 
and band II to charge transfer from a non-ending 
n-orbital of the carboxylate ligand to the rr* metal 
orbital. The energies of bands I and II 
in a limited series of quadruply bonded dichrom- 
ium complexes comprising the carbonate 
~H~]~[Cr2(CO~)~(OH~~ - Hz0 (Cr-Cr = 2.214 Ai0 
and some carboxylato complexes (of which 
[Cr2(O~CH)~(C~H~N)~” showed the longest Cr-Cr 
separation (2.408 A)] have been found 2 to de- 
crease linearly with increasing Cr-Cr separation. 
Bands I and II in the powder reflectance spectra of 
the thiocyanate adducts (Table 3) are at lower 
frequencies than any in the above series in agree- 
ment with the greater Cr-Cr separation (2.467 A). 

The diffuse reflectance spectra of Cs, 
ICr,(S0,),~OH3J.2H20’2, ]Cr~(WCH3).0W)r18 
[Cr~~stearate)~(O~2)~ are included in Table 
3. From the frequencies the Cr-Cr separation 

Table 2. Variation with absolute temperature of molar susceptibilities x&cm’ mol -‘) and effective 
rna~e~c moments ~.~.) of the ~~~y~ato adducts and [Cr,f0,c(cH3tsCH,),~ 

[NMe412[Cr2(02CC~3)4(Ncs)21a 

106XCr 'leff T 

174 

142 

101 

83 

61 

46 

50 

21 

0.64 295.1 231 0.74 294.5 

0.55 262.5 190 0363 262.5 

0.43 231.2 173 0.57 233.5 

0.36 199.0 115 0.43 199.0 

0.29 168.0 97 0.36 166,5 

0.22 135.5 71 0.28 135.5 

0.20 103.5 65 0.22 103.5 

0.1'2 89.0 52 .0.19 89.0 

~ia~9netic ccrrectSon D~a~gnetjc correction 

* 156 x 10-6cm3m01-1 * 215 x 10-6cm3mo?-" 

t~~~,l~~~~2~02~C~2C~3~4(Ncs)21a 

106XCr ueff T 

a The molar susceptibilities are based on half the molecular weights 
corresponding to these formulae. 
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Table 3. Diffuse reflectance spectra (cm-‘) of complexes and IR absorptions (cm-‘) of iso- 
thiocyanato groups 

Caapound 
Electronic Spectra 

IIa 1a 

34800b 33900sh 28600b 24700~ 19000vb 2079vs 2030sh 779w 474w 

35300b 33800sh 28700b 24900sh 18700vb 2070~s 79ailb 475w 

39100sh 33000sh 29200b 24900sh 18500vb 2079vs 810~ 784mb 475vw 
36000b 775sh 

43100 
35600 

40000vb 

37000b 

30100 26300sh 18100vb 
29400sh 

30000b 28400sh 21900vb 

29000b 19500vb 

MCN) 

IR Spectra 

v(CS) 6(NCS) 

a. See text and reference 2. 

b. A medium intensity band due to the [NEt4] groups renders the v(CS) assignment uncertain. 

c. Reference 12; spectrum re-recorded. 

d. Reference 8. 

would be expected to decrease in the order given, 
with the separation in the amine being approx. 
2.5 8, commensurate with the high basicity of 
ammonia. The stearate is likely to have as short a 
Cr-Cr bond as the carbonate complex. Un- 
fortunately, crystallographic data are not available 
for these three complexes. 

EXPERIMENTAL 

In the preparation’ of [NEt,],[Cr,(O,CCH,)d 
(NCS)J, chromium(I1) acetate monohydrate was 
extracted into a hot ethanolic solution of tet- 
raethylammonium thiocyanate. The thiocyanate 
solution was obtained by mixing equimolar solu- 
tions of tetraethylammonium chloride and potas- 
sium thiocyanate in ethanol, followed by centrifu- 
gation to remove the precipitated chloride. This 
procedure was satisfactory with the acetate, but the 
corresponding propionate was not obtained pure. 
In the present work the tetraethylammonium and 
tetramethylammonium thiocyanates were first iso- 
lated. 

To prepare [NMe.,]NCS equimolar amounts of 
the alkylammonium bromide (10.00 g) and potas- 
sium thiocyanate (6.31 g) were refluxed in absolute 
ethanol (150 cn?). Potassium bromide was filtered 
off from the hot solution using a fine filter paper, 
the solution reduced to half volume, allowed to 
cool to room temperature, and residual KBr 
filtered off. Crystalline tetramethylammonium 

thiocyanate was obtained by cooling the filtrate 
overnight in a refrigerator. It was twice re- 
crystallised from a minimum of absolute ethanol. 
In the preparation of tetraethylammonium thio- 
cyanate, the crude product was obtained by the 
slow addition of dried ether to the ethanolic solu- 
tion. The hygroscopic thiocyanate was re- 
crystallised from a minimum volume of a 5:2:3 
mixture of ethanol, acetone and ether. 

The monohydrates of chromium(I1) acetate and 
chromium(I1) propionate crystallised when a solu- 
tion of chromium(H) bromide obtained from hy- 
drobromic acid and the metal was filtered into a 
solution containing the sodium carboxylate in 
small excess. Previously,‘3 spectroscopically pure 
chromium has been used in the preparation of 
chromium(I1) salts, but the less expensive electro- 
lytically produced metal (99.5%) supplied by BDH 
Chemicals Limited has been found satisfactory. 

Preparation of ditetramethylammonium tetra -p - 
acetatodiisothiocyanatodichromate(ZZ) 

Chromium(I1) acetate monohydrate (1.54 g) was 
extracted by boiling ethanol (125 cm3) containing 
an equimolar amount of tetramethylammonium 
thiocyanate (1.07 g). The suspension was refluxed 
for about 30m, and, as the thiocyanato complex 
proved to be almost insoluble in ethanol, it was 
filtered off and dissolved in boiling, dry methanol 
(150 cm’). On cooling, violet crystals appeared. 
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These were filtered off, washed with cold ethanol, 
and dried by continuous pumping for 2 hr. 
Yield = 55%. Found: C, 35.8; H, 6.00; N, 9.13. 
C,H,,N,O,SCr requires C, 35.8; H, 6.00; N, 9.27%. 

Preparation of ditetraethylammonium tetra-p- 
propionatodiisothiocyanatodichromate(ZZ) 

Chromium(I1) propionate monohydrate (1.22 g) 
was extracted by boiling ethanol (100 cm3) contain- 
ing an equimolar amount (0.75 g) of tetraethyl- 
ammonium thiocyanate, and the solution refluxed 
for 1 hr. Violet crystals were obtained on slow 
cooling. The crystals were filtered off and dried as 
above. Since the complex oxidises only slowly, it 
was possible to select a crystal suitable for X-ray 
investigation in air and seal it under nitrogen in a 
Lindemann capillary to prevent long term ox- 
idation. Yield = 65%. Found: C, 46.8; H, 7.98; N, 
7.27. C,,H,N,O,SCr requires C, 46.6; H, 7.82; N, 
7.25%. 

Preparation of tetra-p-stearatodichromium(ZZ) di- 
hydrate 

To prepare the stearate [Cr2(02C(CH2)&H3)., 
(OH,)& sodium stearate was extracted with boiling 
water into a solution of chromium(I1) bromide 
prepared as for the acetate and propionate. The 
orange product was filtered off, washed with cold 
water and dried as above. The insolubility of the 
stearato complex in common solvents frustrated 
attempts to prepare a thiocyanate adduct. Yield = 
60%. Found: C, 68.45; H, 11.1. C36H,,0,Cr re- 
quires C, 67.9; H, 11.4%. 

The IR spectrum contained a broad water ab- 
sorption at 3400 cm-‘. The sample was con- 
taminated with approx. 2% of chromium(II1) 
impurity since its magnetic behaviour paral- 
leled that of the earlier preparation’ of 
[NEt&[Cr,(O,CCH,),(NCS)J, but with values of 
xcr approximately twice as large (cldf = 0.9 B.M. at 
294 K and 0.6 B.M. at 90 K). 

Physical measurements 
Magnetic measurements were carried out from 

room to liquid nitrogen temperature by the Gouy 
method. Because of their very weak para- 
magnetism, about 1.2 g of the samples was packed 
into wide bore (5 mm) quartz tubes, and since 
traces of oxidation can markedly affect the mag- 
netic results this was done in all-glass apparatus 
within an inert atmosphere box. The box, fitted 
with a re-circulatory gas purification system, was 
manufactured by Faircrest Engineering Ltd., 
Croydon. 

Electronic spectra were recorded on a Beckman 
Acta MIV recording spectrophotometer provided 
roLY Vol. 2, No. 12-F 

with a diffuse reflectance attachment. A lithium 
fluoride reference was used and the samples were 
sealed under nitrogen. Infrared spectra of nujol 
mulls were recorded on a Perkin-Elmer 577 spec- 
trophotometer. 

CRYSTALLOGRAPHIC 

Crystal data 

STUDIES 

[C,,H,N,O*Cr,s~[(~H~)~~~, M = 768.97, te- 
tragonal, _a = b = 9.785(l), c = 21.186(2)& 
U = 2028.5 A space group P4/mnc, Z = 2, 
D, = 1.26 g. cme3, D,,, not measured, F(OOO) = 816, 
p(Mo-K, = 6.3 cm-‘. 

Data collection 
Enraf Nonius CAD4 diffractometer, Mo-K, 

radiation. (A = 0.71069 A, graphite mono- 
chromator), crystal sealed under nitrogen in a 
Lindemann glass capillary, 8/26 scan mode, 
1.0” < 8 < 25.5”, 1905 data measured as ortho- 
rhombic, reduced to 1001 unique reflexions, 541 
observed [I 2 2.50 o(I)]; uncorrected for absorp- 
tion but corrected for crystal decay during mea- 
surement (intensity of reference reflexion dropped 

by 17%). 

Structure solution and rejinement 
The structure was solved by the heavy atom 

method and refined by full matrix least squares to 
a final conventional R-factor of 0.046 [weighting 
scheme used: W = l/[oz(&) + 0.04 F,‘]. Non- 
hydrogen atoms were assigned anisotropic thermal 
parameters and all hydrogen atoms from the tet- 
raethylammonium cation were located from a 
difference map and included in the refinement with 
isotropic thermal parameters. The positioning of 
the terminal carbon atom C(4) has proved ex- 
tremely difficult. Electron density maps persistently 
located this atom off the mirror plane (xyo) thus 
producing a set-butyrate although microanalyses 
do not support this. We are forced to conclude that 
this atom is disordered and a fixed occupancy of 
0.5 has been assigned. The C(3)-C(4) bond length 
is very short and as such must be regarded as 
artificial although attempts to fix the C(4) atom at 
a more reasonable position resulted in a large 
increase in its thermal parameters. Its refined pos- 
ition is, therefore, one which produces a minimum 
in the R-factor. 
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Abstract-A series of fluorinated and one non-fluorinated /I-diketonate complexes of 
oxovanadium IV have been prepared, their gas phase IR spectra examined, vapour 
pressures determined and their vapour phase thermal decomposition investigated. Decom- 
position of the fluorinated complexes occurred according to the overall reaction scheme 
VO(/3-diket)2+VOF2 + Furanone. The furanones C,HF,O,, C5H4F202 and CSH,~F~O~ 
were isolated and identified. The non-fluorinated complex gave the parent diketone and 
a vanadium oxide as its principal products. 

While there are abundant structural*-’ and spectral 
data’,2*5-8 available for vanadyl j? -diketonates as 
solids and in solution, little information is avail- 
able on their thermal properties. The only vapour 
phase chemistry reported+I2 relates to the gas 
chromatography of these complexes. 

This study was undertaken as a prelude to later 
investigationsI into IR laser irradiation of vanadyl 
fl-diketonates. For these investigations it was nec- 
essary to know the vapour pressures, vanadyl 
absorption frequencies and the products from va- 
pour phase thermal decomposition. Some known 
compounds6*” and others not previously reported 
were prepared and characterized. Gas phase IR 
spectra and vapour pressures were measured and 
vapour phase thermal decompositions in- 
vestigated. 

EXPERIMENTAL 

Preparation of metal complexes 
Complexes of the following /i-diketonates were 

prepared; hexafluoroacetylacetone (HHFA), tri- 
fluoroacetylacetone (HTFA), pivaloyl trifluoro- 
acetone (HPTA) and dipivaloyl methane (HDPM). 

VO(HFA)2, VO(TFA),, VO(DPM)2 and VO- 

*Author to whom correspondence should be ad- 
dressed. Present address: CSIRO, Division of Energy 
Chemistry Lucas Heights Research Laboratories, Pri- 
vate Mail Bag 7, Sutherland, NSW 2232, Australia. 

(PTA), were prepared by a modified procedure of 
Selbin et aL6 in which vanadyl sulphate was main- 
tained in excess of the diketone. Weakly coordi- 
nated water associated with these complexes was 
removed under vacuum. 

An extraction method was used to prepare the 
complex VO(HFA)2TMP. A chloroform solution 
of 0.8 mmole HHFA and .0.4 mmole of trimethyl 
phosphate was shaken with 0.4mmole of VOSO,, 
in distilled water. The chloroform layer was sepa- 
rated, washed, dried and then evaporated with dry 
nitrogen. VO(HFA)2py was prepared by the addi- 
tion of a stoichiometric amount of pyridine to a 
chloroform solution of VO(HFA),, followed by 
removal of the solvent. 

The complexes were purified by vacuum sub- 
limation and then by sublimation in a flow tube 
apparatus with a dry nitrogen carrier gas at re- 
duced pressure. Results of elemental analyses are 
shown in Table 1. 

IR spectra and vapour pressure determinations 
Gas phase spectra of the purified complexes were 

measured using a Perkin-Elmer 225 spec- 
trophotometer. The compound was contained in 
an evacuated heatable 10 cm cell fitted with NaCl 
windows. Condensation of compounds on the win- 
dows was prevented by having a side arm on the 
cell at a lower temperature than the windows. 

A calibrated flow of nitrogen carrier gas was 
employed to determine the vapour pressures of the 
complexes by the mass transport method. 

1323 
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Table 1. Elemental analyses of the vanadyl p-diketonate complexes 
-- 

Compound 

l 
I 

V F H C 0 X 

VO(TPA) 2 

VO(DPM)z 

VOWFA) ZPY 

‘fO(WA) 2TMP 

VO( PTA) 2 

VO(HFA) 2 

-- 

Theoretical 13.67 

Pound 13.78 

Theoretical 11.78 

Found 12.15 

30.56 

30.70 

2.14 

1.96 

8.78 

8.68 

-- -__ 

32.17 21.45 

32.42 * 

61.00 18.48 

61.02 18.70 

Theoretical 9.10 40.71 1.25 32.14 14.29 

found 9.12 40.90 1.44 32.28 * 

Theoretical 

Pound 

Theoretical 

Found 

Theoretical 

Found 1 
8.21 

9.29 

11.16 

11.26 

10.60 

9.43 

C 

36.71 

36.60 

24.95 

25.00 

47.40 

47.60 

1.77 

1.69 

4.38 

4.08 

0.42 

2.09 1 
25.10 23.19 

25.42 l 

42.00 17.50 

41.61 * 

24.95 16.63 

24.99 l 

N 

2.50 

2.39 

P 

4.99 

5.30 

l Oxygen “ae not enalysed in the presence of fluorine 

Vapour phase thermal &compositions 
Samples of the complex were volatilized and 

carried through a heated zone at 460°C with an 
average residence time of 0.5 s. The volatile decom- 
position products were collected in a U-tube at 
77 K. Capillary chromatography was used to de- 
termine the number of volatile products formed. 
Purification of products was achieved using a 2 m 
10% cetyl phosphate on celite column. The com- 
ponents were analysed by mass spectrometry using 
an A.E.I. MS3 and their gas phase IR spectra 
determined. Non-volatile components remaining 
in the decomposition tube were washed out with 
water, acidified and analysed for vanadium and 
fluorine. 

RESULTS AND DISCUSSION 

IR spectra of complexes 
In the range llOO-900cm-‘, two absorption 

bands were observed for all compounds. The very 
intense band in each instance is the V=O stretch 
and the very weak, broad band in the 
950-960 cm- ’ range is a ligand absorption. A very 

weak band in this region has also been observed by 
the authors for the compound Cu(HFA),, and by 
othersI for the compound U(HFA)4. 

The frequencies of the vanadyl stretch for the 
complexes in the gaseous state at 160°C are listed 
in Table 2. Full width half maximum height mea- 
surements determined from expanded scale spectra 
were approx. 9 cm- ’ for all complexes. 

Vapour pressure data 
The vapour pressure equations and enthalpies of 

vaporization have been calculated and are sum- 
marized in Table 3. Generally speaking, the vana- 
dyl /I-diketonates are considerably more volatile 
than their uranyl analogues.15q’6 

Analysis of thermal decomposition products 
Mass spectral analysis of the volatile decom- 

position products revealed, with one exception, 
only two products from each complex and the 
unaltered neutral ligand. In each instance, these 
products were a trace amount of the parent 
B-diketone and the remainder, a compound with a 

Table 2. Properties of vanadyl /.I-diketonates 
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Table 3. Summary of vapour pressure equations and enthalpy changes for the vaporization of some 
vanadyl pdiketonates logp (Pa) = A - [loo0 B/‘lJ 

Compound 

VOWA) 

Vo(I'm)z 

VO(PTA)z 

VO(HFA)2 

VO(liPA)zTMP 

VOWA)ZPY 

Temperature 

owe 

396 - 444 

(solid) 

385 - 420 

(solid) 

385 - 425 

(solid) 

333 - 363 

(solid) 

343 - 385 

(liquid) 

342 - 358 

(liquid) 

16.0 2 0.4 

10.3 * 0.4 

17.3 i 0.8 

13 f 1 

15.3 * 0.7 

13 t 2 

molecular weight 20 amu less than that of the 
/3-diketone. 

The principal products from VO(TFA)2 and 
VO(PTA)2 decompositions display similarities in 
the IR spectra and in the mass spectral breakdown 
pattern to the product from VO(HFA),TMP, VO- 
(HFA),py and VO(HFA), decompositions. 

These HFA complexes give rise to a product 
identical to that observed in the thermal” and laser 
induced” decompositions of U02(HFA)2L and to 
one of the products of the UV photolysis of 
HHFA.19 This compound has been identified as the 
furanone C5HF,02 with a molecular weight 20 amu 
less than the parent diketone. However, in agree- 
ment with Ekstrom et al.” we have’ observed 
(Table 4) differences in the mass spectrum reported 
by Bassett and Whittle.i9 We also observe a 
different gas phase molar extinction coefficient for 
this furanone. A sample purified by gas chro- 
matography indicated c2a7nm = 6070 L mol - ‘cm - ‘, 
compared to ~247~ = 3000 L mole-’ cm-’ found by 
Bassett and Whittle. 

Table 4. Ions and relative ion intensities 

cm502 CFP2* 

de I/IO DJe '/IO 

122 100 69 100 

69 67 157 96 

53 57 53 a3 

75 50 122 67 

94 23 75 57 

188 17 93 la 

169 10 31 a 

31 10 47 a 

la8 a 

134 100 

39 57 

40 48 

67 25 

68 14 

CfilOPsJZ 

m/e I/I0 

161 100 

67 aa 

176 68 

41 42 

69 33 

113 30 

111 28 

95 23 

133 11 

148 12 

A 

3 
B 

6.3 * 0.2 121 2 4 

3.9 * 0.2 75 f 3 

6.7 f 0.3 129 i 6 

4.1 * 0.4 79 f a 

5.1 * 0.3 97 k 5 

4.4 t 0.5 a5 f 11 

k 

AH 

.I ml-1 

0 

Fragmentation of the molecular ion C,HF502+ 
(Fig. 1) occurs via two routes.” The first involves 
loss of a neutral COF, fragment followed by loss 
of CO and subsequent breakdown. A second route 
involves loss of F before losses of COF, and CO. 

The mass spectrum of the VO(TFA), decom- 
position product has a parent ion m/e 134. Its 
fragmentation, with loss of a neutral COF, fol- 
lowed by loss of CO (Fig. 2), is similar to that 
observed for C5HF502. 

The spectrum of the product from VO(PTA)2 
indicates one breakdown pattern (Fig. 3) of the ion 
m/e 176 (mw of HPTA is 196) which parallels the 
second route for C,HF,O,. In this instance, how- 
ever, a methyl group is removed before the COF, 
and CO fragmentations. 

The IR spectra of products from VO(TFA), and 
VO(PTA)2 decompositions display absorptions 
(Table 5) near the 1786 and 1684 cm-i bands of 
the furanone C,HF,OI. These bands have been 
assigned’7*‘9 as C=O and C=C absorptions re- 
spectively. Likewise each compound has an ab- 
sorption near the 1163 cm - ’ band of C,HF,02. 
Brown and Morganm suggest that absorptions in 
this range may be due to the stretching vibrations 
of an isolated CF, group. 

The presence of carbonyl and ethylenic groups 
in the spectra, the existence of an ion 20 amu less 
than the parent /3-diketone and the similarities in 
the mass spectral breakdown pattern indicate that 
these compounds are analogues of the furanone. 

* &ference 19 The latter has been shown” to be formed from a 
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C2HF 
CM) 

Fig. 1. The fra~entation pattern of 2,2~ifl~oro-S-~fluoromethy~f~an-3-one. (M) denotes a 
breakdown for which a metastable peak has been observed. 

0 -J” 
+k 

1’ 
-Cl-l 

I 131 II 

-COF 

FC 
2 VC\CH 

* +i” 

/ 

C 
3 

-Cti3 

#@ 

/ 

1 

-H’ 

PH 

$rCH 
0-C 67 

II 

I 
c M 

I / 

\C 

@ 

AH* 

cH3 
CH 

w 
ca 

I 
+CH 

2 

Fig. 2. Suggested fragmentation pattern for 2,2-difluoro-5-methylfuran-3-one. 
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1' 1' 

oL--.. CH 

I ,I* II I ’ -co 
F*C-CH CH, 

I I** II I 
F$\ 

0 
/c-c --CH, O--C--C--C”, 

C”, C”a 

I 

-CH; 

I 

-CH,’ 

“k-C” CH “\ 

I “1 II I 
1 _cFt CY3SH, - -CO 

O-C-$-C”, SC, 
0 

/C-E- CH3 

FC=: CH, 
I “1 I I 0--Ccc--CH) 

“C, ,Ch 
lb c 
C’ ‘CH, 
+ 

Fig. 3. Suggested fragmentation pattern for 2,2-difluoro-S-(1,1 dimethyletban) furan-3-one. 

Table 5. Gas phase IR spectra of purified furanones from decomposition of chelates 

C!WPZ 
-1 

(cm 1 

1786(a) 

1648(s) 

1399(m) 

1311(m) 

1246(m) 

1213(s) 

1198(s) 

1163(a) 

1071(m) 

1003(v) 

903(w) 

Aas. 

C-O stretch” I9 

C-C stretch” I9 

CJtrrp202 

1771(s) 

1728(sh) 

1635(s) 

1432(v) 

1287(n) 

117O(vs) 

941(m) 

802(m) 

Ass. 

C-C stretch 

C-O stretch 

WlO~202 
-1 

(cm ) 

1770(s) 

1610(s) 

1366(w) 

1290(m) 

1265(w) 

1206(sh) 

1166(w) 

1090(w) 

1018(w) 

917(m) 

805(m) 

ASS. 

C-O stretch 

C-C stretch 

uranyl HFA complex by loss of a fluoride ion to 
the central metal atom from the coordinated lig- 
and, and the residue of the ligand cyclizing to form 
an ether linkage. 

By analogy with the stoichiometry of the uranyl 
system, the co-decomposition product of a furan- 
one from a vanadyl Bdiketonate decomposition 
should be VOF,. Analyses for V and F on the 
aqueous washes from VO(HFA),, VO(HFA),TMP 
and VO(TFA), decompositions were variable. This 
was possibly due to secondary reactions and reac- 
tion with the glass decomposition tube. The aque- 
ous solutions were blue due to vanadyl ion, as 
confirmed by polarography. Later work on laser 
decomposition of VO(PTA),” indicated a V: F 
ratio of 1: 1.9 in the aqueous wash. 

In view of the spectral evidence and the presence 
of vanadyl fluoride as a co-decomposition product, 
the thermal decomposition of fluorinated vanadyl 
/I-diketonates parallels the decomposition of 
fluorinated uranyl /_I-diketonates, VOW 
diket),L+VOF, + L + Furanone. The following 
structures are proposed for the two new furanones 
formed from the complexes VO(TFA), and VO(- 

PTA), 

The mode of decomposition of VO(DPM), 
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differs from the mode of decomposition in which 
a furanone and VOF, are formed. HDPM is the 
principal product, with lesser amounts of CO and 
2-methylpropene as confirmed by mass spec- 
trometry. A further thirty compounds were de- 
tected by capillary chromatography on a 50m 
OV-101 glass column. A black non-volatile resi- 
due, which may be VO or VO,, remained in the 
decomposition tube. 

A different decomposition route is evident for 
/I-diketonates in which the ligand is purely hydro- 
carbon. The absence of atoms or groups capable of 
leaving as negative ions, such as F- in the case of 
fully and partly fluorinated ligands, is undoubtedly 
significant with respect to the mode of decom- 
position. 
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Abstract-Equilibria between aluminium(III), pyrocatechol (1,2-dihydroxybenzene, H2L) 
and OH- were studied in 0.6 M Na(C1) medium at 25°C. The measurements were 
performed as emf titrations (glass electrode) within the limits 1.5 I - log [H+] I 9; 
0.0005 I B I 0.015 M; 0.006 I C I 0.03 M and 2 I C/B I 30 (B and C stand for the total 
concentrations of aluminium(II1) and pyrocatechol respectively). All data can be explained 
with a main series of complexes: AIL+, logB_,,,,, = - 6.337 f 0.005; A&-, 
log /?_I,J = - 15.44 f 0.017 and AIL:-, log /?_ 6,,,3 = -28.62 f 0.024 together with two 
minor species: Al(OH)L22-, log #?_s,1,2 = - 23.45 & 0.079 and A13(OH)3L3, log /?_9,3,3 = 
- 29.91 f 0.066. Of the two, the latter probably is a type of average composition complex 
principally occurring at low C/B quotients. The first acidity constant for pyrocatechol as 
determined in separate experiments is log fl_,,O,, = - 9.198 f 0.001. The standard devi- 
ations given are 3a(logfip,q,r). Data were analyzed with the least squares computer 
program LETAGROPVRID. In a model calculation using kaolinite as solid phase, we 
compared the complexation ability of this system with that of the system 
AP+-OH--salicylic acid, reported earlier in this series. 

During the last decades, precipitation (rain, snow) 
has become increasingly acidic due to the extensive 
use of sulphur containing fossil fuels. In areas of 
poorly buffered bedrocks, i.e. non-carbonate bed- 
rocks, this phenomenon has resulted in elevated 
amounts of Al(II1) being leached into streams and 
lakes. Although Al(II1) has been regarded earlier 
as quite non-toxic, recent findings reveal that the 
elevated aluminium concentrations could cause 
severe damage to fish and other biota.’ It is, 
however, important to realize that all aluminium 
leached into the environment does not solely occur 
as free A13+-ion and hydroxo complexes. Due to 
the ubiquitous occurrence of complex forming 
compounds (mainly of an organic origin) some of 
the aluminium occurs as complex bound and this 
influences the speciation, total solubility and tox- 
icity of Al(II1) in natural waters. Furthermore, the 
occurrence of octahedrally coordinated aluminium 
in nearly neutral and slightly alkaline solution has 

*Author to whom correspondence should be ad- 
dressed. 

been shown to be of vital importance for the 
formation of clay minerals at low temperatures.2 

In a current project at this department, we are 
systematically investigating the ability of Al(II1) to 
form complexes with ligand classes occurring in 
natural waters, with special reference to the for- 
mation of mixed hydroxo complexes. In a pre- 
ceding paper of this series,3 we investigated the 
complex formation between A13+ and salicylic acid 
(Zhydroxy-benzoic acid) and found, in a com- 
parison with the system A13+-OH--gallic acid4s5 
(3,4,5-trihydroxy-benzoic acid) that the Al-o- 
hydroxybenzoate complexes dominate at low 
- log h (h = [H+]), whereas the o-diphenolic com- 
plexes dominate in nearly neutral and alkaline 
solution. However, due to the eventual influence of 
the substituting groups on gallic acid we also 
pointed out the necessity to perform this com- 
parison with the unsubstituted o-diphenol, 
pyrocatechol (1,2-dihydroxybenzene, H2L). The 
complex formation between A13+ and pyrocatechol 
has been the subject of a number of in- 
vestigations,G9 all of which indicate the formation 
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of three mononuclear complexes AIL+, AIL,- and 
AIL,‘-. Yet, when the formation constants for 
these species are compared, it is found that the 
authors have reported constants differing by pow- 
ers of ten. A critical perusal of these papers show 
that all these investigations are based on relatively 
few experimental data with small variations in 
AP+/pyrocatechol-quotient and total concen- 
trations. Furthermore, in none of these papers has 
any unbiased search for complex model been ap- 
plied. Therefore we have found it valuable for the 
user of formation constants and quite necessary for 
our comparison to perform a careful and unbiased 
investigation of this system. 

EXPERIMENTAL 

Chemicalsandanalysis. Pyrocatechol(l,Zdihydro- 
xybenzene) (Merck p. a.) was sublimed before use. 
Stock solutions were prepared by dissolving 
C,H,(OH)2 in standardized HCl and the content 
checked potentiometrically. The titrated amount 
was in full agreement (within 0.1%) with that 
expected from weighing. After preparation, the 
solution was used within a few days to avoid effects 
from the slow oxidation which occurs in acidic 
solution. Stock solutions of sodium chloride and 
aluminium chloride as well as the dilute hydro- 
chloric acid and sodium hydroxide solutions were 
prepared and standardized as described earlier.4 

Apparatus. The automatic system for precise 
EMF titrations, the thermostat and the electrodes 
were described earlier.4 In order to protect neutral 
and alkaline solutions from oxygen, we have taken 
the same precautions as in Part 1 of this series.4 

METHOD 

The present investigation has been carried out as 
a series of potentiometric titrations at 25°C in a 
constant ionic medium of 0.6 M Na(C1). The ti- 
tration procedures, calibrations and the assump- 
tions made in connection with the use of the glass 
electrode were the same as described earlier.4 

The first acidity constant of pyrocatechol was 
determined in separate titrations within the con- 
centration range 0.005-0.04 M and - log h 5 9. 
No attempts were made to evaluate the second 
acidity constant. 

The three-component titrations were performed 
at constant C/B-ratios (B and C stand for the total 
concentration of aluminium(II1) and pyrocatechol 
respectively) in the - log-h range 1.5-9. The total 
concentration of H+, H, calculated over the zero 
level H,O, A13+ and C,HXOH),, was varied by 
means of burette additions of solutions containing 
H+ or OH-. The more advantageous method of 

adding OH- coulometrically, permitting titrations 
at constant B and C, was not applicable in this 
system as some unknown side reaction took place 
together with the H+ reduction. B and C were 
varied within the limits 0.0005 I B I 0.015 M and 
0.006 I; C I 0.03 M covering the C/B ratios: 30, 
15, 10, 7.5, 6, 4 and 2. At C/B = 4 and 2, the 
available - log h range was restricted to an upper 
limit due to extremely slow attainment of equi- 
librium. (The potentials were found to be still 
drifting after 12 hr without any visible precip-. 
itation.) To test reproducibility and reversibility of 
equilibria, both forward (increasing - log h) and 
backward (decreasing - log h) (see Special pre- 
cautions in Ref. 4) titrations were performed. 

Data treatment. The total complexation behav- 
iour of a system producing or consuming OH- can 
suitably be illustrated by the function Z,( - log h), 
i.e. the average number of OH- reacted per ligand. 
A plot of this kind is given in Fig. 1 where the 
appearance of the curves reflect the binary (eqns 1 
and 2) as well as the ternary complexes (eqn 3) in 
the system, forming as follows: 

C6HXOH), * C6H,G(GH) - + H + B- 1.0.1 ( 1) 

pH+ + qA13+ o H>1;+3q &q,o (2) 

pH + + q Al3 + + r (C,H,(OH),) o H,Al, 

(C,H,(GH),X + 3q; &,q,r. (3) 

For determining the first acidity constant of pyro- 
catechol (eqn 1) we will make use of results ob- 
tained in separate experiments. The hydrolysis of 
A13+ (eqn 2) has been studied earlier in this se- 
ries.‘“J These studies have given evidence for the 
following main species and corresponding equi- 
librium constants: AlOH’+; log /Kl,,,o = - 5.52, 
A13(0H):+; log p_4,3,o = - 13.57, Al,,O,(OH),‘+; 

log 8- 32,13,0 = - 109.2 and AI(OH log /?_4,1,o = 
- 23.46. 

In the analysis of the three-component data, the 
results in these two-component subsystems are 
assumed as correct and all effects above this level 
are treated as being caused by ternary complex 
formation. The object of computation is then to 
determine sets of pqr-triplets and corresponding 
equilibrium constants that “best” fit the experi- 
mental data. In this evaluation the least-squares 
computer program LETAGROPVRID’2 (version 
ETITR”*r4) was applied. As best model or models 
we consider those giving the lowest error squares 
sum U = C[(H,, - H,,,,)/C]*. The LETAGROP 
calculations also give standard deviations a(Z,), 
0(/3p, q, r) and 3a(log &,,J which are defined 
according to Sillen. 15*16 The computations were 
performed on a CD CYBER 730 computer. 
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Fig. 1. A part of the experimental data plotted as curves Z,(- log h) = (h - H - kJr -‘)/C for C]B 
ratios 2,4, 6, 10, 15, 30 and co. Here k, stands for the ionic product of water and N for the total 
concentration of protons, calculated over the zero level HrO, A13*, C,H,(OIih. All symbols denote 
initial concentrations. The full curves have been calculated using the set of proposed constants 

in Table 1. 

DATA, CALCULATIONS AND RESULTS 
The data used to evaluate the first acidity con- 

stant of pyrocatechol comprises 6 titrations with 98 
experimental points. The analysis ended at 
cr(Z,) = 0.002 giving log (B_,,O,, f 30) = - 9.198 + 
0.001. The analysis of three-component data, com- 
prising 19 titrations with 308 experimental points, 
was started by preparing the Bjerrum plot 
n’(log[LZ-1). This plot is given in Fig. 2 in which 
the shape of the curves attests that the main 
complexes in the system are AIL’, AlL2- and 
Alb3-. (L*- denotes the pyrocatecholate dianion 
C&&O,‘-). However, a comparison of the experi- 
mental curves with the theoretical ones, reveals 
that some systematic deviations remain at 
low C/B-quotients. Formation constants for 
the main species AIL+, AIL,- and AlL,3- were 
evaluated by means of a LETAGROP calc- 
ulation at high (10-30) quotients. This calculation 
ended at ~(2,) = 0.003 and the equilibrium 
constants obtained were log 8- 2.U = 
- 6.34 + 0.01; log /K4,I,2 = - IS.44 + 0.02 and 
log 841.3 = - 28.62 + 0.03. 

When these equilibria were applied to the ti- 
trations at lower quotients and the residuals 

A = (K,,c - &J/C were plotted as a function of 
- log h, two well-separated residual peaks divided 
at - log h w 6 appeared. As these residual curves 

showed a close resemblance to the analogous 
curves obtained in the system H+-A13+- 
1,2-dihydroxynaphthalene-4-sulphonate” we de- 
cided to use the same approach, i.e. to try the 
simple hypothesis that each peak could be ex- 
plained by a single complex Hfil&HzLxf%. The 
strategy was thereby to find that ~~~-combination 
with corresponding equilib~um constant which 
gives the lowest error squares sum U = C[(J!& - 
H,,)/C]2. The result of the first search, performed 
on the “acid” peak (- log h 5 6), is given in Fig. 
3 and it is seen that the complex H- &3(H2L)3 with 
log p_-9,3,3 = - 29.94 f 0.08 gives the closest fit to 
the experimental data. In the same manner, the 
“alkaline” peak is best explained with the complex 
H_ sAl(H,L);-; log fi_s,,s = - 23.46 f 0.08 (Fig. 

4). 
In a final calculation the equilibrium constants 

for these species as well as those for the main 
species were varied on the whole data set. This 
calculation ended at a(&) = 0.003 and the final 
equilibrium constants are given in Table 1. With 
this final model, no systematic deviations re- 
mained. In order to visualize the amounts of the 
different species, the computer program 
SOLGASWATER” equipped with plotting pro- 
cedures has been used to calculate some distribu- 
tion diagrams. These are presented in Fig. 5. 
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3.0 
t 

ii 

2.5 - 

2.0 - 

BhM C/'mM 
0 100 30.15 
l 0.50 15.06 
A 2.01 29.93 
A 0.56 9.37 
0 326 30.15 
a 092 7.54 
0 6.01 30.15 
0 2.01 15.06 
0 5.02 29.95 
l 1.01 6.00 
v 603 29.96 
v 2.09 7.79 
D 15.06 30.16 

15 

1.0 - 

Fig. 2. Experimental data plotted as curves ii(log [L2-1) = E(log [C,H,(0)22-]). In the calculation, an 
arbitrary value of log k2 = - 13.0 for the second acidity constant of pyrocatechol has been used. The 
chosen value affects the scale on the x-axis but not the shape of the ri curves. The full curve has 
been calculated assuming the formation of AIL+, AlL2- and AIL,‘- and it is seen that minor 

systematic deviations remain with this model. 

Fig. 3. Results of the first pqr-analysis concerning the “acid” (- log h 5 6) peak. The diagrams give 
the error squares sums Uz,@r)p x 10-l assuming one new complex. In the calculations, aluminium 
hydrolysis and the species (- 2, 1, l)+, (- 4,1,2)- and (- 6,1,3)‘- have been assumed to be known. 

The calculations are based on 212 points giving U,(OO), = 1128 x 10’. 

-P -P 
6 50s 505 * 11 419 390 338 349 

5 
216 1?4 l$i7 156 11.5 291 

Fig. 4. Result of the second pqr-analysis on the “alkaline” (- log h Z 6) peak. The complex 
H_.&3(H2L)3 has, in addition to those complexes mentioned in the first pqr-analysis (some of them 
marked with a star in the left diagram), been assumed to be known and the diagrams give 
Uz&r), x 10-l assuming one new complex. The calculations are based on 101 points giving 
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B=O.OOlM C=0,030M Table 1. Binary and ternary complexes in the three- 
component system A13+-OH--pyrocatechoi. The for- 
mation constants are related according to the reaction 
pH+ + qA13+ + rH,L + HpAl,(H2L)$+39, where H,L 

stands for ovrocatechol 
T- 

Tentative I 
P9C formula 

-1 0 1 HL- 

-2 1 1 AIL+ 

-4 1 2 AlLI 

-6 1 3 A1L33- 

-9 3 3 A13(ON3L3 -29.91 f 0.066 

Al(OH)L2'- ] 
3 5 6 7 

-5 1 2 -23.46 t 0.079 -Igh 

I- 
>. of titr./ 

3. of points 

b/98 

19/308 

The present study has given evidence for the 

DIXXJSSION B=O.O05M C=O.O30M 
1.0 

Fi 
0.8 

existence of a main series of complexes ( - 2, 1,l) +, 
(- 4, 1,2)- and (- 6,1, 3)3-. As these complexes 
are most probably chelates between the alumi- 
~~(III) ion and the two o&o-coordinated phe- 
nolic groups on pyrocatechol (I&L), the complexes 
could be written as AIL+, AlL,- and A1LJ3-. In 
addition to these major complexes, two hydrolyzed 
species, ( - 9,3,3) and (- 5, 1,2)*-, are formed, 
mainly at relatively low C/S-quotients (Fig. 5). 
These species could be written as Al,(OH),L, and 
Al(OH)Lrr- respectively. In the evaluation of data, 
we pointed out the resemblance between this sys- 
tem and the H+-A13+-1,2-dihydroxynaphthalene- 
4-sulphonate system. ‘I. A comparison of the results 
shows that while the more acidic deviations are 
best explained with a mononu~le~ species (- 3, 1, 
1) in the dihydroxynaphthalenic system, the best fit 
in the present system is obtained assuming a 
trinuclear species (- 9,3,3). The present study was 
performed at higher total con~ntrations, which 
favours the formation of species with higher nucle- 
arities. From this fact and also because a tendency 
of dimerization of (- 3, 1,l) to (- 6,2,2) was 
indicated in the dihydrox~aphthaleni~ system, it 
is assumed that the (- 9,3,3) species actually is a 
polymerization product of Al(OH)L, i.e. 
[AI(OH) Therefore the composition (- 9,3,3) 
should be regarded as average numbers and several 
degrees of polymerization probably exist in these 
solutions. This could also give an explanation to 
the very slow attainment of equilibria recorded at 
low C/&quotients. 

As for the more alkaline hydrolyzed species, the 
complex (- 5,1,2) [ = Al(0H)L.J is the one that 
best fits in both systems. Furthermore, by com- 

0.6 

0.2 

3 5 6_tgh ' 

B=O.OOlM C=O.O06M 
1.0 

Fi 
0.8 

0.6 

0.1 

0.2 

3 4 5 
6-lgh 

7 8 9 

Fig. 5. ~stibution diagrams &(Iog R)ac 4 is defined as 
the ratio between aluminium(I11) in a species and total 
aluminium(II1). The calculations have been performed 
using the computer program SOLGASWATER with 

~uilibrimn constants given in Table 1. 
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6 8 
-Igh 

Fig. 6. Diagram showing predominating Al-species. In 
the calculations kaolinite was equilibrated with solutions 
of different compositions. The dissolution of kaolinite 
also yields small amounts of gibbsite, AI(O For- 
mation constants for kaolinite, amorphous Si02 and 

gibbsite are according to Helgeson.” 

: 4 
-1gh 

Fig. 7. The solubility of kaolinite, S,,, with C = 0, 30 
and 100 PM respectively. 

paring the acidity constants obtained by writing 
the formation of this species as AIL, + 
H,O o Al(OH)L, + H+ (- 8.01 and - 8.04 for 
the phenolic and naphthalenic system respectively) 
the near resemblance between the systems is em- 
phasized. 

Besides the reservations made concerning the 
species (- 9,3,3), we consider that the complexes 
are well established because of the low standard 
deviations of the equilibrium constants (Table 1). 

3 4 5 
%gh 

7 9 

Fig. 8. Diagram showing the sum of distribution 
coefficients, ZFi, for Al-pyrocatecholates (Al-P), Al- 
salicylates (Al-S), Al-hydrolysis (Al-OH) as well as 
F All+. The total concentration of pyrocatechol is equal to 
that for salicylic acid (30 PM) and kaolinite is the stable 

solid phase. 

Thus, a comparison can be made between the 
ability of the o-hydroxy-benzoate and the o- 
diphenolic group to form complexes with alumi- 
nium(II1). For this purpose, a number of SOL- 
GASWATER model calculations have been 
performed. In the first of these, the clay mineral 
kaolinite, A12(0H),Si,0,, was equilibrated with 
solutions of different pyrocatechol(C) contents. 
The results are presented as a predominance area 
diagram in Fig. 6. As can be seen AIL+, A1L2-, 
Al(OH)L,‘- and AlL,3_are all predominating 
within specified ranges. This implies that the solu- 
bility of kaolinite increases in the presence of 
pyrocatechol within a rather broad - log h range, 
especially in neutral or slightly alkaline solutions 
(see Fig. 7). A comparison between the present and 
the corresponding salicylate system3 reveals that 
the two ligands have different complexing abilities. 
In the salicylate system complexation is significant 
in slightly acidic solutions (4 I - log h 6 6), while 
pyrocatechol is “active” in more alkaline solutions. 
This behaviour is illustrated in Fig. 8, which is the 
result of a calculation where kaolinite was equili- 
brated with equal amounts of each ligand (30 PM). 
This figure also shows the importance of pure 
Al-hydrolysis with - log h 2 5.5. 
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Abstract-Some potential methylborylene-generating systems were investigated, using 
cyclohexene as the trapping agent. Methylborylene, generated by the system 
2C,K/MeBBr,, reacts with cyclohexene to yield 2-methyl-2-boratricyclo-[7.4.0.03,8]- 
tridecane (MBIT) Is. In the course of the work an isomer of MBTT was synthesized along 
a completely different route and compared with Ia. With the system 2C8K/MeBBr2, only 
cyclic olefins were converted to analogues of MBTT. An acyclic olefin and a conjugated 
diene yielded only haloboration products. Possible mechanisms leading to the formation 
of MBTT Ia are discussed. 

In 1976, in a preliminary publication,* we reported 
the generation of the carbene-like species methyl- 
borylene (MeB:) and its reaction with cyclohexene, 
to form a product which was tentatively identified 
as the methyl-bridged dimer of 7 - methyl - 7 - 
borabicyclo[4.1 .O]heptane, a borirane derivative. 
More extensive investigations have shown this 
structural assignment to be incorrect. In this paper 
we wish to report our findings in full, and to revise 
our earlier assignment. 

Since 1976, only one other publication has ap- 
peared on the reaction of a carbene-analogous 
borylene with an olefinic system. In 1977 Ramsey 
and Anjo’ presented indirect evidence for the addi- 
tion of a borylene to cyclohexene. Upon irra- 
diation of tris-1-naphthylboron in cyclohexene and 
treatment of the reaction mixture with a basic 
dilute aqueous solution of hydrogen peroxide, they 
obtained (among other products) c&1,2- 
cyclohexanediol, indicating cycloaddition of 
1-naphthylborylene to the double bond. The pre- 
sumed intermediate borirane derivative was not 
isolated. 

We explored methylboron dibromide as a 
methylborylene-generating source, according to 
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2M + MeBBr,+MeB: + 2MBr (M = metal). 

As a reductor lithium metal proved to be un- 
reactive towards MeBBr,, but the very strongly 
reducing liquid alloy NaK, produced methyl- 
borylene, as was established by GC/MS in- 
vestigation of the mixture ,obtained upon reaction 
of NaK, and MeBBr, in cyclohexene.’ However, 
this system appeared to be highly unreliable: TWO 
REACTIONS OUT OF FIVE WENT OUT OF 
CONTROL AND ENDED IN EXPLOSIONS. In 
the search for other reducing systems, sodium 
naphthalide and bisbenzenechromium were in- 
vestigated. Both reacted exothermally but 
smoothly with MeBBr,. In the simultaneous pres- 
ence of cyclohexene a complex mixture was ob- 
tained in both cases. However, the products ob- 
tained upon reaction with NaK, could not be 
detected by GC/MS. 

The ideally suited reductor was found in the 
intercalate potassium-graphite compound C8K.3-8 
In order to follow the course of the reactions 
between C8K, MeBBr, and cyclohexene by means 
of ‘H NMR, the reactions were carried out in 
benzene, using the following stoichiometry: 

2C,K + MeBEtr2 l 

0 &- 
productkl 

It appeared that a reaction occurred only at re- 
flux temperature, as indicated by the 

1337 
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potassium-graphite turning black. ‘H NMR 
showed the intensity of the olefinic signal to dimin- 
ish strongly. After the intensity of the olefinic 
signal had become constant, the reaction mixture 
was worked up by filtering off all solid material 
and removing the benzene from the filtrate by 
distillation. No compounds boiling between 
100-180” proved to be present in the residue. 
According to ‘H NMR and GC/MS the residue 
consisted of two main components: unused 
MeBBr, and the unknown boron compound. It 
proved impossible to separate these components by 
vacuum distillation; for the mixture a boiling range 
of 80-90”/0.6 Torr was observed. In a subsequent 
experiment the excess MeBBr, was removed by 
titrating the filtrate with a solution of ethyllithium 
in benzene, thus converting the MeBBr, to 
Et,MeB. Following the conversion of all MeBBr,, 
further addition of EtLi results in quaternization 
of both boron compounds present (and other 
secondary reactions, vide injiu), so the “equiv- 
alence point” should not be exceeded. As an 
(external) indicator for this titration aqueous silver 
nitrate was used. 

Once the MeBBr, had been converted, it proved 
possible to obtain the unknown compound almost 
pure by vacuum distillation (b.p. 60-62”/0.2 Torr). 
The distillate was a colourless, extremely air- and 
moisture-sensitive liquid, with a musty, disagree- 
able and persistent odour. The distillates of several 
runs were investigated by ‘H NMR, 13C NMR, 
GC/MS and molecular weight determination. The 
unknown compound was identified as 2 - methyl - 
2 - boratricyclo[7.4.0.03,*]tridecane, MBIT (Ia), 
with the stereochemical configuration as shown 
below. 

W 
t& MBTT Id 

The ‘H NMR spectra of Ia (recorded in benzene or 
benzene-d6) showed two broad multiplets lying 
between 6 1.25 and 1.60 ppm and between 6 1.60 
and 2.00 ppm, respectively (the cyclohexyl pro- 
tons). At 6 0.87 ppm a sharp triplet was observed 
(J = 1.5 Hz), which on closer inspection proved to 
have a more complicated structure: the methyl 
group on boron. The ratio of the cyclohexyl vs the 
methyl protons was, for the purest fractions, 20 : 3. 

The 13C NMR spectra of Ia were recorded in 
toluene-d8, both at ambient temperature and at 
- 60”, as carbon atoms bound to boron can hardly 
(if at all) be observed at ambient temperature due 
to the quadrupole moment of the boron nuclei. 
The resonances from the broadband decoupled 
spectra are given in Table 1 (shifts in ppm 

Table 1. 13C NMR data of Is, II and VII (shifts in ppm 
downfield, relative to TMS) 

1 : 43.1 

2,3,4,5 : 29.8, 27.2, 25.9, 25.3 

6 : 44.2 

7th 10 7 : 3.8 

1 : 49.4 

2,3,4,5 : 29.9, 26.7, 25.0, 24.7 

6 : 47.6 

7 : 2.0 

3m 2,3,4,: : ‘:k:l, 26.1, 23.8, 23.2 

2 1 6 : 
VII 

137.3 

downfield, relative to TMS). A number of the 
resonances could not be assigned individually. The 
assignments are consistent with the C-H couplings 
observed in gated and off-resonance decoupled 
spectra, and with the differences in the spectra 
recorded at ambient temperature and at -6O”, 
respectively. 

A molecular weight determination was per- 
formed by ebulliometry in benzene, using decalin 
as a reference. A figure was obtained of 195 f 5 
(Calc. 190). According to GC/MS investigations 
even the purest fractions carried minor impurities. 
Biphenyl was always present. Further, the treat- 
ment of the filtrate with ethyllithium gives rise to 
the formation of dodecahydro-biphenylene 
(tricyclo[6.4.0.02*‘ldodecane, III) which was decid- 
edly not present in the original reaction mixture, as 
was proven by GC/MS. 

The stereochemical configuration of III was not 
established. Over various runs, the absolute quan- 
tities of biphenyl and III varied, as well as their 
relative ratio. 

The mass spectrum of MBTT Ia is given in 
Fig. 1. 

The isotope peak at m/e 189 has an intensity of 
25% of that of the parent peak at m/e 190, as can 
be expected for a molecule containing one boron 
atom (“B: “B = 1 : 4). Further mass spectrometric 
investigations revealed that the fragment at m/e 
108 ([C,H,,B)+) is formed in the fragmentation of 
the molecular ion (m/e 190). 

In chemical ionization MS experiments, using 
ammonia, the “parent peak” was found at m/e 206 
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Fig. 1. Mass spectrum of MBTT Ia. 

([M + NHJ+); using methane, the parent (and 
base) peak was found at m/e 189 ([M-H)+), with 
its isotope peak at m/e 188. 

In the fore-run of the distillations in some experi- 
ments two oxygen-containing boron compounds 
were found and identified by ‘H NMR and 
GC/MS: 7 - methyl - 7 - bora - 8 - oxabi- 
cyclo[4.2.0]octane (IV) and 7,9 - dimethyl - 7,9- 
dibora - 8 - oxabicyclo[4.3.0]nonane (V). The 
mass spectra of IV and V are shown in Figs. 2 and 
3, respectively. 

The occurrence of compounds IV and V is due to 
traces of water, originally present in the graphite 
used for the synthesis of the batch of CBK used. It 
is quite difficult to free graphite from all traces of 
water. 

It should be noted that in the GC/MS in- 
vestigations no trace of compound VI, 2,9 - di- 
methyl - 2,9 - diboratricyclo[8.4.03**]tetradecane, 
the formal dimer of the borirane derivative VIII, 
could be detected (see the corresponding reaction 
of methylborylene with acetylenes”*i3). 

For MBIT several stereoisomers can be envis- 
aged (depending on the way in which it had been 
formed, vide injia). It was decided to synthesize 
MBTT along a route yielding one isomer of known 
configuration. The following synthesis was carried 
out. 

ck- 0 + Mg + tiga, - .H20_ CGA& QCD- 

Starting from the fact that hydroboration al- 

loo- 82 

67 

12.4 
109 

LO 
/44.,J;-, ., ...., I 

60 80 loo 120 1LO 160 180 200 
m/e 

Fig. 2. Mass spectrum of 7-methyl-7-bora-8-oxabicyclo[4.2.O]octane (IV). 
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Fig. 3. Mass spectrum of 7,9-dimethyl-7,9-dibora-8-oxabicyclo[4.3.O]nonane (V). 

ways takes place cis, the configuration of II could 
be assigned unambiguously. 

MBTT II was characterized by 13C NMR (both 
at ambient temperature and at - 60”, with broad- 
band and gated decoupling; solvent toluene-d8) 
and by GC/MS. The 13C NMR resonance signals of 
II (which could only be assigned partially) are given 
in Table 1. The resonance signals of VII, di- 
A’s”cyclohexene, are given as well. It is seen from 
Table 1 that Ia and II are different isomers of 
MBTT. The mass spectrum of II was identical to 
that of Ia. 

Finally, in order to explore the scope of the 
reaction of the system 2CBK/MeBBr, with cy- 
clohexene, comparable reactions were carried out 
with cyclopentene, cycloheptene, 2,3-dimethyl- 
butene-2 and 2,3-dimethylbutadiene-1,3. The reac- 
tion mixtures were investigated by GC/MS. The 
two cyclic olefins reacted in a way fully analogous 
to that observed with cyclohexene. Allowing for the 
mass difference of minus or plus one methylene 
unit, the mass spectra of the compounds formed 
were similar to that of MBTT. 

With the acyclic olefin and the conjugated diene 
fast haloboration was observed, followed by sec- 
ondary reactions with GK. Very complex mixtures 
of boron and bromine containing products were 
obtained, without a trace of the compounds ex- 
pected. No further attempts were made to identify 
individual components of these mixtures. 

STRUCTURE AND MECHANISM OF 
FORMATION OF MBIT Ia 

One obvious proposal for the mechanism of 
formation of MBTT Ia is to assume a sequence of 
haloboration steps, followed by reaction with GK: 

There are, however, observations that render this 
mechanism less likely. In an earlier communication 
on borylene chemistry,” we reported the following 
experiment. Cyclohexene was refluxed with an 
equimolar amount of MeBBr, in benzene for 6 
days. By means of ‘H NMR the intensity of the 
olefinic signal was observed to decrease, albeit very 
slowly. After this reaction period all remaining 
cyclohexene and MeBBr, were removed in vucuo. 
The boron- and bromine containing residue, upon 
treatment with CSK, failed to yield even a trace of 
MBTT, as was established by GC/MS. In a private 
communication,” Prof. Eisch stated that the halo- 
boration of olefins give the cis-adducts as the 
kinetic products, which, upon standing, tend to 
isomerize to the thermodynamically more stable 
truns-adducts. Our experiments with 2,3-dimethyl- 
butene-2 and 2,3-di-methylbutadiene- 1,3, which 
compounds proved to be much more sus- 
ceptible to haloboration than the cyclic olefins, 
show that, even when CsK is present from the start 
(and so can react with the primary cis-haloboration 
product), no compounds corresponding to MBTT 
Ia are formed. Further, the prolonged treatment of 
cyclohexene with MeBBr, (which should lead to the 
truns-adduct) failed, upon reaction with CsK, to 



The reaction of methylborylene with cyclohexene and some other olefinic compounds 1341 

yield MBTT Ia. Therefore, in our opinion, a mech- 
anism involving haloboration can be ruled out. 

We prefer an alternative mechanism, in which 
the formation of MBTT Ia takes place as follows: 

tie 
Ib 

The first step is the cis-cycloaddition of methyl- 
borylene (generated by the system 2C8K/MeBBr,) 
to cyclohexene, resulting in the formation of 
7 - methyl - 7 - borabicyclo[4.1 .O]heptane (VIII), a 
borirane derivative. This molecule then reacts with 
a second molecule of cyclohexene in a symmetry- 
allowed [n2, + ,,2 J cycloaddition reaction in which 
a EC bond is broken to MBTT Ia or Ib. 

Recently, the occurrence of a similar [n2, + 02 J 
cycloaddition of tetracyanoethylene to cy- 
clopropanone acetals has been established by Ver- 
hoeven et a1.‘2 

In principle, the reaction of VII with a molecule 
of cyclohexene by a [,2, + ,,2,] cycloaddition can 
lead to various products: 

A B C D 

with nearly the same retention times were visible in 
the gas chromatogram (one large, the other small), 
having almost identical mass spectra. In our opin- 
ion, the main product of the reaction of the system 
2C,K/MeBBr, with cyclohexene is Ia; Ih may be 
formed in small amounts. 

EXPERIMENTAL 

All experiments were carried out in an 
atmosphere of dry, oxygen-free nitrogen. Ethyl- 
lithium was synthesized under argon. Solvents were 
purified and stored under nitrogen. Liquids were 
handled with syringes. ‘H NMR spectra were 
recorded using Varian EM390, HA-100, T60 and 
EM360 spectrometers (Utrecht) and a Bruker 
WH 90 FT spectrometer (Chemical Laboratory of 
the Free University, Amsterdam). 13C NMR spec- 
tra were recorded on Varian XLlOO/l5 and CFT- 
20 spectrometers by Dr. T. Spoormaker and 
Messrs. D. Seykens, A. V. E. George and R. Jan- 
ssen (Utrecht) and on a Bruker WM 250 spec- 
trometer by Drs. 0. S. Akkerman and F. J. J. de 
Kanter (Amsterdam). 

GC/MS investigations were carried out on a 
Finnigan 3100D Mass Spectrometer with 6110 
Data System and Finnigan 9500 Gas Chro- 
matograph by Miss E. Ch. Th. Gevers, Mrs. G. G. 
Versluis-de Haan and Mrs. C. M. Bijlsma-Kreuger 
at the Institute for Organic Chemistry TN0 at 
Utrecht, and on a Kratos MS 80 Mass Spec- 
trometer with Data General Nova 3 Data System 
ana Carlo Elba/Kratos Gas Chromatograph by 
Mr. C. Versluis and Mrs. A. van der Kerk-van 
Hoof at the Laboratory for Analytical Chemistry 
of The State University at Utrecht. Elementary 
analyses of the products obtained could not be 
brought to consistency due to their extreme air- 
and moisture sensitivity. 

Molecular weights were determined by ebul- 
liometry using a Gallenkamp MW 125, modified 
for operation in a nitrogen atmosphere. 

Tetramethyltin was kindly provided by the Insti- 
tute for Organic Chemistry TN0 at Utrecht. 

Syntheses of starting compounds 
MeBBr, was synthesized by literature pro- 

cedures,‘4~‘5 starting from Me,Sn and BBr,. 
Cyclohexene was purified by distilling it twice 

from P205. 
Sodium naphthalide , l6 bisbenzenechromium,“~‘* 

C8K6, 1,1’ - dihydroxy - 1,l’ - dicyclohexyl,‘9 
di-A’.“-cyclohexenei9 ethyllithium20J’ were synthe- 
sized according to literature procedures. 

To 15 cm’ of cyclohexene were added 5.56 g 
Reaction of MeBBr, with NaK, in cyclohexene 

In view of the steric requirements of the cy- 
clohexane ring, inversion at the C atom (pathways 
A and B) appears highly improbable; there are, 
however, no impediments to inversion at the boron 
atom (pathways C and D). Of the latter two mech- 
anisms pathway C appears more favourable on 
grounds of less steric hindrance in the approach of 
the reactants. Here, it should be noted that in some 
reactions a slight amount of a second isomer of 
MBTT (or its homologues in the cases of cy- 
clopentene and cycloheptene) appeared to have 
formed. In the GC/MS investigations two peaks 
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(25 mmoles) of NaK,. To this stirred liquid-liquid 
suspension 8.80 g (47mmoles) of MeBBr, were 
added slowly. In the course of 45 min the tem- 
perature rose to 60” and the mixture turned into a 
grey-black suspension. After 24 hr stirring all solid 
material was filtered off and a clear deep-red 
filtrate was obtained. This solution was in- 
vestigated by GC/MS’. The solid material left after 
filtration is extremely reactive; it should be de- 
stroyed with a 20-30x solution of tertiary butyl 
alcohol in liquid paraffin. 

Synthesis of 2-methyl-2-boratricyclo(7.4.0.03~8]- 
tridecane (MBTT Ia) 

In a typical run 20.00 g (148 mmoles) of CllK 
were suspended in a mixture of 5.98 g (73 mmoles) 
of cyclohexene and 70 cm3 of benzene. The mixture 
was heated to reflux and 13.74g (74mmoles) of 
MeBBr, were added dropwise in the course of 
60 min with continuous stirring. In the course of 
1 hr the potassium-graphite turned black. 
Refluxing and stirring were continued for 24 hr, 
whereupon the mixture was cooled to room tem- 
perature and stirred for 2 more days. Next, all solid 
material was filtered off. A clear brown solution 
was obtained. A solution of ethyllithium in ben- 
zene was added in small portions from a syringe to 
the brown filtrate, with stirring. After addition of 
each quantity of EtLi/benzene, stirring was 
stopped to let the lithium bromide settle, so it 
would not interfere with the bromide test. A few 
drops of the supernatant were brought in ten drops 
of distilled water in a small test tube. The mixture 
was shaken for half a minute to ensure complete 
hydrolysis of any MeBBr, present. Then a few 
drops of an aqueous solution of silver nitrate were 
added to the contents of the test tube. When 
MeBBr, was still present in the filtrate, a 
yellowish-white precipitate of silver bromide, solu- 
ble in concentrated aqueous ammonia, was 
formed; when only compounds R,B were present, 
a greyish precipitate was formed which did not 
dissolve upon addition of concentrated aqueous 
ammonia, but turned black instead. After all 
MeBBr, had been removed from the filtrate, the 
lithium bromide was filtered off and all benzene 
and Et,MeB were removed in vacua. The residue 
was subjected to vacuum distillation. Three frac- 
tions were collected; the major fraction (b.p. 
60-62”/0.2 Torr) proved to be almost pure MBTT 
Ia. 

Synthesis of 2-methyl-2-boratricyclo[7.4.0.03,’]tri- 
decane (MBTT 11) 

For the synthesis of methylboron dihydride, 
MeBBr, was reacted with LiAlH,. A direct reaction 

in ether or THF was impossible, as (organo) boron 
halides avidly cleave ethers. However, the follow- 
ing indirect route proved to be quite satisfactory. 

To a suspension of 3.00 g (79 mmoles) of LiAlH, 
in light paraffin oil were added 29.30 g (158 mmoles) 
of MeBBr,. No reaction occurred. Next, the reac- 
tion vessel was cooled in ice and connected to a 
cold trap (cooled at - 60”) provided with 45 cm3 of 
THF, and 25 cm3 of ether were added slowly, with 
stirring, to the LiAlH,/MeBBr, mixture. An exo- 
thermic reaction ensued, and a gas (methylboron 
dihydride) was seen to evolve. After all EbO had 
been added, the contents of the cold trap were 
thawed. According to ‘H NMR, the yield of 
MeBH, was ca. 30% (47 mmoles). The THF solu- 
tion was transferred into a dropping funnel. A 
second dropping funnel contained a solution of 
7.63 g (47 mmoles) of di-A’,“-cyclohexene (VII) in 
45 cm3 of THF. A three-necked, round-bottom 
flask containing 50 cm3 of THF was equipped with 
both funnels. The two reactants were slowly added, 
at an equal rate. In this fashion, neither reactant 
was much in excess, thus minimizing the amount of 
unwanted side-products. The reaction of the 
MeBH,.THF complex with VII was exothermic 
and instantaneous. After the reactants had been 
added, the reaction mixture was warmed to 50” for 
45 min. Thereupon, all volatile components were 
removed in Uacuo and the residue, a clear, col- 
ourless liquid, was investigated by GC/MS and “C 
NMR. It proved to be reasonably pure (better than 
90%) MBTT II. 

Reaction between cyclohexene and MeBBr,; treat- 
ment of the reaction product with CBK 

In 10 cm3 of benzene were brought 1.92 g 
(10 mmoles) of MeBBr, and 0.79 g (9.6 mmoles) of 
cyclohexene. The mixture was refluxed for 6 days. 
In the course of this time the reaction mixture took 
on a deep purple-blue colour. The reaction was 
followed with ‘H NMR; the olefinic signal was 
observed to diminish slowly to about 25% of its 
initial value. After cooling the mixture to room 
temperature all volatile components were removed 
in uacuo. The residue was diluted with benzene and 
added to 1.10 g (7 mmoles) of C,K. This mixture 
was refluxed for 24 hr (with stirring) and stirred 
for another 36 hr at room temperature. The 
potassium-graphite slowly turned black. After this 
time, all solid material was filtered off. Inspection 
of the filtrate by GC/MS showed no MBTT to be 
present. 

The product of the reaction between MeBBr, 
and cyclohexene was shown, by flame tests, to 
contain both boron and bromine. It fumed heavily 
on contact with air and smelled ghastly. 
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Reactions of the system 2CsK/MeBBr, with cy- 8. 
clopentene, cycloheptene, 2,3-dimethylbutene-2 and 
2,3-dimethylbutadiene-1,3. 9. 

These reactions were carried out analogously to 
the reaction of the system 2C,K/MeBBr, with lo* 
cyclohexene. After filtering off all solid material the 
filtrates were investigated by GLC and GC/MS. 11 
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Abstract-The reactivity of borane carbonyl (BH,CO) and its isoelectronic counterpart the 
acetylium cation (CH,CO+) are compared resulting in the formulation of (carbo- 
nyl)trihydroborate anions, BH,C(O)X-, which are isoelectronic and isostructural with 
organic carbonyls. By analogy with the ease of reduction of organic carbonyl compounds 
by hydroborate, the relative stability towards self-reduction-oxidation (hydride transfer 
from boron to carbonyl carbon) in BH,C(O)X- is proposed. The postulated order, with 
increasing stability is BH,C(O)Cl- < BH,C(O)H- < BH3C(0)R- < BH,C(O)OR- < 
BH,C(O)NR; < BH3C(0)02-. Experimental results of this study together with known 
chemistry are shown to be consistent with the proposed order. Further, it is suggested that 
a similar predictive scheme may be applicable to the chemistry of the amine- 
carboxyboranes (boron analogues of a-amino acids) and their derivatives. 

The reactions of borane carbonyl (BH,CO) with 
potassium hydroxide in alcohol and with amines 
have resulted in the preparation of a number of 
trihydroborate containing species including 
BH,CO;- , Za,b BH3C02R-ZC4 (R = C2H5, CH3, H) 
and BH,C(O)NRF.’ The reactions were viewed as 
being analogous to carbon dioxide reactions with 
the BH, group as the isoelectronic analogue of 
oxygen. 

A number of considerations presented below 
suggest that it may also be fruitful to compare the 
chemistry of BH3C0 with another of its iso- 

*Authors to whom correspondence should be ad- 
dressed. 

electronic species, the acetylium cation, CH,CO+. 
Equations (1) and (2) demonstrate the analogy 
where X- may be a number of different substitu- 
ents including OH, OR and NR2. 

0 

II 
CH,CO+ + X--CH3CX- (1) 

0 

II 
BH,CO + X-+BH3CX-. (2) 

Further, use of this analogy readily lends itself to 
a simple predictive scheme for the relative stability 
of BH,C(O)X- anions towards internal reduction 

1345 
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of carbonyl by the hydroborate moiety based on 
how an analogous organic carbonyl function is 
reduced by tetrahydroborate (BH;). 

THE BORANE CARBONYL/ACETYLIUM 
ION ANALOGY 

Interest in analogies between BHCO and 
CH,CO+ was prompted by our “B and 13C chem- 
ical shift correlations in isolectronic tet- 
racoordinate boron and carbon compoundsk9 If 
one proceeds a step further and compares the 
physical and chemical characteristics of borane 
carbonyl with its isoelectronic carbon containing 
counterpart, numerous similarities are observed. 
Structural studies show that the skeletal frame- 
work of borane carbonyl’“i3 and the acetylium 
cationI have linear geometries. Physical studies 
have shown that borane carbonyl exists as a mono- 
mer and is involved in an equilibrium of the type 
where CO is a product:” 

BH,CO=CO + ~B,H~. (3) 

Similarly, acylium ions have been shown to be 
involved in the following equilibrium:‘6 

RCO+z$CO + R+. (4) 

Trialkylborane carbonyls, BR,CO, have not been 
isolated but have been suggested as intermediates 
in reactions.” Acylium ions of the type CR,CO+ 
where a relatively stable tertiary carbenium ion, 
R3C+, can be generated are more unstable than 
R,CHCO+ or RCH,CO+ . This similar order of 
stability (toward loss of CO), BH3C0 > BR3C0 
and CH,CO+ > CR,CO+, suggests an examination 

of the chemistry of BH,CO in terms of its ana- 
logue, CH,CO+. 

A comparison is further prompted by MO calcu- 
lations on [CH,CO]+ and BH,CO. The carbonyl 
carbon in [CH,CO]+ is strongly positive14*‘* and 
should be quite susceptible to nucleophilic attack. 
Likewise, molecular orbital calculations show that 
the carbonyl carbon in borane carbonyl is strongly 
positive19 and would also be expected to be 
strongly susceptible to nucleophilic attack. Just as 
we would expect [CH,CO]+ to react with a wide 
variety of nucleophiles, X-, to form the well- 
known carbonyl compounds shown in Table 1, a 
similar reactivity for BH,CO with nucleophiles X- 
would result in a series of borane carbonyl anions 
(Table 1) which are counterparts to the organic 
carbonyls. Also, the known reactions of borane 
carbonyl with amines and base may be depicted as 
shown in eqns (6) and (8), and are thus comparable 
to the expected reaction of CH,CO+ with the same 
substrates [eqns (5) and (7)]. 

CH,CO 
HNR2 HNR2 

+-CH3C(0)NR2H+--+ 

CH3C(0)NR2 + R,NH: (5) 

HNRZ HNR2 

BH3CO-+BH3C(0)NR,H--+ 

BH3C(0)NR; + R,NH: (6) 

KOH KOH 

CH,CO +--+CH3C0,H- K+CH3CO; (7) 

KOH KOH 

BH,CO-+K+BH,CO,H--+ K:BH,CO;-. (8) 

Table 1. Isoelectronic and isostructural carbonyl (trihydroborate) anions and organic carbonyls 

Neutral Organics Borane Carbonyl Anions 

0 0 

Acid Halides H& H& 

0 0 
Y I 

Aldehydes H3CCH H$CH- 

0 0 
I ‘_ 

Ketones H$CR H3BCR 

0 0 
I 

Esters H$COR H3B:OR- 

0 0 

Amides H$NR2 H3B:NR2- 

0 0 
I 

Carboxylates H$CO- ’ -2 Y$xO 
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PREDICTIVE SCHEME FOR BORANE carbonyl anions and related species were under- 
CARBONYL ANION STABILITY taken and pertinent literature results studied in 

In contrast to the well-known organic carbonyl view of the above prediction. 
compounds, Table 1 lists a number of presently 
unknown borane carbonyl anions. While the ab- 
sence of some of these species suggests a number 
of preparative possibilities, there are, however, 
some general considerations pertinent to the rela- 
tive stability of the anions which may be proposed. 
The borane carbonyl anions contain both the 
hydroborate moiety with its well-known reducing 
capability and a carbonyl group susceptible to 
reduction. It is well known that the ease of reduc- 
tion of organic functional groups by tet- 
rahydroborate varies generally in the order:*’ 

RESULTS AND DISCUSSION 
Studies involving the postulated BH,C(O)Cl- 

The attempted preparation of the anion 
BH,C(O)Cl- was based on the reaction of borane 
carbonyl and a stoichiometric quantity of tetra- 
ethylammonium chloride in chloroform at low 
temperature. Rapid absorption of borane carbo- 
nyl, accompanied by solubilization of tetra- 
ethylammonium chloride, occurs around 0°C when 
the system is warmed from - 196°C. Repetition 
(three times in 30 min) of this warming/freezing 

0 0 Q 0 0 Q 
R!Cl>R!H>R~R>R&OR>RliNR,, R&O- 

ready reduction at 
room temperature 

decreasing 
reactivity 

no 
reduction 

Thus, acyl halides and aldehydes are readily re- (liq N2) process to facilitate dissolution of the 
duced at room temperature whereas amides and BH,CO, followed by stirring at -78°C overnight, 
carboxylates are not reduced. Based on the above produced only trimethylboroxine and the recov- 
observations and using the BH3 internal moiety as ered tetraethylammonium chloride. No CO is 
the reducing agent of the carbonyl, the relative detected. The overall reaction may be given as 
stability of borane carbonyl anions may be postu- 
lated as 3BH,COs(CH,BO), (9) 

3 
I 

0 0 0 0 0 0 

BH, Cl- <BH, H- <BH, R- <BH, OR-<BH, NR;,BH, O*- 

BH,C(O)CI- is then predicted to be the species 
most easily able to undergo self-reduction- 
oxidation and BH,CO:- would be predicted to be 
the most stable. The carboxylato-, carboxamido-, 
and alkoxycarbonyl-hydroborate derivatives are 
well characterized’-’ and their isolation and sta- 
bility are consistent with this prediction. For in- 
stance, the potassium and sodium salts of the 
carboxylatotrihydroborate anion (BH,CO:-) are 
stable to decomposition up to 400°C with the “B 
and ‘H NMR of the anion suggesting that CO:- is 
comparable to hydride in electron-donating abil- 
ity.” It is evident that in this anion the hydroborate 
and carbonyl species are capable of coexisting. 

The borane carbonyl anions in Table 1 not 
characterized to date were the acid chloride, al- 
dehyde and ketone analogues. Subsequently, in- 
vestigations concerning the nature of these borane 

The same products are obtained even when the 
reaction was carried out as quickly as possible (ca. 
20 min. for complete absorption of BH,CO) in the 
event that the anion, H,BC(O)Cl-, could be iso- 
lated as the kinetic product of this reaction. These 
results may be rationalized by the following pro- 
posed mechanism: 

(0 BH,CO + Cl--+BH3C(0)Cl- 
(rate determining) (10) 

(ii) 3BH,C(O)Cl-+(CH,BO), + 3Cl- (fast) (11) 

Assuming the above mechanism to be applica- 
ble, the absorption of BH,CO into solution should 
proceed with only a catalytic quantity of Cl-. This 
is the observed result with again, only tri- 
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methylboroxine and tetraethylammonium chloride 
catalyst being recovered after a 30 min. reaction 
period. 

Our inability to isolate a stable BH,C(O)Cl- 
anion is consistent with its position in our stability 
series since this anion would be expected to be the 
most unstable toward internal reduction of the 
carbonyl by the hydroborate moiety. Just as tet- 
rahydroborate reacts rapidly with acetyl chloride 
by a nucleophilic attack on the carbonyl carbon to 
give the reduced product, H,BC(O)Cl- would be 
expected to undergo rapid internal reduction to 
give trimethylboroxine. 

The observation that BHrCO is rapidly ab- 
sorbed into a solution containing chloride along 
with the observed” value of K = 2.8 x 104 for the 
system iB,H, + CO=H,BCO, suggested that a 
mixture of BrH, and CO should be absorbed into 
a chloride solution at room temperature since as 
H,BCO is formed it should be rapidly and irre- 
versibly removed by reaction with chloride. 

In accord with this, when a mixture of BzH, and 
CO (in a 1:2 mole ratio) is allowed to stand at 
room temperature above a stirred CHCl, solution 
of tetraethylammonium chloride, the reactants are 
consumed in a period of 30 hr. Only trimethyl- 
boroxine is produced and the tetraethylammonium 
chloride recovered. By contrast, when a similar 
experiment is carried out, but the chloride omitted, 
there is only a slight drop in total pressure in the 
system due to formation of a small equilibrium 
concentration of BH,CO. 

Using a THF/B,H, solution containing tetra- 
ethylammonium chloride, CO at less than one atm. 
pressure is readily absorbed into the solution with 
the reaction complete in 1 day. Only tri- 
methylboroxine is produced and the chloride salt 
recovered. Even when the mostly insoluble NaCl 
salt is used, the reaction still proceeds slowly and 
is about 30% complete (based upon CO uptake) 
after 2; days. In the complete absence of a chloride 
salt, CO is not absorbed into a THF/B,H, solution 
except to form a small equilibrium quantity of 
BH,CO. Brown and Rathke” have also reported 
that CO is not absorbed into THF-borane. 

Additional results using a mixed solvent system 
of THF and glyme showed that over a 15 hr period 
2 moles of CO per mole of B,H, (at a total pressure 
less than 1 atm.) are absorbed into a stirred 
solution of tetraethylammonium chloride at room 
temperature. Only trimethylboroxine and tet- 
raethylammonium chloride were recovered. In 
contrast to when THF is used, CO is absorbed into 
a glyme/B,H, solution with BH,CO being formed 
in yields as high as 98% depending upon reaction 
conditions.22*23 The BH,CO can be isolated as long 
as chloride is not present. 

The foregoing results are in accord with the 
proposed mechanism: 

(i) ;B,H, + CO&BH,CO 
k2 

(12) 

(ii) BH3C0 + Cl--+BH,C(O)Cl- (13) 

(iii) 3BH&(O)Cl--+(CH,BO), + 3Cl-. (14) 

In this mechanism, step (i) (or k,) controls the rate; 
steps (ii) and (iii) are fast and irreversible. Al- 
though step (i) is written to involve only the 
reaction of B2H, and CO it is, no doubt, a reaction 
involving solvent.24*25 Since the H3BC0 may be 
recovered from B,H,/glyme solutions (in the ab- 
sence of chloride) it seems valid that the formation 
of the H,BCO is still the rate-determining step. In 
the same reaction (B2H6 + CO) in CHCl,, however, 
diborane is not absorbed to any great extent by a 
(C2H,),NCl/CHC13 solution and borane carbonyl 
is probably formed according to step (i) even 
though some H,BCl- ions may be present in 
solution. 

Studies involving the postulated formyltrihydro- 
borate anion, H,BC(O)H- 

A mechanism may also be put forth which is 
consistent with the observation by Brown and 
Rathke” that at atmospheric pressure within a few 
hours two moles of carbon monoxide per mole of 
diborane are absorbed into a solution of diborane 
in THF containing a catalytic quantity of sodium 
tetrahydroborate with trimethylboroxine being the 
only product. The reaction pathway we propose is: 

(0 iB2H6 + CO=H,BCO (1% 

0 

(ii) H,BCO + BH;-+HrB 4 -H-BH; (16) 
H 

or H,BC== OBH, 

0 

(iii) 4 3HrB -H-BH, 
(17) 

or -(CH,BO), + 3BH;. 
H 

3H,BC= OBH; 

Just as aldehydes are very rapidly reduced by 
hydroborates, the rapid self-reduction-oxidation of 
the anion H,BC(O)H- is not unexpected and is 
completely consistent with our prediction of sta- 
bility of borane carbonyl anions. Coordination of 
BH, to the carbonyl oxygen (ii) would make the 
carbonyl carbon even more susceptible to nucleo- 
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philic attack and reduction. Although Brown and 
Rathke had assumed the presence of the tet- 
rahydroborate anion was necessary for the reduc- 
tion to occur, our work shows that merely the 
presence of an anion such as Cl- in solution is 
sufficient to cause the indicated reactions. Even in 
the presence of catalytic amounts of sodium chlo- 
ride in a solution of diborane and tetrahydrofuran, 
about 30% of the CO over the solution is absorbed, 
based upon the reaction of 2 moles of carbon 
monoxide per mole of diborane, in a period of 
60 hr. Since CO will not react with a 
tetrahydrofuran-borane solution except to give a 
small equilibrium concentration of BH,CO, the 
chloride, which must be in very low concentration 
because of the low solutilbity of sodium chloride in 
THF, is catalyzing the ‘reaction. 

Studies involving the postulated H,BC(O)R- 
From their studies of the reaction between equi- 

molar quantities of phenyllithium and borane car- 
bonyl, Carter and Moye established the existence 
of a 1: 1 adduct which was a white solid soluble in 
ether at low temperatures.26 “BNMR mea- 
surements show at low temperature a 1: 3: 3: 1 
quartet with a B-H coupling constant of 104 Hz 
(chemical shift not reported). As the temperature 
increased the quartet diminished and other 
unidentified species appeared giving weak peaks at 
lower field. Further decomposition occurred upon 
warming. The process was not reversible as cooling 
the mixture did not give the original quartet. The 
postulated structure for C6HsLi. H,BCO was 
Li+[H,BC(O)C,H;] and it was further suggested 
on the basis of infrared and deuteration studies 
that the decomposition involved an internal hy- 
dride shift from the ‘hydroborate to the carbonyl 
carbon. Both the stability of the lithium salt and 
the internal reduction process are completely con- 
sistent with an unstable intermediate in accordance 
with our predictive scheme. 

Studies involving borane carbonyl and simple bases 
The results described above and the predicted 

stability scheme for the borane carbonyl anions 
suggest that reactions between borane carbonyl 
and simple bases [such as oxides (02-), alkoxides 
(OR-), amides (NR;) and acetates (CH,CO,-)] in 
suitable solvents should give the corresponding 
borane carbonyl anions. Indeed, Malone and 
Parry2b showed that the reaction between moist 
calcium oxide and borane carbonyl gives a product 
with an IR spectrum consistent with that of cal- 
cium (carboxylato)trihydroborate (CaH,BC02). 
They also isolated a solid from the reaction of 
borane carbonyl and sodium methoxide in meth- 
anol and diethyl ether which gave characteristic 

B-H and C=O IR absorptions. The fact that this 
solid hydrolyzes in base solution to Na2BH3C02 
strongly indicates the solid to be the methoxy- 
carbonyl derivative Na+[BH,CO,CH;]. Our 
“BNMR results show for the borane carbo- 
nyl acetate anion reaction product in tet- 
rahydrofuran a 1: 3 : 3 : 1 quartet (6 = - 33.5 ppm) 
indicating the product to be the (ace- 
toxycarbonyl)trihydroborate anion, BH&(O)- 
OC(O)CH;. The quartet observed is not due to 
free borane carbonyl since a sharp 1: 3 : 3 : 1 quartet 
is obtained for BH,CO neat and in various solvents 
(neat, 6 = -48.5 ppm;26 acetone, 6 = - 45 ppm; 
methanol and diethyl ether, S = -48.5 ppm). 

Reductions with K2BH,C02 
The foregoing results support the hypothesis 

that trends in the stability of H,BC(O)X- anions 
towards internal reduction of carbonyl by the BH, 
moiety may be related to the ease of hydroborate 
reduction of the analogous CH,C(O)X species. To 
gain an appreciation for the reducing power of the 
borane moiety in BH,C(O)X-, a study was carried 
out of the reducing characteristics of BH$O$- 
towards some typical organic carbonyl com- 
pounds.27 It was found that the reducing behaviour 
of potassium(carboxylato)trihydroborate in meth- 
anol at ambient temperature was generally com- 
parable to that of potassium tetrahydroborate in 
water although slower. As examples, benzaldehyde 
and m-nitrobenzaldehyde were reduced to the al- 
cohol in 48 hr and 30 min respectively and butyric 
acid, benzamide, and butyronitrile were stable to 
reduction even after 2 weeks. It may be concluded 
that the reducing power of the BH, moiety in 
H,BCO:- is roughly comparable to BH;. Al- 
though differences in the substituent X in 
H,BC(O)X- could be expected to influence the 
reducing ability of the borane group toward carbo- 
nyl, major differences are not likely. Moreover, 
while the effect on the reducing ability of the 
hydroborate moiety by an X substituent may be 
small, the effect of X on the carbonyl reactivity to 
which it is directly attached would be expected to 
vary considerably. Consequently, the change in 
internal reduction susceptibility of the carbonyl as 
predicted by our stability scheme is not surprising 
and reflects the general change of electron density 
at the CO carbon as X is varied. The same effect 
is responsible for the variations in reducibility of 
the organic carbonyls by tetrahydroborate.% While 
an intermolecular reduction process involving at- 
tack of one H,BC(O)X- on the carbonyl of an- 
other is possible, an intramolecular process is 
thought to be more likely because of the negative 

charge on both species. The effect on carbonyl 
reactivity by neighboring groups has also been 
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studied by Angelici with reactions between transi- 
tion metal carbonyl complexes and amines or 
alkoxides to form carboxamido or carboalkoxy 
derivaties:” 

L,MCO+ + 2RNH,+L,,MC(O)NHR + RNH:. 

By decreasing the number of CH3 groups in the 
arene, L, the electron density at the carbonyl 
carbon atom was reduced and the reaction as 
written proceeded more favourably. A rather good 
correlation was found between CO force constants, 
which reflect the electron density at the carbonyl 
carbon, and the reactivity: CO complexes with 
force constants greater than 17.2 mdyn/A readily 
formed carboxamido complexes; those with force 
constants between 16 and 17 gave mixtures (the 
reactions were reversible), whereas those below 
16.0 showed no evidence for carboxamido for- 
mation. According to this correlation, the value of 
the CO force constant for H,BCO (17.98,29 17.9430) 
allows one to predict that the carboxamido deriv- 
ative would be isolable as is the case. 

CONCLUSION 
The foregoing study has presented a general 

picture of the reactivity of borane carbonyl and has 
offered a simple predictive scheme for the stability 
of the resultant species. Information gained here 
on the relative stability of H,BC(O)X”- species 
may be particularly applicable in exploring the 
chemistry of derivatives in which the boron has 
varying substituents. One example is the deriva- 
tive chemistry of the novel class of compounds, 
the boron analogues of amino acids, 
R,NB(R’)HC02H.3’ The tendency toward self- 
reduction-oxidation in R,NB(R’)HC(O)X may de- 
pend upon the nature of X and vary in a like 
manner as shown in our predictive scheme. Pre- 
liminary studies are consistent with this since 
Me,NBH,CO,H, Me3NBH,C(0)N(H)C2H,, and 
Me3NBH,C(0)OR3’ are stable compounds, 
whereas attempts to prepare Me,NBH,C(O)Cl 
were unsuccessful and the B-H linkage was lost.32 

EXPERIMENTAL 
General techniques 

Standard vacuum line techniques were used for 
air-sensitive compounds. Infrared data were ob- 
tained from Perkin-Elmer Model 237B or 257 
instruments as nujol mulls or potassium bromide 
pellets. Varian A-60 and Varian HA-100 spec- 
trometers were used for proton (60 MHz; TMS, std) 
and “B (32.1 MHz; BF,+OEt,, std) NMR data 
respectively. 

Solvents were dried by standard methods. Di- 

borane was either obtained commercially (Callery 
Chemical Co.) or synthesized by published pro- 
cedures.33 Borane carbonyl was synthesized as re- 
ported in the literature. %I5 K,BH,CO, was also 
prepared as reported.’ Tetraethylammonium chlo- 
ride was dried in a drying pistol for 36 hr, stored 
in an evacuated flask and transferred under nitro- 
gen. Tetra-n -butylphosphonium acetate was ob- 
tained from Alpha-Inorganics and used without 
further purification. 

Borane carbonyl absorption into a chloroform SO/U- 

tion of (C,H,),NCl 
A 5 mmol sample of H,BCO was condensed at 

- 196°C onto a frozen solution of (C2H,),NCI 
(5.1 mmol) in 20 cm3 CHCl,. Slow warming of the 
mixture resulted in a pressure increase until the 
(C,H,),NCl solubilized, ca O”C, at which point 
the pressure decreased rapidly. This procedure was 
repeated three times in a 30 min period after which 
the mixture was stirred at - 78°C overnight. Non- 
condensible gas was not present as indicated by a 
pressure check after freezing to - 196°C. The 
mixture was warmed and the volatiles removed 
leaving a white solid shown by IR to be pure 
(C,H,),NCl. The volatile (in addition to solvent) 
was shown to be (CH,BO),, (6CH, = 0.39 ppm). 

The above procedure was also carried out on a 
6.8 mmol sample of H,BCO with 5.1 mmol 
(C,H,),NCl in 20cm3 CHCl,. The warming- 
cooling process was performed three times within 
20 min with the same observations as previously 
noted. Removal of volatiles gave identical products 
as before. Use of a catalytic amount of (C,H,),NCl 
with 5 mmol H,BCO in 5 cm3 THF and a reaction 
time of 30 min (warmed and cooled three times) 
gave only (C,H,),NCl (IR) and (CH,BO), (NMR). 

The system B,H, and CO in the absence of 

W-&WC1 
6.85 mmol of B,H, and 20 mmol of CO were 

allowed to stand above pure chloroform at room 
temperature. The pressure in the system dropped 
slightly from an initial value of 621 mm (21°C) to 
615 mm (20°C) after 12 hr. 

Attempted reaction of diborane with tetra- 
ethylammonium chloride 

B,H, (3.16 mmol), condensed onto a solution of 
(C,H,),NCl (6.65 mmol) in 50 cm3 CHCl,, showed 
no pressure change above the solution after 12 hr 
at room temperature. 

Reaction of diborane and carbon monoxide with 
tetraethylammonium chloride as a catalyst 

In 1,Zdimethoxyethane (Glyme) and THF*B,H, 
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(7.69 mmol) was admitted at room temperature 
into a flask containing 0.44 mmol (C2H,XNCI slur- 
ried in 8 cm3 of glyme. The (CzH&NCl dissolved 
immediately and 3 cm3. THF was condensed in 
after which the solution was allowed to warm to 
room temperature. After admitting 21.8 mmol of 
CO (initial total pressure in system, 512 mm) a 
pressure decrease of 40 mm occurred and a white 
precipitate formed. After stirring the solution for 
15 hr at room temperature the CO was measured 
and it was found that 16.1 mmol was absorbed 
giving a CO: B2H, mole ratio of 16.1: 7.7 = 2.08. 
Addition of more CO did not result in further 
absorption. Hydrolysis of the entire reaction mix- 
ture with 6N HCl did not give evolution of hydro- 
gen. 

In tetrahydrofuran. A 6 mmol sample of BIH, 
was condensed into a flask containing a small 
unweighed sample of (C2H,),NCl. Addition of a 
large excess of CO (at less than 1 atm. pressure) 
and monitoring the CO absorption which ceased 
after 1 day resulted in recovery of only pure 
(C,H,),NCl (IR) and (CH,BO), (NMR). 

In chloroform. A similar procedure was used 
utilizing B2H, (6.37 mmol) and (C2H&NCl (8.92 
mmol). The B,Hs is not completely absorbed into 
the CHC13 solution leaving considerable pressure 
in the system above the vapor pressure of CHCl,. 
Admittance of 13.3 mmol of CO (at less than 1 
atm.) into the system and standing at room tem- 
perature resulted in a slow absorption of the gases 
into solution which eventually ceased after 30 hr. 
Distillation through traps held at -78” and 
- 196°C did not yield any recovered B*H,. Pure 
(C,H&,NCl (IR) remained in the flask. 

Absorption of carbon monoxide into a solution of 
tetrahydrofuran and diborane with sodium chloride 
as a catalyst. 

A 4.2mmol sample of carbon monoxide was 
absorbed after 60 hr into a system containing 
19.7 mmol CO, 7.29 mmol B2Hs, 15 cm3 THF and 
1.4 mmol of NaCl (very little of which was soluble 
in the solution). 

Reduction studies using K,H3BC02 
Essentially the same procedure was utilized in 

the reaction of K2H3BC02 and each of the follow- 
ing organic compounds: benzaldehyde, m - 
nitrobenzaldehyde, butyric acid, benzamide and 
butyronitrile. The reaction using benzaldehyde is 
given as an example. (GC or NMR was used for 
analysis if TLC was inappropriate.) 

A 0.2 mmol sample of benzaldehyde was allowed 
to react with 0.1 mmol of potassium (carbox- 
ylato)trihydroborate in 4cm3 of methanol with 

stirring. The sample was analyzed every 30 min for 
2 hours using TLC (1: 1 CHCl,: CH,OH) and 
again after 24 hr. R, values from the reaction 
mixture were compared to known samples of pure 
benzaldehyde and benzyl alcohol. 

“B NMR study of the reactions between n- 
Bu,P+OC(O)Me- with BH,CO 

7mmol of n-Bu,P+OC(O)Me- were dis- 
solved in 15-20 ml of dry THF at room tem- 
perature in a flask on the vacuum line. A 6 mmole 
quantity of BH,CO was added at - 196°C and the 
flask allowed to warm slowly to 0°C. The “B NMR 
of the solution exhibited a 1: 3: 3: 1 quartet, 
6 = -33.5ppm from BF,.Et,O. 
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SOME COMPLEXES OF NICKEL (II) WITH MORPHOLINE 
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Abstract-The compounds NiX,M,[M = morpholine; X = C6F, (x = 2), NO,(x = 3), 
Br(x = 2 or 3), and 1(x = 4)] have been prepared and investigated. Magnetic and spectral 
studies have been carried out to determine the mode of coordination and stereochemistry 
of the complexes. Except for NiBr,M,, which appears to contain bridging morpholine, in 
all other compounds the neutral ligand acts as a monodentate N-donor group. 

For the elements of the nickel group, a number of 
complexes containing 1,4-dioxan have been re- 
cently prepared.1-3 This investigation has been now 
extended to morpholine (M), a related six mem- 
bered heterocyclic ligand containing two donor 
sites (0 and N atoms). The nitrogen atom is 
usually the donor in nickel& and palladium 
complexes7 with morpholine, but the ligand has 
been found to act as a bridging group in some 
cases.8 

This paper reports on the preparation of the 
nickel complexes NiX2M,, where X = C6FS, N03, 
Br, and I. Magnetic and spectral studies have been 
carried out to determine the mode of coordination 
and stereochemistry of the complexes. 

EXPERIMENTAL 
Materials 

Morpholine and 2,2_dimethoxypropane were 
obtained from May and Baker Ltd. and Fluka, 
respectively, and used as such. Nickel salts were 
commercial products. Diethyl ether and tet- 
rahydrofuran were distilled over sodium in the 
presence of benzophenone. 

Analyses 
The C, H, N analyses were performed with a 

Perkin-Elmer 240 C microanalyzer. Nickel was 
determined by titration with EDTA.9 

Physical measurements 
IR spectra were recorded in the 4OOO-250cm-’ 

range on a Nicolet MX-1 spectrophotometer as 
Nujol or Fluorolube mulls. The diffuse reflectance 

*Author to whom correspondence should be ad- 
dressed. 
POLY Vol. 2, No. 12-H 

spectra were recorded as Nujol mulls in the 
5000-3OOOOcm-’ range on a Beckman DK-2A 
spectrophotometer. The mulls were smeared be- 
tween two glass plates on filter paper and run 
against a reference consisting of similar plates 
containing Nujol only. Thermal decomposition 
studies were carried out in nitrogen on a Netzsch 
STA-429 thermobalance. Magnetic susceptibilities 
were measured by the Faraday method using a 
Bruker B-15 magnetic balance (magnetic field, 
7 kG) calibrated with Co[Hg(SCN),].” Conduc- 
tivities were measured with a Philips PW 9501/01 
conductimeter. 

Preparation of the complexes 
Ni(N09)2M,. Ni(N0,). 6H,O (1 g; 3.4 mmol) 

was refluxed in 2,2-dimethoxypropane (8 cm3) for 
1 hr. After cooling the resulting yellowish green 
solution, 8 cm3 of morpholine were added and the 
colour of the solution turned to deep green. Addi- 
tion of diethyl ether (20 cm’) resulted in the for- 
mation of a sticky product, which was transformed 
into a green powder by stirring for 48 hr in the 
same solvent. The solid was filtered under nitrogen 
and dried under vacuum. Yield, 84%. The com- 
pound is hygroscopic and was kept in a P4010 
desiccator. 

NiBr,M,. As NiBr,. 3H,O (1 g; 3.7 mmol) was 
refluxed in 2,2dimethoxypropane (8 cm3) for 1 hr, 
a brownish-yellow suspension was formed, which 
turned green on cooling. Addition of morpholine 
(8 cm3) to the reaction mixture changed again from 
green to yellow. After stirring for 4 hr, the precip- 
itate was filtered off, washed with diethyl ether, and 
dried under vacuum. Yield, 75%. The very hy- 
groscopic brownish-yellow product was kept in a 
P40,, desiccator. 

NiBr,M,. This blue compound was formed sim 
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ply when NiBr*M, was heated at 130°C under 
nitrogen atmosphere. Yield, 100%. It is hy- 
groscopic. 

NiI,M,. Anhydrous NiIz (1 g; 3.2 mmol; pre- 
pared by heating the hydrated salt at 140°C) was 
stirred in morpholine/2,2-dimethoxypropane 
(10 cm’/3 cm31 for 12 hr. The reaction mixture, 
initially dark brown, changed to green and the 
resulting solid was filtered off, washed with diethyl 
ether, and dried under vacuum. Yield, 72%. 

Ni(C6F,)*M2. The working up for the prepara- 
tion of this compound was different from the 
others. The experimental procedure followed in the 
preparation of a tetrahydrofuran-dioxane solution 
containing “Ni(CQF,)2” was adapted from Ref. 1. 
A freshly prepared and filtered solution of 
C,F,MgBr (1.145 mmol) in THF (15 cm3) was ad- 
ded to a suspension of anhydrous NiBr, (100 mg; 
0.458 mmol) in THF (5 cm3). After refluxing for 
2 hr, 10 cm3 of dioxane were added, to precipitate 
the magnesium salts as dioxane adducts. After 
standing in the cold overnight, the solid was 
filtered off and the resulting orange s&ion was 
then treated with 0.5 cn? of morpholine and the 
colour immediately changed to yellow. The solu- 
tion was stirred for 30 min at room temperature, 
then concentrated under vacuum. Addition of hex- 
ane afforded a golden yellow solid, which was 
recovered by filtration and recrystallized from 
CHCl,/hexane. Yield, 70%. 

RESULTS AND DISCUSSION 
The organocomplex Ni(C6F,)2M2 was prepared 

by addition of morpholine to a recently prepared 
tetrahydrofuran-dioxane solution containing 
“Ni(C,F,),“i: 

“Ni(C,F,);’ in THF-dioxane ?Ni(C,F,),M,. 

All other nickel compounds were prepared by 
addition of morpholine to the respective hydrated 
or anhydrous nickel salts in the presence of the 
dehydrating agent 2,2_dimethoxypropane, where 
the substitution reaction takes place. The anal- 
ytical data and some physical properties of the 
nickel compounds are collected in Table 1. 

The IR spectrum of the yellow organo- 
compound, Ni(C,F,),M,, shows the characteristic 
absorptions of the C6F, group” at cu. 1630 m, 
1500 vs, 1050 vs, and 780 scm-‘. The di- 
amagnetism and electronic spectrum (Table 2) are 
compatible with a square planar geometry for this 
species. Moreover, the infrared band observed at 
781 cm-’ has been used for structural elucidation. 
As in previous caseP* the number of infrared 
bands observed for the X-sensitive mode has been 
correlated with the symmetry of the C-M-C skel- 
eton on the basis that .in complexes containing 
M-C6F, bonds this mode has mainly v(M-C) 
character.‘* Accordingly, we assign the truns 
configuration to Ni(C,F,),M,, since its spectrum 
shows a single band in the 800-750 cm-’ range (DU 
symmetry). 

The stoichiometry,.magnetic moment, and elec- 
tronic spectral data (Table 2) are all compatible 
with an octahedral geometry for the green com- 
pound Ni12M4. I3 Thus its electronic spectrum 
shows three bands at 8700, 15,060 and 
25,64Ocm-‘, which can be assigned to the transi- 
tions from the ground state 3,4,(F) to the excited 
states 3 T&(F)(vi), 3 ~,,(FN2) and 3 T,,(P)(v,), re- 
spectively. From the corresponding Tanabe- 
Sugano diagram and with v*/v1 = 1.73, 
Dq/B = 1.04 is obtained. Hence for NiI,M, 
10 Dq = 8,700 cm-‘, B = 870 cm-’ and /I = 0.84. 
Moreover, the v3 transition is predicted to be at 
25,750 cm-’ a value which is in good agreement 
with the experimental one (25,64Ocm-‘). 

Table 1. Colours, melting points, and analytical data of nickel compounds 

M.P.(Wa 
Anal.(%). Found (talc.) 

compound Colour 
C H N Ni 

Ni (C6F5) *M2 yellow 90 (d) 42.4 

(42.4) 

Ni(N03j2M3 green 80 (d) 31.4 

(32.3) 

NiBr2M3 brownish 80 (d) 29.5 

yellW..J (30.0) 

NiBr2M2 deep blue 182 (d) 24.0 

(24.5) 

Ni12M4 pale green 55 (d) 28.6 

(29.1) 

3.2 

(3.2) 

5.9 

(6.1) 

5.5 

(5.6) 

5.1 

(4.6) 

5.4 

(5.5) 

5.1 

(4.9) 

16.6 

(15.7) 

8.8 

(8.8) 

7.0 

(7.1) 

8.3 

(8.5) 

10.2 

(10.4) 

12.6 

(13.2) 

12.0 

(12.2) 

14.6 

(14.9) 

9.0 

(8.9) 

aData obtained from TGA; (d) = decompose. 



Complexes of nickel(I1) with morpholine 

, Table 2. Magnetic moments and electronic spectra of nickel complexes 

Compound @BM)= EleCtrOniC bands (cm 
-1 

) 

Ni(C6Fg)2M2 diamagnetic 22,890 (Emolar 314jb 

Ni(N03j2M3 2.78 9,130; 15,385; 25,905 

NiBr2M3 2.95 8,810; 13,330; 22,025 

NiBr2M2 3.02 8,700; 11,365; 15,875; 17,240 

Ni12M4 3.19 8,700; 15,060; 25,640 

%t 15 OC; diamagnetic corrections were 

The compounds NiBr,M, and Ni(NO,),M, are 
very hygroscopic and in water give pale green 
solutions. Their electronic spectra show three 
bands (Table 2) which can be interpreted assuming 
pseudooctahedral geometries for both compounds. 
However, the internal consistency of the spectral 
data is not so good as that observed for the 
above-mentioned iodocomplex, and any intent to 
derive values for the ligand field parameters would 
be meaningless. The assignation of hexacoordinate 
nickel in NiBr,M, requires that either Br or mor- 
pholine acts as bridging ligand and, in fact, there 
is infrared spectral evidence (see below) that some 
morpholine is O-bonded to nickel.,A similar situ- 
ation should be present in Ni(N03)2M3, but since 
no O-bonded morpholine is evidenced by the IR 
spectrum, coordinated nitrate groups should be 
here within the coordination sphere of the metal 
atom. In fact, its infrared spectrum shows the 
absorptions typical of coordinated NO3 groups:14 
1490 vs, 1420 vs, 1300 sh and 805 m. The structural 
situation could be similar to that observed for 
Ni(NOJz(3-pic),,‘5 where it was assumed that one 
nitrate group acts as a unidentate and the other as 
a bidentate ligand. The conductivity of 
Ni(N0,)2M, in low3 A4 acetone solution 
(A, = 18 cm2W’ mol-‘) also supports’6 the as- 
signed structure. 

The paramegnetism of the deep blue NiBr,M, 
definitely rules out the presence of square planar 
arrangement about the divalent nickel ion. The 
electronic spectrum of this complex shows two 
single bands at 8700 and 11,365 cm-‘, and a third 
double band with absorption maxima at 15,875 
and 17,240 cm-‘. This result and the similarity of 
the spectrum with those observed for pseudo- 
tetrahedral complexes of the type NiL2X2 (both 

made. 
b 
In acetone solution. 
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shape and frequencies are nearly identical to those 
reported for Ni(Me,tn)Br,)” lead us to assign a 
pseudotetrahedral structure to this compound. On 
this basis, the band at 8700 cm-’ is assigned to one 
of the three compounds of the v, transition, 
3T,(F)+3T2(F), the band at l1,365cm-’ as the 
v~~T,(F)+~A~(F), and the bands at 15,875 and 
17,240 cm-‘, which are not resolved, as 
v,~T,(F)-+‘T,(P). The abnormally high position of 
the component of v’ could be taken as indicative of 
a large distortion of the Td symmetry.‘* The low 
magnetic moment (3.02 BM) found for this com- 
pound also supports the presence of such a dis- 
tortion. 

The characteristic infrared bands of morpholine 
in these complexes are collected in Table 3. For 
comparison, bands of the free ligand are also 
shown. Since the N-hydrogen (and lone pair) can 
be equatorial or axial, free morpholine can obvi- 
ously exist as two conformers,” but the most 
probable conformation adopted by coordinated 
morpholine should be the axial one. In free axial 
morpholine, the N-H stretching vibration occurs 
at 3298 cm-‘; on complexation this band is shifted 
to lower frequencies and sometimes it is split due 
to solid state effects. 20*2’ In good agreement, this 
vibration appears at cu. 100crn’ lower in the 
spectra of the nickel complexes (except for 
Ni(C6F,),M2). In free morpholine the funda- 
mentals v’~ and v3, (at 1097 and 1225 cm-‘, re- 
spectively) have the largest contributions from 
C-N stretch whereas v14 and vj2 (at 1031 and 
1201 cm-‘, respectively) are predominantly C-O 
stretch. On this basis, we assign the bands at cu. 
1225 and llOOcm_’ as derived from the funda- 
mentals v3’ and v13 of morpholine, respectively. In 
the 1100-1040cm-’ range one or two bands (or 
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Table 3. IR bands (cm-‘) of free and coordinated morpholine 

Free morpholine 19 Ni(CsF5)2M2 Ni(NO,),M3 NiBr2M3 NiBr2M2 NiI2M4 

Vl 3298s (NB str) 327lm 3237s 3195m 3188s 3173s 

(33368) 3228931 3201s 3180sh 3116s 3144s 

v30 1319s 1306s 1304s 1306s 1310s 1318s 

“11 1272m 1281s 1280s,br 1280m 1270~ 1279s 

v12 1248s 1257s 12501~ 1259m 1258s 1255m 

1251m 

v31 1225m (CN str) - 1232m 1225m 1225m 1224m 

Q2 1201111 (CO str) 1194m 1193m 1195m 1197m 1200m 

1175m 

“34 1108~s 1117vs 1115sh 1116~s 1120sh 

(1129m.sh) 

v13 1097vs (CN str) 1087s 1102vs' 1100vs,br1100vs,brllOOvs 

(1062m) 1059s 1046s 1041s 1053m 

Vlll 1031m (CO str) 1028s 1034m 1035s 1029s 1032m 

1025sh 

v37 891m 894m 883sh 894s 893s 883s 

884m(combination) 879vs 872s 879sh 879s 876sh 

VI6 850s.sh 870~s 870~s 862~s 

Values in parentheses are from the equatorial conformer 1' Except for Ni(C6F5j2M2, 

an additional band is observed in the 1600-1550 cm -1 range. However, the fundamental Vet, 

at 1141 cm-1 in free morpholine, is not observed in the spectra of nickel compounds. 

shoulders) are observed, which can be derived from 
v13, since the C-N vibration will be al&ted by the 
nitrogen to nickel bonding. Except for NiBr2M3, 
the C-O stretching modes are observed in the 
spectra of the nickel complexes at nearly the same 
frequency as in free morpholine, indicating that the 
neutral ligand acts here as unidentate N-donor 
ligand. However, in NiBr,M, the C-O stretching 
modes appear as double bands (1195, 1175 cm-’ 
and 1035, 1025cm-I, respectively), which can be 
attributed to the presence of both unidentate and 
bidentate morpholine. These results are compatible 
with those obtained from the corresponding anal- 
ytical and electronic spectral data. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 
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KINETICS AND SALT EFFECTS OF THE REDUCTION 
OF OCTACYANOMOLYBDATE(Y) AND 

OCTACYANOTUNGSTATE(V) BY SULPHITE IONS 
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Department of Chemistry, University of the Orange Free State, 

Bloemfontein 9300, Republic of South Africa 

(Received 11 April 1983; accepted 23 May 1983) 

Abstract-The kinetics of the reduction of octacyanomolybdate( and octa- 
cyanotungstate(V) by sulphite ions has been studied over a wide pH range. The reaction 
is catalysed by alkali metal ions. The rate law is found to be of the form: 

R = a[A+l + b[H+l 

c + [H+] > 

w(CN) 3-][SO 2-l 
8 3 * 

The third order rate constants at [OH -1 = 0.05 mol dme3 for the reduction of Mo(CN),~- 
and W(CN),3- were determined as 6.2 x 103dm6mol-2 s-i and 22.3 dm6mol-2s-’ re- 
spectively at 298 K for A+ = Na+ while K. for the hydrogen sulphite ion was determined 
as 2.4 x 10e8 mol dmp3. It was established that the reaction proceeds via an outer-sphere 
mechanism. An explanation for the alkali metal ion catalysis is proposed. 

The reaction between hexacyanoferrate(II1) and 
sulphite ions has been the subject of various pub- 
lications. Both inner- and outer-sphere mech- 
anisms have been proposed. An inner-sphere 
mechanism’ via a Fe(CN),S034- intermediate was 
proposed but later studies2 with labelled *4CN-ions 
disproved the existence of such a species. Brown 
and Higginson also prefered an inner-sphere 
mechanism because the hexacyanoferrate(II1) 
ion is a mild oxidant. Other studies4*’ sugges- 
ted a mechanism where a complex, 
[Fe(CN),(CNSO,)]‘-, is formed between the 
hexacyanoferrate(II1) and sulphite ions, in which 
the sulphito group is bonded directly to a cyan0 
ligand. This was described as a compromise between 
an inner- and outer-sphere mechanism. A 
reinvestigation6 has shown that the SO; product 
radical ion of the rate determining step also formed 
a similar intermediate in the subsequent reduction 
of Fe(CN)63- ions. 

The Fe(CN)63- - S032- reaction, with first or- 
der dependences on hexaoyanoferrate(II1) and sul- 
phite ion concentrations respectively is retarded by 
addition of product Fe(CN)64- ions7 whilst [OH-] 
had no significant effect on the reaction rate for 

*Author to whom correspondence should be. ad- 
dressed. 

the concentration range between 0.26 and 
0.60mol dme3. These results led to a proposed 
radical and complex forming reaction mechanism 
in which observed alkali metal ion catalytic effects 
were not .provided for. The kinetics of the re- 
duction of octacyanomolybdate(V) and octa- 
cyanotungstate(V) by sulphite ions were in- 
vestigated in order to compare the kinetics of these 
reactions with that of Fe(CN)63- with S032-, as 
well as to clarify the alkali metal ion catalysis. 

EXPERIMENTAL 

Cs3Mo(CN),~2H2G and CS3W(CN)8e2H20 were 
prepared by literature methods”” and were used as 
primary standards after recrystallization. Anal- 
ytical grade sodium sulphite was used as source of 
sulphite ions and was standardized by an io- 
dimetric method. All other reagents were of anal- 
ytical grade and redistilled water was used 
throughout. The desired buffer solutions at con- 
stant ionic strength for the kinetic measurements at 
a pH between 5 and 9 were prepared by mixing 
suitable volumes of 0.067 mole dme3 Na,HPO, 
and 0.20 mole dm - 3 NaH,PO,. An Orion pH- 
meter (model 701) was used for pH measurements. 

The sulphite ion concentrations in the reaction 
mixtures were at least ten-fold in excess to the 
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concentration of the complex cyanide to ensure 
pseudo-first-order reaction conditions. Sodium 
ethylenediaminetetraacetate was added to each re- 
action mixture to suppress catalysis by metal ion 
impurities. The reaction progress for the reduction 
of the Mo(CN),~- was followed by measuring the 
decrease in [Mo(CN),~-] at 390 nm using a Dur- 
rum D-l 10 stopped-flow spectrophotometer while 
the reduction of W(CN)83- was followed by mea- 
suring the decrease in w(CN),3-] at 357 nm using 
a Pye Unicam SP 1700 spectrophotometer. In both 
cases the temperature was controlled to within 
0.1 K. 

The stoichiometry of both reactions was deter- 
mined volumetrically by oxidation of the products 
M(CN&“- (M = MO, W), with standard Ce(IV) 
solutions using N-phenylanthranilic acid as indi- 
cator. The fact that a plot of the first order rate 

constant against alkali metal ion concentration is 
linear with a zero intercept (Fig. 1) show a very 
strong alkali metal ion catalvsis. To show that this RESULTS AND DISCUSSION 

-’ 
r 

The stoichiometry determinations confirmed the effect is not due to the variation of the ionic 
overall reaction in alkaline medium to be: strength, the alkali metal ion concentration was 

varied at constant ionic strength using KCl, KrSO, 
2M(CN); - + SO: - +2M(CN);- + SO: - . and K,Co(CN), as electrolytes (Table 1). These 

(1) results clearly show the alkali metal ion catalysis. 
The observed dependence of kobs on the pH (Fig. 

kinetic results show that the reactions are also first 
order with respect to [SO,*-] while the concen- 
tration of the product, [M(CN),4-], had practically 
no effect on the reaction rate. Both reactions show 
first order dependence with respect to the alkali 
metal ion concentration. The effect of the different 
alkali metal ions on the rate of the reaction 
between W(CN)z- and SO:- at [OH-] = 
0.05 mole dme3 are shown in Fig. 1. It was also 
found that the reaction rate is independent of 
[OH-] for pH > 9.0 and dependent on [OH-] for 
pH < 9.0. The effect of the pH on the reaction rate 
for the reaction between Mo(CN),‘- and SO:- in 
the presence of sodium ions is shown in Fig. 2. The 
third order rate constants for the various alkali 
metal ions for the reduction of Mo(CN),~ - and 
W(CN),3- at high pH are shown in Fig. 3. 

The pseudo-first-order plots of log [M(CN),3-] vs 2) as well as the first-order dependence in each of 
time were linear for at least two half lives. The alkali metal (A+), sulphite and M(CN)83- ion 

0.2 OP4 0,6 0,8 

[Alkali metal ion] (mol dmm3) 

Fig. 1. A plot of kobs vs alkali metal ion concentration for the W(CN)83- re- 
action [w(CN),3-] = 5 x 10m4, [SO,*-] = 5 x 10m3, [OH-] = 0.05, [EDTA] = 1 x 10-smol dm-3, 

T = 293 K. 
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x0 

3,O 

2,o 

1.0 

6,‘3 9,o 12.0 

PH 

Fig. 2. A plot of kobs vs pH for the Mo(CN),~- reaction. wo(CN),‘-]= 5 x tOe4, 
[SO:-] = 5 x 10-3, [Na+] = 0.1, [EDTA] = 1 x low5 mol dmF3, T = 298 K. 

20.0 

10.0 

Polarisability x lO*'C m3 

Fig. 3. A plot of the rate constant vs polarisability of the alkali metal cations. 
[OH-] = 0.05 mol dme3; T = 298 K. [EDTA] = 1 x lo-‘mol dmm3. 0, Mo(CN):- reaction; n , 

W(CN),3 - reaction. 
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Table 1. Experimental third order rate constants at constant ionic strength with different electrolytes 
for the Mo(CN),S- reaction. [OH-] = 0.05 mol dme3, T = 298 K. [EDTA] = 1 x lo-‘mol dm-’ 

0,20 1,27 0,40 1,2 8 

0,15 1,28 0,30 1.2 8 

concentrations show the rate law to be 

-d [M(CN),3-I = a[A+] + b[H+] 
dt ( c + [H+] > 

x [M(CN)r3 -1 [S03’ -1 

The following equilibria exist in solution: 

HSO, sH+ +SO,2- 

A + + M(CN),3- $ AM(CN),2 - 

A+ + SO:- 2 ASO; 

(2) 

(3) 

(4) 

(5) 

Equilibrium 3 explains the observed hydrogen ion 
dependence. The increase in the reaction rate with 
increase of pH (see Fig. 2) shows that the S032- 
ion is much more reactive than the HSO; ion. The 
lower reactivity of the HSO; ion may be explained 
as follow: Connick” has shown that the following 
equilibria exist in aqueous solution 

:S032 - + H + + H : SO; = HOSO; 

I II 

I is the dominant form while isomer II is present 
in only a small amount. Both isomers I and II will 
be unreactive; in I the lone pair is tied up by the 
H+ ion while in II electron density will be with- 
drawn from the sulphur atom by the H+ ion. 

Equilibria 4 and 5 represent the outer-sphere 
ion-pair formation reactions. The association con- 
stants, K2, for a few cations with Mo(CN),~- and 
W(CN),3- were determined with specific-ion elec- 
trodes, see Table 2. These values are of the same 
magnitude as found for cyanocomplexes (3: 1 
electrolytes) determined by conductivity 
measurements’2. 

The association constant K3 is not known. It is 
however expected to be lower than the value for 
SOA2- with K+ ions fannrox. 3 dm3 mol-9. The 

formal charge on the sulphur atom in :SO,Z- is + 1 
and - 1 at each oxygen atom while in the case of 
S042- the formal charge on the sulphur atom is 
zero and - f on each oxygen atom. A cation paired 
to SO/- gets thus less nett repulsion from the 
nearby sulphur atom than in S032-. Apart from 
this, it is expected (as in the case of HSO;) that 
ASO; will be less reactive than S032-. 

It is clear from the above discussion that reac- 
tions 4 and 5 cannot explain the strictly first order 
dependence (see Fig. 1) of the reaction in the alkali 
metal ion concentration range employed. 

The experimental results may be explained by 
the following reaction mechanism: 

HSO; $H+ + SO;- 

A + + M(CN),3 - 2 [(CN),MCN : A12- 

[(CN),MCN : Al2 - + SO; - 

2 [(CN),MCN : A : S0314- 

[(CN),MCN : A : S0314 - 1: SO3 : 

+ M(CN),4 - + A + 

(3) 

(6) 

(7) 

(8) 

Table 2. Association constants for alkali metal ions with 
complex cyanide ions. T = 298 K; I = 0.1 mol dm-’ 

Catim AIllOll K ass (dm3 ml-]) 

Kf 3- WCN)6 4,8 + 1 _ 

K* ;;zC;;: 9.6 t 3 _ 

Na+ 8 13.5 + 6 

Na+ 3- Mo(CNJ6 10.0 + 2 

CS+ 3- 
Mo(CN)6 9.5 t 3 _ 

I CS+ W(CN);- 7.9 + 2 

T \ II I J 
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HSO; + M(CN): - 2 [(CN),MCN : H : SO,]‘- (9) 
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[(CN),MCN : H : S03j4 - 2 SO3 : 

+ M(CN),4- + H + (10) 

SOS’ + M(CN),3 - 2 SO,* - + M(CN),4- 

(11) fast 

Reactions 6-8 represent the contact ion-pair 
formation between complex cyanide and alkali 
metal ions, bridging of the lone pair on S03’- with 
the cation part of the contact ion-pair and the slow 
rate determining step respectively. K;, the contact 
ion-pair formation constant, is expected to be 
much smaller than K, (reaction 4) since A + is more 
specifically bonded to the nitrogen lone pair of a 
cyanide ligand in contrast to the outer-sphere ion 
association of equilibrium 4. 

Reactions 9 and 10 explain the slow observed 
reaction rate in acidic solution, see Fig. 3. The 
hydrogen bond formation between HSO; and 
M(CNJ3- (reaction 9) explains the absence of any 
alkali metal ion catalysis in acidic solution. Such a 
hydrogen bond formation was also proposed for 
the solid state in the crystal structure deter- 
mination of H4W(CN)8.4HCl*12H20’3 and tet- 
rakis(pyridinium - 2 - carboxylicacid)octacyano- 
molybdate(IV)‘4. 

The rate law according to the proposed mech- 
anism is given by 

- d[M(CN),3 -1 MW;I(4[A+l+ k,K,[H+l = 
dt K, + W+l > 

x [S032-]T[M(CN)83 -I. (12) 

This corresponds to the experimental results (eqn 
2) with a = k,K,K;&, b = k2K5 and c = K1. 

The value of K1 for reaction 3 was calculated 
from a least squares fit of the data in Fig. 2 to eqn 
(12). The calculated value of pK, = 7.62 at 
I = 0.1 mol drne3 is in very good agreement with 
the value given by Meites” and DickI of 7.64 at 
I = 0.1 moldmd3. 

Futher evidence for the proposed mechanism is 
the increase in the reaction rate from Li + to Cs + , 
see Fig. 3. The same phenomena as well as strictly 
first order dependence on the alkali metal ion 
concentrations were also observed for the reactions 
of Mo(CN)d- and/or W(CN),3- with I-“*‘*, As 
(III)‘9.M, Se(IV)2’, Te(IV)” and thiourea.23 The 
large increase in the reaction rates from Li+ to 
Cs+ may be due to the greater effectivity of the 

2 
Y0 
z? 
.-I 

I / I I I 

0,4 '3.6 0, 

Reduction potential, E" (Volt) 

Fig. 4. A plot of log kob vs reduction potential 
(A+ = Na+). 

larger alkali metal ion as a charge buffer (and thus 
stabilization of the proposed intermediate 
[(CN),MCN : A : SO,]‘-) and a bridge for electron 
transfer. Another evidence for this view on the 
catalytic effect of the alkali metal ions where they 
serve as an electron bridge is the linear relationship 
between the experimental rate constants and the 
polarizability24 of the cations, (see Fig. 3). 

The Marcus cross-relation (eqns (13)-(15)) pre- 
dicts a type of linear behaviour with gradient 8.46 
where k12 is the cross-reaction rate constant, k,, and 
kz2 are the self exchange rate constants for the 
couples and K,, is the equilibrium constant: 

k,z = &&W)“2 (13) 

n (AE”) 
logK=m (14) 

log kn = 0.5(log k,, + log k22 + logf) 

+ 8.46 n(AE”). (15) 

A plot of logk,, (A+ =Na+ and 
[OH-] = 0.05 mol dmd3) for the oxidation of the 
sulphite ions by Mo(CN),~-, W(CN)d - and 
Fe(CN),3- (last value from Swinehart’) vs E” of 
the oxidizing agents25(Fig. 4) is linear with a gra- 
dient of 9.2 V-l. This is in very good agreement 
with the theoretical value and show that the Mar- 
cus theory is valid for those oxidations. This result 
also support the outer-sphere reaction mechanism 
proposed for the Fe(CN)Q--sulphite reaction.’ 
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Ahstraet-Stereochemical non-rigidity in the complexes [M(CO)S(SCH2SCH,SCH2SCHJ] 
(M = Cr or W) has been studied by dynamic nuclear ma~etic resonance spectroscopy. In 
the temperature range ca. - 100 to 120°C two intramolecular processes were observed, 
namely pyramidal atomic inversion about sulphur atoms, and a commutation of the 
M(CO), moiety between coordination sites on different sulphur atoms. Accurate energy 
barriers for both processes have been obtained by detailed computer simulations of the 
static and the dynamic spectra. The magnitudes of AG* (298.15K) are compared with 
those reported for related complexes. The exact nature of the M(CQ),, shift cannot be 
unambiguously assigned from the observed spectral line-shape changes. Two possible 
mechanisms are proposed and discussed. 

Dynamic NMR studies’ have cast considerable 
light upon fluxional processes, and in recent years 
we have shown2-8 that coordination complexes of 
the general formula [M(CO),L] (M = Cr, MO or 
W; L = a sulphur or selenium containing ligand) 
can undergo a remarkable variety of intra- 
molecular ~a~angements. To date, such fluxions 
include pyramidal atomic inversions,2-s 1,2-metal 
shifts,4y5 1,3-metal shifts,2*‘*8 and ~mem~red ring 
reversals.*~8 Accurate energy barriers for all of these 
processes have been obtained utilising well devel- 
oped spectral line-shape analysis techniques9 Dur- 
ing the course of these investigations it has become 
evident that the magnitude of AG+ (298.15 K) for 
such processes is dependent upon several factors 
such as the nature of the metal centre, the ligand 
atom and the stereochemistry of the ligand. 

We have recently reported8 the results of in- 
vestigations into the stereochemical non-rigidity of 
Group VI metal pentacarbonyl complexes of sub- 
stituted and u~ubstituted 1,3,5-trithian. At tem- 
peratures above ambient a commutation of the 
M(CO), group, via a series of 1,3-shifts, over all 
possible sulphur coordination sites was observed. 
It was postulated that the magnitude of the AC* 

*Author to whom correspond&x should be ad- 
dressed. 

(298.15 K) parameter for such a process is largely 
dependent on the skeletal flexibility of the ligand. 
In an attempt to corroborate this we have in- 
vestigated the M(CO), complexes of the larger, 
more flexible, eight membered ring ligand 

I i 
1,3,5,7-tetrat~an, SCH,SCH,SCH$CH1. Variable 
temperature ‘H NMR studies of the complexes 

[M(CQ)&CH2SCH2SCH2SCHJ] (M = Cr or W) 
exhibit pyramidal atomic inversions about ligand 
sulphur atoms, and at temperatures well above 
ambient, a commutation of the M(CO), group 
among coordination sites of different sulphur at- 
oms occurs. The precise energy barriers obtained 
for both processes are compared with those for the 
corresponding trithian complexes. 

EXPERIMENTAL 

waterways and prep~~ati5~~ 
Metal hexacarbonyls were obtained com- 

mercially, and purified by sublimation 
(50°C/0.0~5 mmHg). 1,3,5,7-te~athian was pre- 
pared and purified using literature procedures.i”~‘i 

I 
The complexes ~M(CO)~~SCH2SC~~SCH2SC~2~] 
(M = Cr or W) have been previously reported.i2*i3 
All reactions and manipulations were performed 
under an atmosphere of nitrogen, using freshly 
distilled, nitrogen purged solvents. Analytical data 
are reported in Table 1. 

1363 
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Table 1. Characterisation of the Group VI metal pentacarbonyl complexes of 1,3,5,74etrathian (L) 

Complex M.p.a (‘C) 
Analysis b (%I Infrared c-o Stretch (cm-‘) 

C 

C H Al(m) E(vs) A1 (m) 

wo)sLl 93-9s 21.96 (21.25) 1.46 (1.59) 2076 1944 1940 

[wco),Ll 109.5-110.5 28.67 (28.70) 2.18 (2.15) 2068 1985 1948 

* Uncorrected 

b Calculated values in parentheses 

C Recorded in n-hexane; spectra calibrated against polystyrene film. 

Spectra Low temperature studies 
These were obtained as described in detail in a 

previous publication.8 
At ambient temperature the 100 MHz ‘H NMR 

1 

Line shape analyses 
These were carried out using modified versionsI 

of the original DNMR3 program of Kleier and 
Binsch.15*16 Variable temperature experimental 
spectra and computer simulated spectra were com- 
pared visually until “best-fits” were obtained. The 
rate constants so obtained were used with the 
sample temperatures, to obtain the Arrhenius and 
Eyring activation parameters for the fluxional pro- 
cesses, using a least squares fitting technique. Er- 
rors quoted for the free energy of activation (AG*) 
were calculated from the standard deviation term 
/o(AH*)- Ta(AS*)I as prescribed by Binsch and 
Kessler.9 

spectrum of [Cr(CO)5(SCH2SCH2SCH2SChJ in 
CD,CI,/CS, (70 : 30, v: v) shows two singlets, in- 
tensity ratio 1: 1. The four methylene protons 
adjacent to the coordinated sulphur atom are 
closest to the influence of the metallic group and 
are therefore assigned to the singlet at higher 
frequency. Cooling to below - 100°C caused this 
signal to resolve into an AB quartet (see Fig. 1). 
Concurrently, the other (lower frequency) singlet 
was observed to broaden significantly. These spec- 
tral changes are consistent with the cessation of 
pyramidal atomic inversion of the coordinated 
sulphur atom. 

RESULTS 
‘H NMR studies 

The two complexes [M(CO), 
(SCH2SCH2SCH2SCH2)] (M = Cr or W) showed 
essentially similar spectral changes at temperatures 
both above and below ambient. The chromium 
complex is taken as typical. 

Crystallographic studies have establishedI the 
boat-chair arrangement to be the conformation of 
the molecule of 1,3,5,7_tetrathian. It is not unrea- 
sonable to assume that the boat-chair structure is 
retained in solutions of the Cr(CO), complexes. 
This results essentially in two different molecules 
depending upon whether the Cr(CO), moiety is an 
axial or equatorial substituent to the ligand ring as 
illustrated in Fig. 2. Two fluxional processes can 
interchange these conformations. The effects of the 
sulphur atom inversions and the ring reversals 

ABBk . 
ki1.3l 

- A’ABB’ 

k(1.3) 

Scheme 1. 
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-60.9 vl 3/t I 
-73.3 
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-76.0 
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-m.o 

/-.-JJJL 

I 

-92.3 

JJJJt 

402.3 

Fig. 1. Experimental and computer simulated low temperature spectra of [Cr(CO), 

(SCH,SCH,SCH,SCHJ showing the effects of pyramidal sulphur inversion; L = free 
ligand, M = metbylene protons attached to C(2) and C(3). 

Equatorial Axial 

I 
Fig. 2. Possible conformations of [M(CO),(SCH,SCH,SCH,SCHz)] (M = Cr or W). 

upon the methylene protons closest to the metal 
coordinated snlphur are illustrated in Fig. 3. If 

corresponding to the relative populations of the 

both processes were slow on the NMR time scale 
two different molecules (I + III) and (II + IV). It 

the spectrum for these four protons would consist 
has already been notedi however, that ring rever- 

of two AB quartet patterns in an intensity ratio 
sal in uncomplexed 1,3,5,7-tetrathian is rapid even 
at - 170°C. Further, it has heen shown that coor- 
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I 

RR IAB = 0A) RR 

I , 

OCO’C’ - BAB'A' 

S.I. 

(IV) III11 

Fig. 3. The effect of ring reversal (R.R.) and pyramidal sulphur inversion (.%I.) on the environments 
of the four methylene protons adjacent to the coordinated sulphur atom in 

~(CO)~(kH2SCH2SCH2S~H~] (M = Cr or W). 

dination of such rings to metal moieties has no 
appreciable influence on ring reversal barriers.” 
Thus at cu. - 100°C there would be rapid equi- 
libration of conformers (I) and (II) with (IV) and 
(III) respectively. The single AB quartet observed 
is therefore the ring-reversal-averaged result of the 
two quartets possibly expected. 

Ideally, similar spectral changes should be ob- 
served for the methylene protons on C(2) and C(3). 
However, their greater distance from the metal 
centre very considerably reduces the chemical shift 
difference between the equatorial and axial pro- 
tons, and consequently their ambient temperature 
singlet broadens, but without any well defined 
splitting. 

The full dynamic nuclear spin problem for the 
“metal-adjacent” protons is outlined in Fig. 3., but 
due to the absence of 4J(H-C-S-C-H) coupling 
and rapid ring reversal this simplifies to an 
AB Z$ BA exchange problem. The experimental 
and computed spectra are shown alongside in Fig. 
1. The static parameters used in the band shape 
fittings are listed in Table 2. The coordinated 
sulphur atom inversion energies are given in Table 

3, where they are compared with those of the 
corresponding 1,3,5-trithian complexes. 

High temperature studies 
At ambient temnerature the ‘H NMR snectrum 

I 1 

t I 

of [Cr(CO)#CH,SCH,SCH,SCH,)I consists of 
two singlets of equal intensity from the four equil- 
ibrated “metal-adjacent” protons and the four 
equilibrated “metal-remote” protons. On in- 
creasing the temperature these two singlets collapse 
to a single band (cu. 105 and 120°C respectively for 
the chromium and tungsten complexes), which 
does not exchange with the sharp proton resonance 
of added free ligand. This spectral collapse is 
completely reversible on temperature drop. At 
temperatures higher than those quoted above the 
ligand resonance commences broadening with the 
onset of inter -molecular ligand-metal exchange 
processes. 

The coalescence of these two separate reso- 
nances is consistent with an intro-molecular equi- 
libration of all of the ligand methylene environ- 
ments. As in the cases of the analogous complexes 
of 1,3,5-trithian and #I-2,4,6-trimethyl-1,3,5- 
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Table 2. Static parameters used in calculating the pyramidal inversion energies for the Group VI 
metal pentacarbonyl complexes of 1,3,5,7-tetrathian (L) 

l 

COl&lleX Solvent Av(AB)/Hz 'J(AEI)/Hz -- T&s/ 

wwsLl CrJ*Cl2 26.31 -14.41 0.075 

mco),Ll CD2C12/CS2 22.68 -13.92 0.110 

(70:30. v:v) 

l 

a 
T2 

= (vA"+)-' where Av 
5 
is the measured normal linewidth (Hz) 

at half-height in the absence of exchange. 

Table 3. Arrhenius and Eyring parameters for pyramidal sulphur inversion and M(CO)s commuta- 
tion in Group VI metal pentacarbonyl complexes of 1,3,5-trithian and 1,3,5,7-tetrathian 

Complex PFXelrs EdkJ mol 
-1 

L%&! AH /kJ mol-' + AS f /J K-lmol 
-1 +a 

Lti /k.J mo1 
-1 

[cr(C0)S(s$z$H2)] 
Sulphur 
Inversion 

57.13 *I.16 13.82 f0.24 55.08 t1.16 12.71k4.54 51.23 20.20 

PwJ~s(s~2)l 
Sulphur 
Inversion 

54.56iO.69 13.06 to.14 52.48 to.69 1.81t2.75 53.02 to.14 

# 
[Cr(C0)s(S(312S~2So12SCH31 $f$, 44.56 to.40 13.86 $0.11 42.96 to.40 15.87 t2.10 38.23 ?0.22 

~~~Co~s~s~2s~2s~2sM2)1 ;;zz;,, 40.61t1.74 12.64 20.47 39.01t1.74 -7.6? 9.09 41.28 to.97 

[Cr(C0)s(S~H2)] 1,3-shift 80.62 CO.94 13.63 $0.14 77.80 to.92 6.71t2.72 75.80 to.11 

[W(C0)s(~CH2SCH2S&12)] 1.3~shift 81.3i?1.63 13.32 kO.24 78 Alf1.63 0.27 e4.60 78.33 to.26 

[c~(c0)s(BQ12~~~2~~~2~~~2)] 1,3-shift(?) 86.26 50.83 13.77 :0.12 83.30 $0.82 8.98 '2.30 80.62 10.14 
I 

[W(CO)~(SCH~SCH~SCH~SCH~)] 1,3-shift(?j 87.68 t3.15 13.52 50.45 84.67 t3.17 3.29 ?8.68 83.50 $0.58 

a Calculated for T = 298.1SK. 

trithian,8 this is believed to be a consequence of the 
M(CO), group commuting between the coordi- 
nation sites of the different sulphur atoms. In the 
trithians’ only 1,3-shifts are possible, and the post- 
shift metal destinations are exactly equivalent. 
However, the “additional” sulphur atom present in 
the 1,3,5,7_tetrathian means that in addition to two 
1,3-shift movements, there is a possible 
1,5-movement. These possibilities, along with theii 
effects upon the chemical and magnetic environ- 
ments of all methylene protons, are illustrated in 
Fig. 4. 

Although the full dynamic nuclear spin problem 
initially appears quite complex, the lack of 
4J(H-C-S-C-H) couplings permits simplification 
to that shown in Scheme l(a). This can be further 
reduced to Scheme l(b), where k(T) = 
k(1,3)+ k(1,5). It is immediately apparent that 
there is no possibility of positively deducing 

whether a 1,3 or 1,5 or a combination of both types 
of shift is occurring, since the same nuclear spin 
averaging would occur in all cases. Further, the 
inherent simplicity of the ‘H NMR spectrum ren- 
ders ineffective homonuclear double resonance 
(saturation transfer) techniques, which elsewhere9 
have been so effective in resolving some such 
ambiguities. 

Whilst we are unable to define the exact nature 
of the intru-molecular rearrangement that occurs 

in the complexes [M(CO),(SCH,SCH,SCH,SCH~] 
at high temperature, we favour the idea that 
1,3-shifts are the predominant and possibly exclu- 
sive mechanism, vide infru. The Arrhenius and 
Eyring parameters for the intru-molecular metal 
shifts are listed in Table 3, where they are com- 
pared with those for the corresponding shifts in 
trithian complexes. Static parameters used in the 
band shape fittings arc noted in Table 4. 
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Fig. 4. Diagrammatic representation of 1,3- and l+metal shifts in the complexes 

jM(CO),&CH,SCH,SCH,SdH,)j (M = Cr or W) together with their respective effects on the 
nuclear magnetic spin system of the ligand methylene protons. 

Table 4. Static parameters used in calculating the M(CO), commutation energies for the Group VI 
metal pentacarbonyl complexes of 1,3,5,7_tetrathian (L) 

Complex Solvent Av(AB)/Hr T2*% 

two)& 'Zc14 
SO.56 0.378 

[crw),L1 c,c1,/c,0, 52.61 0.273 

(70:30. v:v) 

. 
T2 

(rrAv ) 
-1 

a = 
8 

where Av 
‘i 

is the measured linewidth (Hz) at 

half-height in the absence of exchange. 
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DISCUSSION 

Energy data of the fruxionai processes 
Of the activation parameters for fluxional pro- 

cesses, AG* has been recognised as least sus- 
ceptible to systematic errors of temperature and 
rate constant.’ We therefore, as previously,%4*6*8 
base our discussions of the relative ease of the 
fluxional processes upon the AG* (298.15 K) val- 
ues listed in Table 3. The intra-molecular nature of 
these rearrangements, is indicated by the absence 
of exchange with added free ligand. Further 
confirmation from the numerical values of log,, A 
and AS* close to 13 and zero respectively for all 
cases is notable in Table 3. 

1. Pyramidal sulphur inversion 
A comparison of AG* values reveals coordi- 

nated sulphur inversion energies for the complexes 
1 1 

[M(CO),(SCHrSCHrSCH,SCH,)I to have a-small 
but finite dependence upon the nature of the 
Group VI metal, that for chromium being ca. 
3 kJ mol-’ less than for tungsten. This is in line 
with previous observations in Group VI metal 
carbonyl complexes. Such a trend we believe to be 
the result of two main factors.2’Z Increasing elec- 
tron withdrawal from an inverting centre leads to 
increased inversion barriersz3 With electro- 
negativities of chromium and tungsten being 1.56 
and 1.40 respectively,” we would expect the chro- 
mium complex to have the larger AG* for in- 
version, the reverse of what is observed. However, 
(p--+ interaction of lone pairs of electrons on the 
inverting sulphur atom with the metal leads to a 
lowering of the inversion barrier,*’ and this effect 
has been postulated as an explanation for the 
different inversion barriers of dialkylsulphides in 
Pd(I1) and Pt(I1) complexes.14J5,26 For sulphur in- 
version, the (3p-3d)a conjugation in the chromium 
complex will be a considerably more effective 
overlap than the (3p-5d)x conjugation in the 
tungsten analogue. 

The relative magnitudes of the electronegativity 
and conjugation effects will control the magnitude 
of AG* for the inversion process, and in these 
complexes, with AG* in the order W > Cr, the 
conjugation effect apparently overrides the electro- 
negativity influence. 

When an inverting atom is incorporated into a 
ring, the energy barrier increases with reduction in 
ring size as the “angle-strain” in the transition state 
becomes greater. 22 The CSC ground s tate bond 
angles for the 8- and 6-membered rings 

1 , 1 
SCH2SCH2SCH2SCH2 and SCH2SCH2SCH2 are 
102.6”” and 98.9”*’ respectively. Both of these 
should ideally become 120” in the transition 
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state of the inversion process, and easier access 
of the g-membered ring to the transition state is 
highlighted by a difference of ca. 10 kJ mol-’ 
in the AG* values in Table 3 for the 8- and 
6-membered rings. Indeed AG* values for the 
metal pentacarbonyl . complexes of the 
very flexible 1,3,5,7_tetrathian are very compar- 
able to those of the acyclic complexes** 
[M(CO)S(CH3SCH2SCH2SCH3)] (AG* = 42.5 and 
41.6 kJ mol-’ for W and Cr respectively), in which 
“angle-strain” would be virtually zero. 

2. Metal group commutations 
As already noted, the very simple line-shape 

changes that occur in the high temperature spectra 

of the complexes lM(CO)S(SCH2SCH2SCH2SCH2)] 
(M = Cr or W) do not allow us to discern the 
precise nature of the M(CO)S commutation. The 
1,3,5,7-tetrathian has much greater flexibility than 
the 1,3,5-trithian. Whereas the 6-membered ring 
has an observable slowing of its chair-chair ring 
reversal (‘H NMR coalescence temperature of only 
-33”C)*’ there is no observable slowing of any 
ring conformational process in the tetrathian li- 
gand down to - 17O”C.‘* A comparison of energies 
for M(CO& commutations (Table 3) shows AG* 
values to be significantly greater (ca. 5 kJ mol-‘) 
for complexes of 1,3,5,7_tetrathian than those of 
1,3,5-trithian. We have previously proposed* that 
AG* values for 1,3-metal shifts are largely 
dependent upon the skeletal flexibility of the 
ligand system. Once again the high flexibility 
of the 8 membered ring bears comparison 
with the very flexible acyclic analogues. Thus 
AG+ for the proposed 1,3-shift in 

[W(CO)~(SCH2SCH2SCH2SCH2)] is 83.5 kJ mol-’ 
compared with 84.6 kJmol_’ for the 1,3-shift in 
the acyclic complex [W(CO),(CH3SCH2SCH3)].6 

In a previous study’ we found that AG* for a 
1,3-shift in complexes of 1,3-dithian (a two-sulphur 
heterocycle) was much greater than that in 
1,3,5-trithian (a three-sulphur heterocycle). As 
both these ligands have similar flexibilities, it 
would appear that perhaps a statistical factor 
associated with the reduced probability (in 
1,3-dithian) of access to a suitably placed sulphur 
atom for the 1,3-shift is in evidence. Therefore, on 
purely statistical grounds a 1,3-shift in the tet- 
rathian complexes would be favoured over a 
1,5-shift. However, there are also the relative dis- 
tances involved in these two types of commutation 
to be considered. It is pertinent to note that in the 
complexes of l+dithian, a two-sulphur hetero- 
cycle with an almost identical skeletal flexibility30 
to that of 1,3dithian, a 1,4-shift was not observed 
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at any temperature.31 This would initially imply 11. 
that any 1,Sshift would be even less likely. How- 
ever, with highly flexible 8-membered ligand 12. 
rings, certain conformations may bring sulphur 
atoms within sufficiently close proximity for 13. 

l&metal shifts to be feasible. In other words, very 
high ligand flexibility and 1,Smetal shifts may be 

14 
’ 

to some extent mutually compatible. 
It therefore remains an open question as to 15. 

whether 1,3-, 1,5- or both types of shifts are 
operating in these tetrathian complexes. However, 16. 
since the measured activation energies follow the 
energy trends of clearly identified 1,3-shifts in other 
complexes, it would seem most likely that, in these 17. 
8-membered ligand ring complexes, a 1,3- 18 
sulphur-metal commutation is the dominant * 
fluxion. rn 

5. 

6. 

7. 
8. 

9. 

10. 
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SYNTHESIS AND CHARACTERIZATION OF URANIUN (VI) CHLORIDE FLUORIDES 

Willard II. Beattie and William B. Maier II 

Chemistry Division 

University of California, Los Alamos National Laboratory 

P. 0. Box 1663, Los Alamos, New Mexico 87545 

Abstract-&anium (VI) chloride fluorides were synthesized by the reac- 

tion of liquid HCl and solid UFs between -80 and -114°C. These dark red 

compounds are unstable above -40 to -6OY. The simplest formulas derived 

from compositional analysis are UFsCl and UF,Clp. 

INTRODUCTION 

Compounds of the type MF5C1, where M is sulfur,' selenium, 
2 

tellurium, 
3 4 

tungsten, or 

rhenium5 have been synthesized, and the existence of UF5Cl has been postulated. 
6 

In addi- 

tion, UF4C12 has been made by photolysis of UF4 and Cl2 in an Ar matrix. 
7 

We report here the 

preparation, and quantitative analysis, of mixtures of UF5C1, uF4C12, and UF3C13. 

These compounds were first observed during solubility studies of UF6 in low-temperature 

solventsSyg when a red product formed from solid UF6 in liquid HCl at -80 to -114°C. The red 

pkoduct was very soluble in HCl; the solution was bright red at low concentrations and opaque 

at high concentrations. The solubility of UF6 in HCl was not measurable in the presence of 

the reaction product, but it was <O.Oln from the estimated weight of the undissolved solid 

lIF6* 
Attempts to synthesize uranium (VI) compounds of the type UF6_nCln, where 1 5 n 5 5, at 

room temperature have been unsuccessful. If UF6 is mixed with BC13, TiC14 or A1C13 and 

warmed to ambient room temperature, the only U(V1) compound reported is UC16. 
10 

It is 

interesting to note that Michallet et al 
11 

observed intense red color when UF 
6 
was mixed with 

cold liquid or solid TiCl 
4 

at temperature as low as -80 K, but they attributed the color to a 

complex, UF 
6 
-2TiCl 

4' 
We have examined the reaction of UF6 with several chlorinators. Well-controlled prepar- 

ations can be arranged by dissolving both the UF6 and either BC13 or Tic14 in a cold liquid 

solvent, such as CFCl 3, Xe, Kr, or SiC14. When the chlorinator is HCl dissolved in liquid 

Xe, the order of mixing is important: if UF 
6 

is first dissolved, the red color fails to 

develop upon addition of HCl; if HCl is first dissolved, the UF6 initially deposits in the 

cell as a solid and a red solution results. Cl 2' CC149 and SiC14 do not react rapidly with 

UF6 at T 2 25Y. UF6 reacts when mixed with SOC12, POC13, and PC13, but the reaction stops 

with ponderable solid UF6 and chlorinator remaining, and the UF6 is probably reacting only 

with impurities in these three chlorinators. 

The most successful preparative technique involving neat HCl and solid UF6 is described 

here. The reactions that occur in this synthesis are 

UF6 (s) + HCl + UF5Cl + HF (1) 

UF5Cl + HCl + UF4C12 + BF 

1371 

(2) 
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DF4c12 + HCl + DF3C13 + HF, etc. (3) 

Identification of the UF 6_"Cln species has been accomplished by combining several tech- 

niques. Nuclear magnetic resonance spectroscopy gives evidence that there are no unpaired 

electrons in the soluble compounds produced by low-temperature reaction between DF6 and 

liquid HCl, and we infer that these compounds are hexavalent uranium species. NBR also 

suggests that the reaction between DF6 and liquid HCl mostly produces species with n 5 3 in 

our studies.12 Wavenumbers calculated l3 for DF 6_nCln from a simple force-field model and 

from force constants estimated from lJF6, UC16, and UF5Cl spectra are in good agreement with 

wavenumbers of observed infrared absorption features. 
8 

Changes produced in the infrared 

spectra of DF6_nCln mixtures by photolysis, by thermal decomposition, and by dissolution in 

various inert solvents have been used to help identify the different DF6_nCln species. 

Changes in infrared spectra during reaction between DF6 and either BC13 or Tic14 indicate 

that chlorination normally proceeds sequentially; i.e., DF5Cl forms first, then DF C12, etc. 

DF6_nCln species have been identified for all values of 0.2 n 5 6 in other 
$4 

studies, but for 

the studies reported here, compounds with more than three chlorine atoms were not detected. 

EXPERIHENTAL 

The UF6, obtained from the Oak Ridge Gaseous Diffusion Plant, was treated to reduce BF 

to <0.01x. The HCl, Airco electronic grade 99.99% pure, was used without further purifica- 

tion. 

The preparation was carried out in either a borosilicate glass or a Kel-F reflux appar- 

atus, which allowed the HCl to react with the solid DF6 in one vessel and the product to 

collect in another. The borosilicate glass apparatus, shown in Fig. 1, and the Kel-F appar- 

atus are similar, and no other materials were used except that the Kel-F apparatus also has a 

none1 diaphragm valve and a Teflon coated stir bar. The reflux apparatus was held in a clear 

glass dewar flask with the upper tubes protruding through an 8-cm-thick Styrofoam cover. The 

temperature was controlled by varying the flow of a stream of cold N2 gas through the inner 

part of the dewar flask. Voltage from the thermocouple in the reaction vessel was monitored 

by an automatic temperature controller that controlled the N2 flow. 

The procedure is as follows. The apparatus is evacuated, and DF6 is sublimed from a 

calibrated volume at known temperature and pressure into the reaction vessel. Then 10 to 15 

m!2 of HCl (L lOO-fold molar excess) is condensed over the DF6 at -80 to -114'C until the 

liquid levels reaches the top of the spill tube and fills about half of the sample vessel. 

The sample vessel is heated electrically to 10 to 40% above the reaction vessel, so that the 

HCl vaporizes and recondenses in the reaction vessel. This condensation causes more liquid 

to spill over into the sample vessel. The reflux rate is typically 0.1 to 0.5 m8/min. The 

red solute is continually removed from the reaction vessel and concentrated in the sample 

vessel. The high-mass density of the solid DF6 particles prevents them from rising to the 

level of the spill tube, even with vigorous stirring. Typically, it takes 8 to 16 hours for 

the solid DF6 to disappear completely and for the red color of the solution to vanish from 

the reaction vessel for a typical DF6 fill of 2 to 4 rmaoles. The HCl is then removed (with- 

out boiling or bumping) by lowering the temperature to (-127OC and by pumping on the frozen 

mixture. When most of the HCl has been pumped away, the solid remaining in the sample vessel 

is held at -80°C and pumping is continued for $16 hours to remove traces of HCl. The final 

pressure obtained is 10 
-2 

to 10 -3 Pa (lo-4 to 10 
-5 

torr). After removal of the HCl, the 

samples collected at -80°C were dark-red porous lumps. 
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MONEL DIAPHRAM VALVE 

KOVAR TO GLASS SEAL 

-STYROFOAM PLUG 

-UNSILVERED DEWAR 

, LIQUID HCI LEVELS 

/ REACTION VESSEL 

rTHERMOCOUPLE WELLS 

-MAGNETIC STIRRING 
BAR (TEFLON -COATED) 

-HEATER 

+SAMPLE VESSEL 

Figure 1. Borosilicate glass apparatus for preparation of uranium chloride fluorides. The 

interior of the dewar is cooled by cold N2 vapor. A solution of uranium chloride fluorides 

in liquid HCl spills from the reaction vessel into the sample vessel. The HCl is evaporated 

and then recondensed in the return tube. 

Samples of the solid red material were obtained by immersing the sample vessel in liquid 

N2 and by sealing the neck, if glass, or by clamping off the tube, if Kel-F, under vacuum. 

The sealed sample vessel was allowed to warm to room temperature with attendant thermal 

decomposition. Quantitative analysis of uranium, fluorine, and chlorine, and semiquantit- 

ative spectrochemical analysis for metals were done on the solid phase. In some experiments, 

mass spectrometric analyses were done on the gases evolved during thermal decomposition of 

the sample. 
15 

The residue in the reaction vessel and connecting tubes was collected in 

water, and the amount of uranium was determined. 

The gases existing in the cold reflux apparatus after preparation were sometimes quan- 

titatively analyzed by mass spectrometry. 
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RESULTS AND DISCUSSION 

A gas sample collected from a sample prepared at -12OOC in the glass apparatus, before 

pumping off the HCl, contained no F2, C12, ClF, ClF3, or SiF4, but did contain RF, which is 

consistent with reactions (1) and (2). A gas sample collected at -80°C from a sample pre: 

pared in the glass apparatus contained C12, SiF4, and traces of HF. The decrease in IIF 

concentration and the increase in SiF4 concentration indicate that the RF found in samples 

collected at -80°C (compared with those collected at -12OOC) reacted with the glass. The 

principle reaction with glass is given by 

4HF + Si02 + SiF4 + 2H20 . (4) 

Samples prepared in the Kel-F apparatus had small green patches, identified as UF4, that 

formed at the top of the HCl liquid phase before it was pumped off. Samples prepared in 

glass had similar green patches. The UF4 was probably produced by a reduction of the uranium 

by the IiCl gas phase, e.g., 

lJF$l + HCl(g) + UF4(s) + HF + Cl 
2 ’ (5) 

as suggested by the Cl2 found in samples collected at -8d°C. Reaction 4 is similar to the 

reported reduction of UF6 to uF3 by gaseous HBr. 
16 

Thermal decomposition of the product, which occurs at temperatures between 

-60 and -40°C, is observed as a gradual change from dark red to brown, accompanied by evolu- 

tion of C12, some residual HCl, and traces of HF. Thermal decomposition of samples prepared 

in borosilicate glass evolved SiF4 and a small amount of BF3 in addition to the above named 

compounds. The brown solid did not dissolve when it was retooled and fresh liquid HCl was 

added. 

pounds, 

UF8Cl + 

These observations indicate that the brown product probably consists of U(V) com- 

and therefore the initial thermal decomposition reactions are believed to be 

UF3 + l/2 Cl2 , (6) 

UF4C12 -b UF4c1 + l/2 Cl2 , 

and 

UF3c13 
1 

+ UF3C12 + 2 Cl* . (8) 

On continued warming, samples prepared in glass slowly changed from brown to olive green and 

the pressure increased. The green solid is soluble in -711 HN03-but not in H20-and contains 

no chloride ion (by AgN03 test). The observed stability, color, absence of chlorine 

and insolubility serves to identify the green solid as UF4. 

Quantitative chemical analyses of the chlorine, fluorine, and uranium in two particular 

samples, I and II, were carried out. 
17 

The fluorine analysis was carried out in two steps, 

which distinguished the F in U(W) compounds from that in U(V) compounds. 

In step 1, the sample was reacted with excess water, and the resulting fluorine'and 

chlorine were determined. In step 2, the fluorine in the remaining solids was determined by 

pyrohydrolysis. The reactions of some uranium fluorides and chloride fluorides with excess 

water in step 1 are 

UF~ + 2H20 + U02F2 + 41f~' , (9) 
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ZUP~ + 2H20 + UP4 + U02F2 + 4HF 9 (10) 

2UF Cl+ 2HO + UP-4 + U0F + 2HF + 2HCl 
4 2 22 

, 

2~~3C12 + 2H20 + UP4 + U02F2 + 4HCl , 

(11) 

(12) 

UF + H 0 + no reaction . 
4 2 

(13) 

UF5C1 and UF4C12 are not included here because they decompose above -40 to -6OV. These 

reactions indicate that the fluorine released (as HF) in step 1 should be 4 moles per mole of 

UP69 2 per UF5, 1 per UF4C1, and none per UF3C12 or UF4; the remaining fluorine released from 

the solid UF4 and U02F2 in step 2 should be 2 moles per mole of UF6, 3 per UP,_, 3 per UF4C1, 

3 per UP3C12, and 4 per UF4. The relative amounts in steps 1 and 2 provide internal checks 

on the consistency of the analysis. 

Sample I was prepared in.the glass apparatus. After preparation, this sample was main- 

tained at -8O“C and pumped for 7 days to remove HCl and other volatile components. The 

sample vessel was sealed, warmed to ambient room temperature for 5 hours, weighed, and broken 

into water for analysis. The gases in the bulb were included in the analysis. The residue 

in the other tubes and reaction vessel was rinsed out and weighed. The results are given in 

Table I. 

TABLE I 

ANALYSIS OF SAMPLE I 

(Prepared in Glass Apparatus) 

Mass Amount 

b8) (mmoles) 

Sample collected 521.4 1.313a 

Residue of Ub 33 O.lOEb 

U 312.5 f 0.4 1.313 

Cl 35.5 2 0.1 1.001 

F 120.0 2 6.0 6.315 

SumU + Cl+ F 468.0 

aSee text for composition. 
b 
Assumed to be UF4 + U02F2. 

If it is assumed that Sample I contains a mixture of UP4 and compounds of the type 

UF6_xClx we may set up three linear equations, in which the sums of the number of moles of 

each of the elements U, F, and Cl in these compounds are set equal to the analyzed amounts in 

Table I. A general solution gives 0.281 m moles UF4 and the remaining compounds are composed 

of 1.029 m moles U, 5.179 m moles F, and 1.001 m moles Cl. These remainders have the approx- 

imate stochiometric ratio of UF5C1, and a mixture of 2..4 mole % UF6, 76.2 mole X, UF5C1, and 

21.4 mole % UF4 corresponds exactly to the analysis of the whole sample. 

Samples prepared in glass turned green when warmed to ambient temperature. This may be 

explained as follows. The products of Reaction (4) remain in the apparatus during prepara- 

tion. The SiF4.is removed during the pumping out of HCl, but the solid H20 remains with the 

red solid. During thermal decomposition, a second release of SiF 
4 

and a little BF 
3 
occurs at 
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-40 to -30°C, where the vapor pressure of II20 reaches 13 to 40 Pa (0.1 to 0.3 torr). (The 

mass of the SiO 
2 

removed from the glass is considered in this treatment, but not the mass of 

B203, because the number of moles of BF3 is less than 10% of the number of moles of SiF4.) 

Since the sample vessel is sealed, the following reaction may be expected. 

2~~5Cl + 2H20 + U02F2 + UF4 + Cl2 + 4I@ . (14) 

The products, uF4, C12, and traces of RF, which were identified in similar unsealed prepara- 

tions, are consistent with this hypothesis. 

The material balance of Sample I was checked as follows. On warming the samples, Reac- 

tions (4) and (14) form a chain reaction that ends when the UF5Cl is completely reacted. 

During the decomposition of the sample the quantity of Si02 removed from the glass is equal 

to half of the amount of RF formed in Reaction (1); this, in turn, is equal to half of the 

amount of UF5Cl + UF4. This loss from the glass erroneously adds 0.641 m moles, 39.4 q g, to 

the measured sample mass because the sample mass was obtained as a difference between the 

full sample container and the residual glass. An additional error in the measured sample 

mass is caused by the solid H 0 
2 

formed by the sum of Reactions (1) and (4) at the reaction 

temperature; the amount of II20 is also equal to half of the amount of UF5Cl + UF4, and its 

mass is 11.5 mg. If the sum of these masses is added to the sum of lJ + Cl + F, one obtains 

517.9 mg, in excellent agreement with the 521.4-•g sample mass. 

Sample II was prepared in the Kel-F apparatus. The sample was pumped for 16 hours at 

-BOY, then sealed and thermally decomposed by warming it to ambient room temperature. The 

gases evolved during thermal decomposition were quantitatively analyzed mass-spectrometric- 

ally. The results are given in Table II. The amount of fluorine-containing gases evolved 

was insignificant. The HCl probably was evolved by desorption and deocclusion, and the trace 

of BrCl probably was introduced as an impurity of HBr in the HCl. The brown solid was ana- 

lyzed after the green solid, along with some adhering brown solid, was mechanically separated 

from the sample, and results are given in Table II. 

Since no chlorine was found in Step 2, there are no stable, non-volatile chlorine- 

containing compounds in the residue of Step 1; thus, it contains no U(IV) chloride fluorides, 

and the brown solid consists only of U(V) and U(V1) compounds. If we assume that the brown 

solid is a mixture of n o, nl$ n2* and n3 m moles respectively of UF6, UF5, UF4C1, and UF3C12 

(decomposition products of UF6, lJP5Cl, uF4C12, and UF3C13 respectively), we have from 

Table II 

"0 + "1 + "2 
+ n = 0.4996 m moles U 

3 

"2 
+ 2n 

3 
= 0.0592 m moles Cl 

6n0 + 5nl + 4n2 + 3n 
3 
= 2.4266 m moles F. 

Combining these equations gives no = 0.0122, and from the second equation we deduce that 

0.0296 < n2 + n3 < 0.0592, and n3 < 0.0296. It follows that 0.428 < nl C 0.458. 

Additional validation of these results are obtained from the individual results of Steps 

1 and 2, from which we may write the respective equations 

4n0 + 2nl + n2 = 0.9526 m moles F 

2n0 + 3nl + 3n2 + 3n3 = 1.474 m moles F. 

Combining these equations with the no = 0.122 gives n1 - n3 = 0.421, and therefore 0.421 ("1 

(0.451, which is in substantial agreement with the above inequality for "1. The difference 
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TABLE II 

ANALYSIS OF SAHF'LB II 

(Prepared in Kel-F Apparatus) 

UFs fill 

Gas evolved during 

decomposition 

Cl2 

HCl 

BrCl 

RF 

thermal 

Mass 

bd 

173.9 

Amount 

(anoles) 

0.731 

0.34 + 0.05 

0.085 + 0.01 

0.01 

0.004 

Brown solid remaining after 

thermal decomposition 

Sample collected 175.3 

U 118.9 f 0.1 0.4996 

Cla 2.10 f 0.02 0.0592 

Clb 0 0 

Fa 18.1 f 0.2 0.9526 

Fb 28.0 + 0.3 1.474 

F(tota1) 46.1 ? 0.5 2.427 

Sum U + Cl+ F 167.1 + 0.6 

aReaction with moist air (step 1). 

bPyrohydrolysis (step 2). 

between the mass of sample collected and the sum U + Cl + F may be partly due to bits of 

Kel-F eroded from the container by the stirrer. 

These data indicate that the mixture that decomposed into the brown solid was composed 

of 2 mole% UF6, 86 to 92 mole % of UF5C1, and 6 to 12 mole% (UF4C12 + UF3C13), with < 6 mole% 

UF3C13. 

One mole of Cl is evolved during thermal decomposition per mole of U(W) chloride fluor- 

ide by equations (6) to (8); since the evolved Cl equals 0.68 2 0.10 sasoles, the combined 

UF6 + UF4 is approximately 0.051 sraoles, or 7.0 mole X. The UF6 fraction of the brown solid 

(from which UF4 was separated) was 2.4 mole %; therefore we estimate the UF4 content of the 

total sample to be only -3.6 mole %. 

Solubility tests of UF5C1, made in the apparatus used for sample preparation, indicate 

that UF5C1 is soluble in liquid HCl, COC12, and C12. Decomposition occurred rapidly upon 

contact with the precooled solvents, Ccl4 CS2, CHC13, CH3COCH3, and CH30H, at temperatures 

near the higher of either the freezing points of the solvents or -8OOC. The red solid rapid- 

ly turned green upon contact with room temperature air. 

Reaction (1) will go to completion only if UF5Cl is continually removed from the reac- 

tion vessel. Early attempts to prepare the red compound by stirring solid UF6 with liquid 

HCl in a single vessel without refluxing resulted in an incomplete reaction with only -l/4 of 

the UF6 reacting in 16 hours. In the sample vessel the back reaction is prevented by the 

limit of solubility of UF5C1, and the low concentration of HF, due to distillation; e.g., if 
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the sample vessel is 20°C warmer than the reaction vessel, the vapor pressure of HF would be 

increased by a factor of 6 to 9, and the concentration decreased by a similar factor. 

CONCLUSIONS 

The uranium chloride fluorides UF5Cl and UF4C12 can be prepared by a reaction between 

solid ID?6 and liquid HCl. Compositional analyses of two particular samples were consistent 

with about 2 mole% UF6, 76 mole% UF5Cl and 21 mole% UF4 in sample I, and 2 mole% UF6, 86 to 

92 mole% UF5C1, 6 to 12 mole% UF4C12 + UF3C13, and < 6 mole% UF3C13 in sample II. These 

uranium (VI) chloride fluorides are thermally unstable, and decompose to U(V) compounds at 

temperatures > -40 to -6OOC. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. W. B. Maier II, W. H. Beattie, and R.. F. Holland, unpublished results. 

15. W. H. Beattie, Appl. Spectrosc. 29, 334-337 (1975). 

16. A. S. Wolf, W. E. Hobbs, and K. E. Rapp, Inorg. Chem. 4, 755-757 (1965). 

17. W. H. Ashley, Los Alamos National Laboratory, private communication. 

REFERENCES 

C. W. Tulloch, D. D. Coffman, and E. L. Muetterties, J. Am. Chem. Sot. 86, 357-361, 

(1964). 

C. J. Schack, R. D. Wilson, and J. F. Hon, Inorg. Chem. 11, 208-209, 583-586 (1971). 

C. W. Fraser, R. D. Pea&cock, and P. M. Watkins, J. Chem. Sot. Chem. Cosm~un., 1257 

(1968). 

G. W. Fraser, Ii. Mercer, and R. D. Peacock, J. Chem. Sot. (A), 1091-1092 (1967); B. 

Cohen, A. J. Edwards, H. Mercer, and R. D. Peacock, J. Chem. Sot. Chem. Coaxsun. 1965, 

322-323; G. W. Fraser, C. J. W. Gibbs, and R. D. Peacock, J. Chem. Sot. (A) 1708-1711 

(1970). 

R. D. Peacock and D. F. Steward, Inorg. Nucl. Chem. Lett. 3, 255-256 (1967). 

J. W. Erkins, Appl. Phys. lG, 15 (1976). 

K. R. Kunze, R. If. Hauge, and J. L. Margrave, Inorg. Nucl. Chem. Lett. l5, 65-68 (1979). 

W. B. Maier II, W. II. Beattie, and R. F. Holland, J. Chem. Sot. Chem. Comm. (in press). 

W. B. Maier II and W. H. Beattie, J. Phys. Chem. (submitted). 

T. A. O'Donnel and P. W. Wilson, Inorg. Synthesis 16, 143-147 (1976); T. A. G'Donnel, D. 

F. Stewart, and P. Wilson, Inorg. Chem. 3, 1438-1441 (1966). 

M. Michallet, M. Chevreton, P. Plurien, and D. Massignon, C. r. hebd. Seanc. Acad. Sci., 

Paris 249, 691-693 (1959). 

J. A. Jackson and A. E. Florin, Los Alamos National Laboratory, private coamurnication. 

L. Jones and P. J. Vergamini, Los Alamos National Laboratory, 

private coarsunication. 



Poiyh&on Vol. 2, No. 12, pp. 137%1388, 1983 
Mated in Great Britain. 

0277-5387/83 $3.00 + .OO 
6 1983 Pergamon Rnrs Ltd. 

Studies of Amidino-Complexes of Copper(I) and (II). Corboxylate Analogues 

Melvyn Rilner* and Anton1 Pietrsykowski 

Department of Chemietry, The University of Durham, South Road, Durham City, DA1 31g 

(Received 25 July 1983; accepted 10 August 1983) " 

Lithioamidines IR~N(LIVZ(R)NR~; R = H, cH3. c6tt5; R* = c6H5, pc13~c~~~~ 

react with anhydrous copper(I1) chloride to form [cu{R*Nc(R)NR*)~~~ complexes, 

and with anhydrous copper(I) chloride to form [CU{R'NC(R)NR*)]~. The copper(I1) 

complexes are diamagnetic, purple solids, which are air stable in the solid 

state but very air reactive In solution. Experimental data are consistent with 

a dimeric or more highly associated structure, and an X-ray structural 

determination shows [cuIc~H,Nc(c,H,)Nc~H~~~I~ to be dimeric with four bridging 

amldino-groups and a short Cu-Cu distance (2.4&. The copper(I) complexes are 

pale yellow solids, which in solution are subject to rapid aerial oxidation, 

especially in the presence of free amidines, and disproportlonation to 

[cu{R~Nc(R)NR*),]~ and copper metal. Differences in properties are noted 

between acetamidino-, benxamidino- and formamidino-complexes, the last complexes 

of copper(I) being most stable towards dlsproportionation. Cu{C6H5NC(CH3)- 

NC6X512 reacts with pyridine (Py) to form the copper(I) derivative Cu{C6H5NC- 

WR3)NC6H5).2Py and with carbon disulphlde to form CU{C~H~NC(CH~)NC~H~)~.CS~ 

which Is reduced to form Cu{CSH5NC(CH3)NCSH5}.CS2. 

'DIR isoelectronic relationship between allyl, amidino, triazeno and carboxylato-groups 

has been noted previously, 1,2 together with the differences in the mode of bonding to 

transition metals. The metal assumes a position out of the plane of n3-ally1 groups, 
3 

whereas for bidentate carboxylato-groups the metal adopts a position in, or close to, the 

ligand skeletal plane. 
4 

Amidino-groups have been shown to exhibit structural features 

similar to those of carboxylato-groups, 
5 

and also in common with the latter, have a high 

propensity to bridge between two identical 
5-8 

or different transition metals. "lo For 

example, amidines and carboxylic acids both react with chromium and molybdenum hexa- 

carbonyls to produce Y2L4 complexes, and for M = molybdenum the structures of the 

complexes in the solid state are closely related, both consisting of a quadruple bonded 

MO2 unit bridged symmetrically by four ligand groups. 
5 

The ability of the amidino-group 

to encourage metal-metal interactions in binuclear complexes has been studied for other 

metals, and here we report studies involving copper. Attempts have been made to promote 

direct copper-copper bonding in complexes analogous to the copper(I1) carboxylates. 4,ll 

Previous studies of both copper(I) and (II) carboxylates have been extensive, 
12 

but 

only limited attention has been paid to amidino-copper complexes. In 1956 copper(I1) 

acetate was treated with N,N'-diarylformamidines in refluxing ethanol to yield the 

copper(I) complexes [CU(RNCHNR)I~,'~ reactions which occur only for formamidines. 

Relevant also to the present work are complexes of the iso-electronic triazeno-group. The' 

crystal structure of 1,3-dimethyltriazenocopper(1) 
7 

consists of a tetramer based on a 

diamond Cu4 unit with single amidino-groups bridging alternate sides of the Cu4 plane. 

The 1,3-diphenyltriazeno-complex, in contrast, has a dimeric structure with two triaaeno- 

groups bridging the metals. 
6 

Interestingly dimer-tetramer equflibria have been established for related 

formamidino-complexes. 
14 

Also bis-1,3-diphenyltriaxeaocopper(II), 
15 

unlike the 

1379 
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corresponding copper acetate, is diamagnetic and thought to have a similar dinuclear 

structure with four bridging triaseno-groups. We report here our studies of related 

acetamidino-, benzamldino-, and formamidino-complexes of both copper(I) and copper( 

together with some attempted ligand addition reactions. 

RESULTS AND DISCUSSION 

A. Bis-amidinocopper(I1) Complexes 

These COmPleXes have been synthesised from anhydrous copper(I1) chloride and lithio- 

amidines in mOnOglyme solution as purple solids (see Table 1) which are recrystallised 

from dichloromethane using Soxhlet extraction. The reaction started below ambient 

temperature, but was allowed to continue for 18 h. to reach completion. The product 

slowly precipitated. There was no evidence for an intermediate smidinochloro-complex, 

Cu(Am)Cl. Yields of the microcrystalline materials, which melted in the range MO-220' 

with decomposition, were 50-705. Though the solids are air stable over many months, rapid 

decomposition occurs in solution in the presence of air. The solutions become cloudy and 

deposit a brown solid whilst changing to a brown-green colour. At best the materials are 

only sparingly soluble in organic solvents, a property which restricted structural studies 

of the complexee. Beneamidino- and formamldino-complexes have a marginally better 

solubility than acetamidino-complexes, and the best solvents were found to be chloro- 

carbons (CH2C12, CHC13). 

Molecular weight measurements by cryoscopy in benzene were undertaken on Cu{C6H5NC- 

(C6R3)NC6H3]2, but the level of solubillty made the results subject to large errors. 

Because of the high relative molecular mass (RMW) and low concentration of solutions small 

variations in temperatures correspond to large differences in RBB values. Never-the-less 

the values of 985, 892 and 708 which compare with values of 606 for the monomer and 

1212 for the dimer raise the question of monomer edimer or monomer oligomer or 

polymer equilibria occurring in solution, though no data from other sources support such a 

Interestingly Vriese et al. 
14 

process. report diner* tetramer equilibria for a series of 

formamidino-copper(I) complexes, though the formation of a monomer intermediate is un- 

likely in this process which requires only the cleavage of one metal-nitrogen bond of the 

dimer. Magnetic measurements of the solid amidino-copper(I1) complexes, Cu{C6H5NC(CH3)- 

NC&Is]2 and CutC6H3NC(CsH3)NCsH5]2 using a Gouy balance show the complexes to be 

diamagnetic, and mass spectral studies of the complexes show the presence of Cu2 species. 

Every complex exhibits peaks arising from [Cu2(Am)2]+ as the highest m/e fragment in the 

spectrum implying association of CU(Am)2 units in the vapour state and possibly in the 

solid state. A typical breakdown pattern for Cu{C6H3NC(CR3)NPh]2 is illustrated in 

Figure 1. Source temperatures used were slightly lower than the melting points of the 

complexes at which they tend to decompose (according to thermal gravimetric analysis 

studies).[Am]+ peaks are the most intense in the spectra, though the peaks due to [Cu2Am2]+ 

are the most intense peaks for a copper containing species). [CuAm21 +, [Cu2Am]+ and [CuAm]+ 

fragments are also commonly observed. LOSS Of RCN (R= CH3, C6H5) from [Cu2{R'NC(R)- 

NR']2]+ is well documented as an important fragmentation step, though it is less important 

for formamidino-complexes. 

Infrared spectroscopic data (Table 2) consist of absorptions at 1568-1463 and l263- 

1231 cm. 
-1 

characteristic of delocalised amidino-complexes 
16 

but from such data it is not 

possible to differentiate between bridging and chelate bonding. Use of 'H n.m.r. 

spectroscopy for structural studies was limited by the low solubility Of the complexes in 

suitable solvents, though a spectrum was recorded for Cu{p-CB3C6H4WC(CB3)N-@R3C6B4]2 - 
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1. Table Analytical Data+ end Yields for [CUIR~NC(R)NR*~I~ end [CU{R~NC(R)NR*),]~ 

Complexes. 

Complex '16 Yield %C %n a Dkcu 

CU~PlJNCHNPhl2 49 66.8 4.73 12.0 14.3 
(68.6) (4.86) (12.3) (14.0) 

Cu{PhNCHNPh) 62 60.0. 4.50 10.6 24.2 
(80.3) (4.29) (10.6) (24.5) 

Cu{PhNC(CH3)NPh)2 61 69.5 5.46 11.20 13.2 
(69.8) (5.44) (11.62) (13.2) 

Cu{PhNC(CR3)NPh) 53 67.6 4.81 8.10 18.4 
(68.1) (4.52) (8.37) (19.0) 

CU~@R~C~H~NCKX~)N-@R~C~E~~~ 67 70.8 6.20 10.5 11.4 
(71.4) (6.37) (10.4) (11.8) 

Cu{@i3C6H4NCU.X3)N-@li3C8H4~ 70 64.1 5.95 9.11 20.8 
(63.9) (5.70) (9.31) (21.1) 

Cu{PhNC(Ph)NPhj2 63 74.5 5.21 9.15 10.4 
(75.3) (4.99) (9.24) (10.5) 

CutPhNC(Ph)NPhJ 61 68.0 4.52 8.23 18.8 
(66.2) (4.48) (8.37) (19.0) 

Cu~@R3C6H4NC(C61i5)N-@li3C6H4}2 58 75.5 6.02 8.56 9.53 
(76.2) (5.78) (8.46) (9.59) 

CU{JJ-CR3C6H4NC(C8H5)N-@H3C6E4} 58 68.9 5.37 7.60 17.4 
(69.5) (5.28) (7.72) (17.5) 

t 
Calculated X ere given in psrenthesee. 

Table 2. Inire-red and Melting Point Date for [CUIR*NC(R)NR*)~I~ cod CU{R*NC(R)NR*)] 
m 

Complexes. 

Compound Colollr 
, 

M.p. (decomp) ! 
OC 

IR date (cm-') 

CU(DPFA)~ purple 160 ) 1568 1350 1231 

CUDPFA pale yellow 270 ! 1562 1352 1237 
/ 

CU(DPAA)~ purple 165 1529 1415 1362 1252 

CuDPAA yellow 210 1513 1415 1368 1259 

CUDPTAA)~ purple 180 1538 1420 1363 1253 

CuDpTAA pale yellow 220 1518 1420 1360 1260 

CU(DPBA)~ purple 180 1465 1415 1263 

CUDPBA yellow 260 
I 

I 
1465 1476 1406 1260 

CU(DPTBA)~ purple 175 1468 1423 1259 

CuDpTBA yellow 210 1463 1470 1439 1260 
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which was consistent with symmetricalbridgingor bidentate amidino-groups. It must how- 

ever be noted that p-tolyl groups have been Shown by one of the authors to be insensitive 

to different bonding situations occurring at the two nitrogen atoms in Such groups. 16 

Furthermore the sharp signals provide further evidence for a diamagnetic complex. The 

diamagnetism of the complex, its low solubility in OrgSilic solvents and the m.s. data 

are consistent with a dimeric (I) or more highly associated complex (II), but not with a 

monomeric complex. 

For one of the complexes, Cu~C&i5NC(CgH5)NCgH5}2, suitable crystals foranX-ray 

crystallographic study were produced which would allow the problem of a dimeric or an 

OligOmeriC/polymeriC structure in the solid #tate to be resolved. The crystal structure 

determined by Halfpenny, 
17 

shows a dimeric structure (I) with four bridging amidino- 

groups. The Structure is closely related to that of Mo2~CgH5NC(CgH5)NCsH5}4 and is the 

same as that proposed for the isoelectronic triazenocopper(II) complexes. The copper- 

copper distance of 2.462 is consistent with direct bonding between the coppers, and 

represents a Cu-Cu single bond. 

A thermal gravimetric Study of the complexes under a nitrogen atmosphere produced 

the thermogrPme shown in Figure 2. The benzamidino-complexes and [CU~(DPTAA)~] contained 

monoglyme of crystallisation, and the initial mass losses for these complexes correspond 

to the loss of solvent. The curves for the two benzamidino-complexes appear very 

similar, but assessment of the $4 mass loss data indicate different modes of decomposition. 

Three Stages occur for each of the benzamidino- and acetamidino-complexes, though the mass 

loss data show no close relationship between the corresponding stages for each complex. 

Loss of complete amidino-groups was not a recognisable process, but fragmentation of 

amidino-groups was c-on with losses of [PhNCPhJ, [CH~C~~~NC(CH~)NI and [PhNCNPh] being 

typical. The final residue results after a lower mass loss than that expected for 

formation of copper metal, but in all cases the data is not consistent with a 

characterisable material. 

B. Amidino-Copper(I) Complexes 

Copper(I) complexes were synthesised by the reaction of lithiosmidines with anhydrous 

copper(I) chloride in monoglyme as pale yellow, diamagnetic solids In ca. 50-7C% yield - 

(see Table 1). Attempts were made to synthesise acetamidine and benzamidino-complexes 

from copper acetate by the method of Bradley and Wright 
13 

but without success. The 

N,N'-diphenylfoiva~idinoCOpper(I) complexes are apparently stable t0 disproportionation in 

solution whereas the acetamidino- and bensamidlno-complex are labile. The copper(I) 

complexes are non-volatile and have higher melting points than their Copper COUllter- 

parts, together with a higher solubility in organic SolventS. Amidinocopper(1) complexes 

readily oxidise in air to the copper(I1) complexes, particularly in Solution, where the 

process is noticeably accelerated by the presence of the free smidine. In the solid state, 

N,N'-diphenylacetamidinocopper(I), on exposure to air develops a bluish-green/red colour 

on the surface. In Solution disproportionation also occurs with deposition of the metal 

and development of the purple colour characteristic of the copper cOmPlexeS. This 

reaction prevented purification of the complexes by recrystallisation methods. Stability 

of the solutions towards disproportionation in the order acetamidino < benzamidino << 

formamidino-complexes, and Solutions of the last complexes showed virtually no signs Of 

reaction. Interestingly a detailed study of the dimer-dimer and dimer-tetramer equilibria 

by 'H and 
13 C n.m.r. methods has been reported by VrieSe et 

14 
al. fora series of 

formamidinocopper(1) ComplexeS, with no reference being made to diaproportionation in 

solution. Indeed Solutions of these complexes appear remarkably Stable compared with 
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Figure 1 

Mass Spectrel breekdom pettern for Cu(PbNC(CR3)NPh~3 

The following ebbrevlations are used: 

Anll = amidine R'NHC(R)NR' (R = Ii, CH3, C6R6; R = Cells, p-CR3C6R4) 

Am = emidino-group R'NC(R)NR' 

DPAAH = N,N'-diphenylecetamidine, C6H5NHC(CH3)NC6H5 

DPAA = N,N'-diphenylacetemidino, C6H5NC(CH3)NC H 65 

DPTAAH = N,N'-di-E-tolylacetamidine, +R3C6R4NRC(CR3)N-@XI,C6H4 

DPTAA = N,N'-di-ptolylacetemidino, E-CR C H NC(CH,)N-P-CR C Ii 
364 364 

DPBAH = N,N'-diphenylbeneemidine, C6H5NRC(C6H5)NC H 65 

DPBA = N,N'-diphenylbenzemidino, C6H5NC(C6H5)NC6R5 

DPTBAR = N,N'-di-E-tolylbeneamidine, E-CR3C6H4NHC(C6H5)N-E-CR C H 364 

DPTBA = N,N'-di-e-tolylbenmamidino, j+!R3C6H4NC(C6H5)N-@H3C6H4 

DPFAH = N,N'-diphenylformamidine, C6H5NHCHNC6H5 

DPFA = N,N'-dipheoylforiaamidino, C6H5NCRNC H 65 

1383 
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solutions of benxamldino- and acetamidino-complexes, though it is conceivable that some 

of the minor changes i.e. broadening and weak new signals, could arise from copper 

derivatives. 

The mass epectra of the copper(I) complexes are very similar to those of the 

copper(I1) complexes, with [CU~AIO~I+ ions being the highest m/e value ions detected. 

[CuAmR]+ ions are detected for all the complexes. The fragmentation pattern follows 

closely that shown in Figure 1 for Cu~C,H,NCCCrr3)NCSHS)a. The [CuRAmR]+ ion may 

represent the parent ion for the complex, and indeed for [CU(CSHSNNNC,H,)I~ e dinuclear 

complex has been established. However the ion may also represent a thermolysis product 

of a tetranucleer complex, as established for [Cu(CH3NNNCH3)]4.' Infrared spectra are 

strikingly similar to those of copper complexes and n.m.r. spectra provided little 

structural information which was reliable because of low solubility and disproportione- 

tion in suitable solvents. 

Thermograms for the copper(I) complexes are given in Figure 3. The bensamidino- 

complexes decompose in one stage, whereas for the ecetamidino-complexes decomposition 

occurs in a two stage process. A thermogram, intermediate between these two types, with 

a merging together of the two stages is exhibited by the formamidino-complex. All the 

complexes decompose to form a residue, which contains, in addition to copper, a small 

percentage of carbon, hydrogen and/or nitrogen, though in the case of the N,N'-diphenyl- 

benxamidino-complex the % loss in weight corresponds most closely to a residue of copper 

metal. The intermediate stages in the decomposition of the ecetamidino-complexes 

correspond closely to the loss of three amidino-groups from a Cu4Am4 unit (where Am = 

R'NC(CH31NR', R' = CSHS, @R3CSH4'. Though these complexes were too unstable towards 

disproportionation in solution (to Cut01 and Cu(II)) to allow relative molecular mass 

measurements by using colllgative properties, this feature in the thermogram possibly 

provides some evidence for tetramers in the solid state, as found for the isoelectronic 

N,N'-dimethyltriexino-complex. 
7 

C. Reactions of Cu{C,R6NC(CR,1NC,H,], with Pyridine and Carbon Disulphide 

Pyridine reacts with the bis-amidinocopper(I1) complex in monoglyme over 4d to 

produce e brown powder thought to be CU{CSHSNC(CR~)NCSH~].ZC~H~N on the basis of 

elemental analysis. This reduction of a copper(I1) complex to a copper(I) complex is a 

process achieved by many ligands, including phosphines and phosphites, and for example 

triphenylphosphine reacts with hydrated copper(I1) chloride in ethanol to produce 

(Ph3P)3CuC1 or [PPh3CuC114 depending on the molar ratios of the reactants. 
18 

With carbon disulphide attempts were made to accomplish insertion into e copper- 

nitrogen bond. The purple solution of the copper(I1) complex dissolved in carbon 

disulphide became brown over 4 h. and deposited a brown solid which though impure showed 

characteristics of an addition compound. Analytical data suggested the formulation 

Cu{C,S,NC(Q1,,NCSH,~,.CSR. Recrystellisetion of the material from toluene/hexane 

mixtures led to a decrease in carbon, hydrogen and nitrogen content, but an increase in 

copper and sulphur contents, the data being consistent with reduction to the copper(I) 

complex, Cu{CSH3NC(CH3)NCSH5].CS3. 

Distinct differences occur between the reactions of this his-emidinocopper(II1 

complex and the corresponding carboxylato-complex with neutral ligands, and may reflect 

the weak coordinating properties of ligands traas- to the second metal in the dinuclear 

unit, or reflect the steric properties of the N-aubstituents associated with four 
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amidino;groups. It Is well established that complexes containing strong metal-metal 

interactions tend to form weak bonds B to the metal-metal bond. 19 For metal-metal 

bonded amidino-complexes pyridine and tripheaylphosphine failed to form adducts of the 

type Cu2Am4L2. whereas for the acetate-complex water, dloxane, pyrldines and anilinea 

give Cu2(GCGCS3)4L2 derivatives. 20 

EXPSRIg8NTAL 

Anhydrous copper(I) and copper(I1) chlorides, triphenylphosphine, pyridine, N,N'- 

diphenylacetamidine and -formamidine, acetamidinium hydrochloride and beneamidlnium 

hydrochloride were obtained from oommercial sources and used wlthout further purifica- 

tion. N,N'-Diphenylbenaamidine, N,N'-di-E-tolylbeneamidine, N,N'-dimethylbenaamidine 

and N,N'-di-E-tolylacetamidine were prepared by standard methods. a1 n-Butyllithium, ca. 

1.23H in hexane, was used aa supplied without purification. Hydrocarbon solvents and 

diethylether were dried over extruded sodium, and monoglyme was freshly distilled from 

sodium hydride prior to use. Chlorocarbon solvents and carbon disulphide were dried 

over molecular sieves. All solvents were de-gassed under reduced pressure, stored under 

nitrogen, and transferred by syringe against a counter flow of nitrogen. All reactions 

were performed with rigorous exclusion of air. 

1.r. spectra in the range 4000-400 cm. 
-1 

were recorded with a Perkin-Elmer 457 

spectrophotometer, and 'II n.m.r. spectra at 90 MfIa with a Bruker HXQOE spectro- 

photometer. Mass spectra were obtained with M A.E.I. IAS9 instrument at 70 eV and an 

accelerating potential of 8 kV. Samples were inserted directly into the Ion source at 

temperatures between 80°-220°C. Thermogravimetric studies were undertaken using a 

Stanton Redcroft TG750 balance. 

Carbon, hydrogen and nitrogen contents of the complexes were determined with a 

Perkin-Elmer 240 Elemental Analyser, and copper by atomic absorption spectroscopy using 

a Perkin-Elmer 403 spectrometer. Sulphur content was obtained by combustion of the 

complex in oxygen to sulphate, followed by the volumetric determination of sulphate using 

a standard barium perchlorate solution. Phosphorus content was determined by combustion 

of the sample in air, followed by volumetric determination of phosphate. 

Preparation of Bis(N,N'-diphenylacetamidino)copper(II1, CU{C~H~NC(CS~~NC~B~}~.- 

n-Butyllithium (5.9 ml; 1.23Y in hexane) was added to a frozen solution of N,N'-di- 

phenylacetamidine (1.54 g, 7.31 mmol) in monoglyme 

warm slowly to ambient temperature and stand for 4 

product mixture was then transferred onto a frozen 

chloride (0.49 g, 3.65 mmol) in monoglyme (40 ml), 

ambient temperature for 18 h. After filtering the 

was washed with hexane (2 x 10 ml), dried in vacua -- 

(40 ml), and the mixture allowed to 

h. The resulting inhomogeneous 

suspension of anhydrous copper(I1) 

and the reaction mixture stirred at 

resulting mixture, the purple residue 

and recrystallised from hot dichloro- 

methane using a modified Soxhlet extraction method. A purple microcrystalline solid, 

CU{C~H,NC(CB~)NC~H~}~ (m 165O dec, 61% yield) was obtained, which could be stored in the 

solid state in air over many months without noticeable change. The complex in solution 

remains unchanged when stored under nitrogen over many days, but rapid changes occur in 

the presence of air. 

M.S. The highest mass fragment observed gave peaks at m/e 548, 546, 544 corresponding to 

[Cu2Am2]+ and arising from 63Cu and 65 Cu (69 and 31% abundancies respectively). 

Preparation of other Bis-amidinocopper(I1) Complexes.- The method described above was 

used generally to prepare the following complexes as purple solids typically in 50-708 
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Eiecg,N’-di-p-tol~l8cet~idino)Eopper(If), m.220° dec. 
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M.S. The highest mass fragment was observed at m/e 6D2 aud 600 corresponding to 

Icu2~2I+. 

?i a.81.r. * S(CDq: 2.84@5), 7.69U3R1, 7*9l(nrl p.p.m. 

Bis(N,N’-di-p-tolylbenzamfdino)copper(Xf), m. 175O dec. 

Ar.s. The highest mass fragment vas observed at m/e 726 and 724 corresponding to 
+ 

‘Cu2Am21 I 

Bis(N,N’-diphenglbensaaidino)copper(lI), I. 184 dec. 5 SSS, 892, 708 by cryoscopy in 

benzene (monomer requires 606, dimer 1212). 

M.8. The highest mnss fragment was observed et m/e 670 and 668 corresponding to 

[C”2A”21 
+ 

Bis(N,N’-dlpbenylforn~idlnolcopperO, 1. 160° dec. 

111.8. The highest mass fragmsnt wzs observed at m/e 518 and 516 corresponding to 

[Cu2Am21+. 

Preparation of N,N’-Df-p-tolylacetamidinocopper(I), Cu{p-C53C6X4NC(C53)N-p_cH3c8IIp).- 

n-Butyllithtum (2.70 ml, l.Wd in hsxnae) was added to a frozen solution of N,N’-di-&- 

tolylacetamidine (0.89 g, 4.14 mmoll in monoglyme (2s ml), and the mixture alloved to 

warm slowly to esibient temperature. After 4 h. the resulting reagent was syringed onto s 

frozen mixture of anhydrous copper(I) chloride (0.41 g, 4.14 mmol) and monoglyme (30 ml), 

and the mixture allowed to warm to ambient temperature. After stirring for 12 h., the 
pale yellow precipitate was separated by flltration, wnshed with hexane (2 x 10 ml), and 

dried in vacua. Soxhlet extraction using dichlorometbene yielded pale yellow micro- 

crystalline N,N'Ldi-~-tolylacetamidinocopper(Il, m. 220° dec. 

?d.e. The highest mess fragment was observed at m/e 602 and 600 corresponding to 

[cuaAm21+* 

Preparation of other Amidinocopper(1) CompTexes.- The method described above was ueed 

generally to prepare the following complexes es yellow solids typically in W-709; 

yields. 

N,N’-Diphenylfo~midinocopper(I), m. 270* dec. 

58. The highest mass fragment was observed at m/e 918 and 516 eorrespoadiug to 
+ 

fCU2b21 . 

N,N’-Di-E-tolylbenzaplidinoCopper(I), 1. alOo dec. 

i&s. The highest msss fragment was observed at ‘B,e 726 and 724 corresponding to 

Wu2"m21+. 

N,N*-WphenylbenaamidinocopperfI), m. 280° dec, 

rd.s. Tbe highest mass fragment was obs%rved at BL/e 670 and 668 corresponding to 

rcu#q +* 

N.N*-Diphenylaoetemidinocopper(I1, m. 210’ dec 

M.S. The highest mass fragment wss observed at m/e 532 znd 930, corresponding to 

[Cu2b21 +. 



1388 MELVYN KILNER and ANTON1 PIETRZYKOWSKI 

Reaction of Bls(N,N'-dipheaylncetamidiao)copper(II) with Pyridiae.- A suspension of the 

colnplex (0.38 g, 0.8 mmoll in moaoglyme (15 ml) was stirred with pyridiae (0.083 g, 

0.8 mm011 for 46 at ambient temperature. The browa precipitate of the product, CutCSH5NC- 

(CH3)NCSH5~2.2CgB5N, was separated by flltratioa, washed with moaoglyme end dried & 

vacua. Fouad: C. 87.1; H, 5.81; N, 13.0; Cu, 14.8: C24H23N4C~ requires C, 88.9; Ii, 

5.38;' N, 13.0; cu, 14.7%. 

Reaction of Bls(N,N'-dipheaylacetamidiao)copper(II) with Carbon Disulphide.- The complex 

was stirred in carbon disulphide for 24 h., the initial purple solution turning browa over 

t h. After filtration the solvent was removed in vacua to produce a brown solid. Found: 

C, 59.8; H, 4.90; N, 10.4; Cu, 12.4; 8, 12.0: CU(DPAA)~.CS~ requires C, 82.4; H, 

4.89; N, 10.0; cu, 11.4; 8, 11.5%. After recrystallisatioa from tolueae/hexeae 

mixtures, found C, 49.7; H, 4.31; N, 8.42; cu, 17.7; 5, 17.8: Cu(DPAA).CS2 requires 

C, 51.8; H, 3.75; N, 8.03; Cu, 18.2; S, 18.4%. 
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Abstract-The emission intensity at 517 nm from Ptz(pop)~4- (pop = P,O,H,2-) is quenched by the 
addition of sulphur dioxide. The sulphur dioxide coordinates at the axial platinum@) sites by a 
t)‘-SO, bond. This coordination is supported by “P NlUR and Raman spectroscopy of aqueous 
solutions. The electronic spectrum of a sulphur dioxide saturated solution of Pt2@op)44- shows an 
absorption’at 428.5 nm (6 = 4.1 x lo’). From the decrease in the chromophore for uncomplexed 
P&(pop)~- the equilibrium constant for SO2 binding is estimated to be 1.74 M* l-*. The effect of 
adding different quenchers to aqueous solutions of ptz(po~)~~- is discussed. The compound 
Ptz@op),“- will undergo 2electron reduction with chromous ion. 

The complex KJPt,(pop),]~ZH,O (pop = P@,H22-) was 
discovered because of its intense emission at 514 mn in 
aqueous solution.’ This emission is sufllciently strong 
that the luminescence can be used as the basis for the 
quantitative determination of trace platinum.* Follow- 
ing the discovery of the complex Pt,(pop)44-, a number 
of articles have been published describing the structure, 
spectroscopy, and reaction chemistry of this binuclear 
complex.*’ Spectroscopic studies on Pt&p)44- have 
assigned the fluorescence (J+,_ =407nm) and phos- 
phorescence (&, = 517 mn) emissions to the respective 
transitions ‘&,+‘A,, and 3A2u+‘A,ll’ Single crystal mea- 
surements show the 367 mn absorption band polarixed 
parallel to the Pt-Pt axis, and the 452 nm absorption 
band polarized perpendicular.5 When the synthesis of 
these pop complexes is carried out at higher tem- 
peratures, further ligand condensation occurs and a 
higher homologue platinum(I1) complex is formed which 
has an emission band at 650 mn.* Recently an article has 
been published showing that in aqueous solutions of 
Pt(CN),Z-, it is the presence of higher oligomers which 
cause the emission band to be observed at 525 nm. This 
emission is quenched by added nitrite ion or oxygen,9B’o 
and these recent results of the cyanide complexes are of 

*Author to whom correspondence should be 
addressed. 

significance to our observations on the effects of adding 
different excited state quenchers to aqueous solutions of 

I%(PoP)::. 

RESULTS AND DISCUSSION 
The emission intensity from concentrated aqueous 

solutions of Pt(CN)42- is el%ciently quenched by added 
oxygen. For the complex F’t2@0~)4~-, however, the 
presence of added oxygen in aqueous solutions causes 
only partial quenching of the phosphorescence since 
such solutions exhibit emission at 517 nm for several 
hours even under such experimental conditions.2 Evi- 
dence from I’P NMR spectroscopy confirms that the 
final quenched solution contains the monomeric com- 
plex [Pt{OP(OH),},HJ, which has been formed by hy- 
drolytic cleavage of the pop &and.” The difference in 
quenching efficiency of dissolved oxygen toward 
P&@op)?- and Pt(CN).,- is possibly a consequence of 
the sterically crowded hydrophilic ligands in Pt2@op)2-. 
These hydrophilic P-bonded PzOsH22~ ligating groups 
will undergo hydrogen bonding of the peripheral hy- 
droxyl groups to water, resulting in the molecule cre- 
ating a hydration sphere cage about the ligand surface. 
Such a hydration cage can therefore effectively prevent 
dissolved oxygen molecules from penetrating sufficiently 
close to the platinum(I1) ions to efficiently quench the 
514mn emission from the metal centred excited state. 

1389 
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Addition of Cl,, Br,, 12, CH,I and NO2 causes imme- 
diate loss of emission intensity. These compounds un- 
dergo an oxidative addition reaction to form biauclear 
platiaum(II1) complexes [pf&0p)~X’y1~- (X = CH,, 
Y = I, X’= Y = Cl, Br, I, NO*) which now have the filled 
do level (rather than da*) as the HOMO.’ More 
significantly, rapid emission quenching is caused by the 
addition of sulphur dioxide to an aqueous solution of 
Pt2@~P)44-. This quenching is reversible since either 
dilution or passage of nitrogen gas through the solutioa 
causes the 514 emission intensity of Pt,(pop)44- to be 
recovered (equation 1). The yellow solution which re- 
sults from the quenching addition of SO* retains 

wPoP),4- + 2S%-%tPoP)4w,),- (1) 

platinum in the divaleat biauclear state of Ptr(pop):-. 
The solution structure of this adduct shows a secoad- 
order pattern in the “P NMR spectrum ceatred at 6 
65.01 [‘J(PtP) = 3043 HzbThis chemical shift position is 
close to that found for Pt2(pop)44-, and ‘J(PtP) is in the 
3000 Hz range for Pt(II)-Pt(I1) complexes, rather than in 
the 2000 Hz range for Pt(III)-Pt(II1) compounds.” The 
observation of a single “P NMR line confirms that 
substitution has occurred in an axial position. The 
Ramaa spectrum of the quenched SO* solution shows a 
band at 111 cn-’ which is principally due to v(P-PQ6 
This frequency represents a shift of 5 cm-’ from the 
position of the same stretch in pure Ptz(pop)4.“6 Since 
the value of ‘J(PtP) in the 3’P NMR spectrum indicates 
little difference in bonding for the Ptr(p~p)~~- ion be- 
tween the free and the SO2 quenched state, it is likely 
that this shift to lower energy in v(Pt-Pt) in the presence. 
of SO2 is due to mass rather than bonding effects. The 
aqueous solution Ramaa spectrum of P&(p~p)~~- in the 
presence of SOz also shows an absorption at 220 cn-‘, 
along with a shoulder at 250cm-‘. This band at 
220crn’ is in the expected region for S bonded to 
platiaum(II), and is likely due to v(Pt-S) in 
pt,(p~p),(SO,),~-. The high energy region of the Ramaa 
spectrum of an SO2 saturated aqueous solution shows a 
strong broad band at 1112 cn-‘, along with a sharp 
bandat1148cm-‘.Thebaadat1112cm-‘isduetothe 
symmetric S-O stretch of the coordinated SO2 molecule, 
and the band at 1148 cm-’ is the symmetric stretch for 
the free dissolved SO* in solution.” A recent compilation 
of vibrational data on metal complexed SO* has cor- 
related the position of v(S0) with its geometric coordi- 
nation mode. Since our observed Ramaa band for the 
symmetric SO stretch is at 1112 cn-’ this identifies the 
compound as a n’-S02 complex.‘3 In a recent article” 
investigating the complexatioa of sulphite ion to the 
axial positions in [Rh,(OCOCH,),], the bands due to the 
symmetric SO stretch are found at lOOOcn- and 
933 cm-‘. Since these bands are much lower in energy 
than our 1112 cm-’ band, we can assume that sulphur 
dioxide and not sulphite ion is bonded to platinum(I1) 
in the Pt&op),“- ion. We believe that this complex 
Ptz(pop)4(S02);- represents the first example of an SO* 
adduct with platinum in its divaleat state. 

Significant changes are also observed in the electronic 

400 500 

WAVELENGTH (NM) 

Fig. 1. Electronic spectrum of an aqueous solution of 
Pt&~p),~- saturated with sulphur dioxide. 

spectrum of Pt&~p)~~- upon addition of SO2 to an 
aqueous solution of the complex. The most noticeable 
change is the decrease in intensity of the 367 nm absorp- 
tion band (‘AlI+‘&,). Since this transition results from 
electron transfer between metal ceatred orbitals,4*5 its 
observed intensity change is further supportive of the 
premise that the binding of SO2 to Ptr(pop)d- is by 
coordination to platinum(II), rather than by association 
with the peripheral hydroxylic groups of the pop ligand. 
In Fig. 1 we show the experimental electronic spectral 
data obtained on saturating a 2.81(5) x 1O-5 M solution 
of Pt2(pop)44- with sulphur dioxide. It is apparent from 
these data that a new chromophore at 428.5 nm replaces 
the absorption at 367 nm. Assuming a concentration of 
1.64 M for aqueous SO, at 20°C,” and subtracting the 
absorbance at 367 nm due to the tail from the SO, 
chromophore,‘6*‘7 we find an equilibrium constant (at 
20°C) of 1.74 M* l-* for the formation of 
P~~(Po~)~(SO)~)~~- (eqa 1). From this derived concen- 
tration of 1.7 x 10e5 M for Pt2(pop)4(S0324-, we obtain 
a value of 4.1 x lo4 for the extinction, coefficient of the 
absorption band at 428.5mn due to the SO2 adduct. 
From this value of c it is apparent that this band is due 
to a charge transfer transition. The band may be a 
Pt(II)+S02 MLCT transition,” but since the extinction 
coefficient is very close to that of the ‘&+‘Alg traasi- 
tioa in Pt2(pop)44-, it is probably this same transition red 
shifted in the SO1 adduct. From the solution equilibrium 
constant for SO2 binding it .is apparent that the solu- 
tions contains significant quantities of uacomplexed 
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Fig. 2. Raman spectrum of the NO2 modes in Pt2(pop),(NO&~-. 

ptz(pop),‘-, yet the emission from this ion is completely 
quenched. From earlier~studies it is known that SO, can 
be an excited state quencher for anthracene at rates ap- 
proaching diffusion control,‘920 and it is probable that 
such quenching of F’t&~p),~- by SO2 is occurring in this 
case. 

For structural lGuposes it is informative to compare 
the Raman spectrum of this SO2 adduct of Ptz(pop),‘- 
with that of the binuclear platinum(II1) complex 
Pt2@op)4(N0324-. This compound with doubly N- 
bonded nitro ligands2’ shows v(F+Pt) at 151 cm-’ and 
v(Pt-N) at 267cm-‘. The high energy region of the 
solution Raman spectrum shows strong absorption 
bandsat82Ocm-‘and 1320cm-‘forthesynnnetricN0, 
bend and stretch respectively (Fig. 2). These bands are 
in the correct region for an N-bonded nitro complex.22 
By comparison these symmetric bands in uncoordinated 
nitrite ion are found at 829 and 1325 ~m-‘.~ This small 
shift from free nitrite ion, along with the low energy of 
the v(Pt-N) band, indicates that the nitro ligand is 
weakly bonded. Thus the NO2 and SO2 ligands bind 
respectively to binuclear platinum(II1) and platinum(I1) 
by weak coordination through the central N or S atom. 

Addition of chromous ion to pt2(p0p)~~- results in 
quenching of the emission at 514nrn. Addition of 
Cr(H20)62+ to a solution of Pt&Op)4”- sealed under 
oxygen free conditions results in evolution of hydrogen 
and a decrease in the absorption band due to Pt&op),“- 
at 367 mu. The hydrogen evolution is probably caused 
by chromous reduction of water induced by pH lowering 
in the solution upon addition of Pt&op),“-. Concomi- 
tantly with the decrease in intensity of the 367 run band, 
three new bands at 373 MI (6 = 9.6 x 103), 413 run 
(c = 1.0 x 104), and 459 nm (6 = 1.3 x 104) appear in the 
spectrum (Fig. 3). Quantitative spectrophotometric ti- 
tration of Pt2(pop)44- with chromous ion under carefully 
controlled oxygen free conditions shows a stoichiometry 
of 1:2 for formation of Cr(H20)s3+. Thus Pt2(pop)44- 
undergoes a 2-electron reduction 

Pt2(pOp)44- + 2C?++Et2(pop)46- + 2Cr3+ (2) 

with chromous ion (eqn 2). Assuming these electrons 
enter the A,(6p,) LUMO state of Pt2@0~)4~-, the ap- 
pearance of new absorbances in the electronic spectrum 
is due to transitions into the higher manifold of states 
from this new ground state.‘v5 Changes in the aqueous 
solution Raman spectrum of Pt2(pop),“- are also ob- 

I I I 

D 400 500 600 
WAVELENGTH (NM) 

Fig. 3. Electronic spectrum of an aqueous solution of 
Pt,(pop):- with added excess Cr(H,O),2+. 
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served upon addition of chromous ion. The observation 
of Stokes and anti-Stokes lines at 106 cm-’ represents a 
10 cm -’ lowering of frequency from v (P-Pt) in 
Pt,(pop),“-, indicative of the electrons being transferred 
into the metal centred molecular orbitals.6 Assuming no 
change in hydration at the axial position, we tentatively 
conclude that the platinum (6~3 orbital has some small 
antibonding character with respect to intermetallic 
bonding. 

Addition of compounds other than SO* and 
1,l -bis(2-sulphoethyl)-44,4’-bipyridinum inner salt5 will 
cause emission quenching of Pt2@op).,4-. Thus addition 
to Ptz(pop)44- of hydroquinone, pyrogallol and carbon 
disulphide causes a loss of phosphorescence in solution, 
and the appearance of a Raman band (Pt-Pt) in the 
113-114cn-’ region. Addition of simple alcohols, gly- 
cols or oxalic acid does not result in emission quenching. 

EXPERIMENTAL 
The complex IC@‘t,(pop),].2H,O was prepared by 

published procedures. ‘,3,5*24 Electronic spectra were mea- 
sured on a Cary 219 spectrophotometer as aqueous 
solutions in 1 cm quartz cells. Raman spectra were 
measured on a Ramanor instrument using an argon ion 
554 Control laser. Samples were prepared as aqueous 
solutions. “P NMR spectra were measured on a Nicolet 
wide bore spectrometer operating at 80.98 MHz. Chem- 
ical shifts are referenced to high frequency of 85% 

H,PO,. 

Chromous ion reductions were carried out under 
oxygen free conditions in a Vacuum Atmosphere dry- 
box. Spectral intensity data were obtained on a Bausch 
and Lamb Model 20 visible spectrophotometer oper- 
ating in the drybox. Solutions of chromous ion were 
prepared by the zinc amalgam reduction of chromium 
trioxide. Quantitative estimations of the reduction reac- 
tion were made by measuring the intensity increase of 
the 417 nm chromium(II1) chromophore. 
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NOTE 

A %.3 NUCLEAR QUADRUPLE R~O~~CE STUDY OF 
NH@&-H,O 

K. B. DILLON* and J. L~CO~ 
Chemistry Department, University of Durham, South Road, Durham 

(Received 11 April 1983; accepted 23 A4ay 1983) 

Abstract-The “missing” fourth 35C1 NQR frequency postulated for 

DHl 3LE, England 

NH41C14+H20 at room 
temperature has been observed. Four signals were also found for this impound at 19X, but the 
results at 77K were less clear-cut, with either five or (probably) six resonances detected. The 
occurrence of a phase transition between 77 and 195K seems likely. A structure is suggested for the 
ICI,- ion at room temperature from the relations~p found previously between NQR frequency and 
bond length in tetrachloroiodates. 

Several Wl NQR frequences have been reported for 
salts cont~ning the ICl~- ion,lJ and although the spread 
of frequencies for this ion in any one compound may be 
large (> 13 MHz for form I SCl:IC& at 77K2), 
reflecting distortion of the anion from Da symmetry, the 
average frequency is remarkably instant.’ Thus for 
fourteen sets of data at room temperature the average 
frequency is 22.337 (ESD 0.090) MHz.’ The only appar- 
ent exception was NH,ICl.,~HrO, for which three signals 
at 27.96, 24.68 and 19.98 (average 24.21) MHz at room 
temperature have been observed.3 It was suggested by 
Dillon and Wad~ngton from comparison with the 
results for KICl~~H@4 that a fourth line at lower fre- 
quency might not have been detected for NH4iC1~*H$& 
and its frequency was predicted as 16.7 & 0.4 MHz.’ We 
have now observed this “missing” resonance, and also 
report Tl NQR data for the compound at 195 and 77K. 

NH,ICl,+H,O was prepared in a similar way to the 
literature method.3 NH4Cl was treated with iodine in 
concentrated aqueous HCI, and the product (NHJCI,) 
then chlo~nated in situ. Nitrogen was blown over the 
solution to reduce the volume, and orange crystals were 
precipitated. These were filtered off and dried by suction. 
WI NQR spectra were recorded as described pre- 
viously.’ 

At room temperature four equally intense “Cl NQR 
signals were observed for the title compound, at 27.960, 
24.675, 19.930 and 17.190 MHz. The first three values 
are in very good agreement with the previous report,3 
and the fourth resonance is the “missing” frequency. It 
lies just outside the predicted range of 16.7 + 0.4 MHz, 
but the average frequency at room temperature of 
22.439 MHz is still very close to the average over 
fourteen sets of data,’ Four signals were also found at 
195K, at 28.025, 24.850, 19.995 and 17.455 MHz (aver- 
age 22.581 MHz); a weaker resonance at 19.575 MHz 
was assigned to the “Cl counterpart of the sigual at 

24.850 MHz (calculated6 “Cl frequency 19.585 MHz). 
The whole frequency range was not scanned, but just the 
areas where signals might reasonably be expected by 
comparison with the room temperature results, hence 
the other “Cl signals were not investigated. 

The data at 77K were more ambiguous; the two 
signals at highest frequency occurred at 28.060 and 
25.105 MHz, but the lowest frequency signal was split 
into two components, at 17.827 and 17.743 MHz. The 
intermediate signal was probably also split, with fre- 
quencies measured at 19.953 and 19.850MHz, but the 
~ssibi~ty of overlap with the 37Cl resonance corre- 
sponding to the 3sC1 signal at 25.105 MHz (calculated” 
value 19.786 MHz) cannot be entirely discounted. The 
results suggest strongly that a phase transition occurs 
between 77 and 195K. The average frequency at 77K, on 
the assumption that both lower frequency signals are 
split, is 22.713 MHz, in excellent agreement with the 
average value from sixteen sets of data at this tem- 
perature of 22.634 (ESD 0.130) MHz.’ 

The results also indicate that NH4~C14*H~0 may be 
isostructural at room temperature with KICl,*H,O, the 
crystal structure of which has been determined;’ it shows 
four different I-Cl bond lengths of 2.42, 2.47, 2.53 and 
2.60 (ESD O.Ol)A. From the relationship found pre- 
viously between 3sCl NQR frequency and bond length at 
room temperature,* the IC14- ion in NH,ICkH,O may 
be similarly distorted, with bond lengths of 2.43, 2.475, 
2.54, and 2.58, ( _t O.Ol)A and the longest bond tram to 
the shortest one, as in KICl,*H,O. 

The observation of the fourth signal, and the close 
similarity of the average frequency for the ICh- ion in 
NH&&H,0 to literature values both at room tem- 
perature and 77K,’ lend some confidence to predictions 
of NQR frequencies based on these averages for other 
tetrachloroiodates where not all the resonances may 
have been detected. More crystal structure deter- 
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minations are required before the relationship’ between 
bond length and NQR frequency can be confirmed, but 
deductions of structure and distortion from De sym- 
metry derived from NQR measurements may be partic- 
ularly useful where the compounds cannot readily be 
obtained in crystalline form. 
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NOTE 

THE WEISS CONSTANT: A PROBE FOR 
THE MOLECULAR PACKING OF MONOMERIC 

COPPER COMPLEXES? 

M. R. SUNDBERG*, R. UGGLA, T. BC)oKt and I. KALKKUS 
University of Helsinki, Department of Inorganic Chemistry, SF-00100 Helsinki, Finland 

(Received 15 April 1983; accepted 16 May 1983) 

Ahstraet-Magnetic properties of the complexes Cu(pn),WO, * 1 .SHrO, Ct@)Jr, 
Cu(pn),Brr* 1.6H,O and Cu(pn),Cr,O, (pn = 1,2diaminopropane) have been studied by ESR, 
magnetic balance (Gouy method) and PA techniques. Curie constants C were obtained from ESR 
spectra, temperature independent paramagnetism Na from PA spectra, and Weiss constants 6 from 
magnetic susceptibility data. Isotropic factors r were calculated, describing reduction of the orbital 
angular momentum and the spin-orbit coupling constant from their free-ion values. From the 
measured crystal g values we conclude that there is axial elongation in all the coordination polyhedra, 
corresponding to the ground state dxLF. The different line shapes in the ESR spectra depend on the 
alignment of the pseudo-tetragonal axes, induced by the counterion. The counterions have a clear 
effect on both the magnetic parameters and the reduction factors. The alignment of the pseudo- 
tetragonal axes is also reflected in the value of the Weiss constant. A correlation is proposed between 
the Weiss constant and molecular packing. 

ESR has been proved effective for investigating the 
bonding and stereochemistry in copper(H) complexes.’ 
In many cases the stereochemistry can be concluded 
from the line shape of the ESR spectrum and the 
calculated g factors.2 Because of the symmetry of the pn 
molecule the ESR spectrum will exhibit three g values, 
corresponding to the symmetry D,, unless there is more 
than one set of crystallographically equivalent coordi- 
nation polyhedra, in which case the number of g values 
may be less. The lineshape of the spectrum will vary 
owing to interaction of the copper(H) ions.2 

Monomeric copper(E) complexes usually obey the 
Curie-Weiss law 

XAfWrn = & +Na 

where x~‘- is the diamagnetically corrected molar sus- 
ceptibility. The Curie constant C can be defined as’ 

C = Ng&,p,2/4k. (2) 

*Author to whom correspondence should be ad- 
dressed. 

TPresent address: Paraisten Kalkki Oy, Research In- 
stitute, 21600 Parainen, Finland. 

#Present address: Helsingin Suomalainen Yhteis- 
koulu, SF-00300 Helsinki, Finland. 

The Weiss constant 0 represents the splitting of the 
ground state levels in zero-field.’ The term due to the 
temperature independent paramagnetism Na can be 
calculated from the expressions 

Na = 4NpB2/AE (3) 

where AE is the energy difference between the ground 
state and the excited state. 

The calculated effective magnetic moment for mono- 
nuclear copper(I1) complexes is given by the spin-only 

value A.~. of 1.73 B.M. The experimental values lie 
appreciably above this value, owing to mixing-in of some 
orbital angular momentum from the excited state via 
spin-orbit coupling2 

The parameter r describes the reduction of the orbital 
angular momentum and the spin-orbit coupling con- 
stant from their free-ion values to their values in the 
actual copper(H) complex. It is inthtenced by such 
factors as covalent bonding and electron delocalixation 
from the ligand atom to the copper(H) ion. 

According to an earlier study the compounds 
Cu(pn)212, Cu(pn),Cr,O, and Cu(pn),Br, x l.6HrO are 
mononuclear and centrosymmetric6 Of the fourth com- 
pound, Cu(pn)rW04 x 1.8H20, only the cell dimensions 
are known.’ The purpose of the present study was to 
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investigate the influence of the counterion on the mag- 
netic parameters and to gather data for elucidation of 
the possible correlation between structural and magnetic 
properties. 

EXPERIMENTAL 

The preparation and analysis of the compounds have 
been reported earlier.7-‘0 The ESR spectra of the pow- 
dered samples were obtained at room temperature with 
a Varian E3 spectrometer. The external magnetic field 
was324OG(lG=l x 10e4T)andscanrange f5OOG. 
2,2,6,6-Tetramethylpiperidin-1-oxyl was used as cali- 
brant with 2.0055 as splitting factor.” The microwave 
frequency was 9245 MHz and it was measured with a 
Hewlett-Packard 5245 L electronic counter equipped 
with a 5255 A frequency converter. 

The magnetic susceptibilities were obtained with a 
Newport Variable-Temperature Gouy Balance. The 
measurements were carried out in the temperature range 
93303 K in a nitrogen atmosphere. Copper(H) sulphate 
pentahydrate served as standard.” Diamagnetic cor- 
rections were applied using Pascal’s c~nstants.~~ The 
effective magnetic moments were calculated with the 
usual equation pcff = 2.83 (xMarr - Na)T. The Weiss 
constants were calculated using standard least squares 
fit. 

The PA spectra of the powdered samples were ob- 
tained at room temperature with an EDTOAS 400 
spectrometer. 

RESULTS AND DISCUSSION 

The ESR spectra are shown in Fig. 1 and the corre- 
sponding g values in Table 1. Because of the asymmetry 
of the ligand the symmetry around copper(I1) in the 
CuN, plane is rhombic. Thus the ESR spectrum will 
have three g values, providing that the pseudo- 
tetragonal axes are aligned. Cu(pn),WO, x 1.8HrO ex- 

Table 1. The observed g values 

Compound 
91 911 92 '3('.l) giso 

Cu(pn)2W04.1.8H20 2.050 2.062 2.174 2.095 

CU(Pd212 2.196 2.050 2.099 

CU(~II)~EW~-~.~H~O 2.137 2.049 2.078 

cu(Pn)2Cr207 2.063 

hibits a typical spectrum of this kind. If the rhombic 
distortion is very small the powder technique will not be 
sufficiently sensitive to resolve the two planar com- 
ponents. This is the case for Cu@n),I, where the space 
group is triclinic and the pseudo-tetragonal axes must be 
parallel.” This type of line-shape will also be generated 
by complexes exhibiting a slight misalignment of the 
pseudo-tetragonal axes. As the misalignment of the axes 
proceeds further, the spectrum will begin to look like 
that of Cu(pn)rBr, x 1.6H,O. The ultimate misalignment 
generates an isotropic spectrum, as is approximately the 
case for Cu(pn)rCr,O,. The angle between the pseudo- 
tetragonal axes can be calculated as 59” from the known 
structure of the complex. Although the obtained g values 
are not molecular but crystal ones, there is one common 
feature for all compounds: the lowest g value is almost 
constant at 2.05. The variation of the counterion causes 
changes in the packing of the molecules, which are 
reflected in the different line shapes of the ESR spectra. 
Because the lowest g values are all > 2.04, the complexes 
must be axially elongated and have the ground state 
d ’ X+2. 

The calculated magnetic susceptibilities and magnetic 
moments are shown in Table 2. The values obtained are 
typical of mononuclear copper(I1) complexes. To calcu- 
late the Weiss constants, the respective Curie constants 
and Na values were obtained from eqns (2) and (3). The 

Fig. 1. The ESR spectra of the powdered samples of Cu(pn),WO, x 1.8HrO (-.-e-e-), Cu(pn),I, 

(- ), Cu(pn),BR x 1.6H,O (--- ) and Cu@n),Cr,O, (e.*-.). The lineshape corresponding to 
three g values of Cu(pn),WO, x 1.8H20 can be seen, if the spectrum is broadened. 
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Table 2. The magnetic susceptibilities and the magnetic moments (B.M.) 

1397 

T/K 
corr.,p 

%I Ueff 
corr 

XM .lO" Sff 
corr 

%I 
*lo6 Ueff 

corr. ,p 
XH 

L'eff 

93.2 4256 1.70 4380 1.01 4550 1.84 4618 1.86 

123.2 3260 1.79 3333 1.81 3463 1.05 3533 I.07 

153.2 2625 1.79 2675 1.81 2817 1.86 2891 I .38 
183.2 2227 1.81 2275 1.83 2398 1.88 2465 1.90 

213.2 1915 1.81 1966 1.83 2109 1.90 2152 1.92 

243.2 1712 1.33 1729 I .a4 1859 1.90 1919 1.93 

273.2 1502 1.82 1523 1.83 1630 1.89 1699 1.93 

293.2 1407 1.82 1418 1.83 1550 1.91 15% 1.94 

303.2 1377 1.83 1395 1.84 1553 1.94 1562 1.95 

Table 3. AEvalues obtained from PA spectra with the calculated magnetic parameters and reduction 
factors. The r value for Cu(pn)&r,O, is unreasonable since the maximum possible value for r is 1.00. 
The error arises from the uncertainty of the location of the d-d transition due to charge transitions 
of dichromate ions. Accordingly the corresponding Na value has been calculated by giving the value 

60 x lop6 to Cu(I1) and 74 x 10m6 to Cr(V1) 

v ma+ Ueff 
C fJ 1" Na.106 

CU(~~)~WO~.I.~H~O 570 1.82 0.412 5.7(5) 0.74 60 

cu(Pn)212 540 1.83 0.413 2.70) 0.80 56 

Cu(pn)2Br2. 1.6H20 555 1.91 0.405 -5.0(10) 1.00 58 

Cu(pn)2Cr207 490a 1.94 0.399 -3.4(S) 1.15 208 

avery broad 

required gi, and AE values are listed in Tables 1 and 3, 
respectively, and the magnetic parameters together with 
the calculated reduction factors (eqn 4) are shown in 
Table 3. From the results we can readily see that the 
counterion has a marked influence on the magnetic 
parameters. There also seems to be a correlation between 
the covalency of the Cu-L bond and the magnetic 
properties. 

The Weiss constants obtained display a general cor- 
relation with the ESR results describing the misal- 
ignment (or alignment) of the pseudo-tetragonal axes. 
The negative values indicate antiferromagnetic inter- 
actions in which the magnetic moments (or spins) of the 
individual centres tend to align themselves antiparallel to 
one another. In ferromagnetic systems the opposite is 
true. 

Our results encourage us to believe that a mathe- 
matical correlation could be established between the 
Weiss constant and the copper-copper distance and the 
angle between the magnetic axes. 
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AhstrrctSalts reported to contain the iron-sulphur cluster nitrosyl anion Fe,S,(NO)J- are shown 
to be identical with those containing the well-known anion Fe,S,(NO),- . 

The anions Fe&NO),- and Fe&(NO)4-2, which oc- 
cur in the black and red Roussin salts,’ are structurally 
related to the 4-Fe and 2-Fe iron-sulphur clusters of 
natural occurrence. The reported synthesis2 of a third 
such anion Fe&(NO),- is therefore of considerable 
chemical interest, as the number of naturally occurring 
3-Fe species is small: in addition, the salts of this anion 
are reported to have a number of interesting spec- 
troscopic properties, which would repay further study. 

We report here that all our attempts to repeat the 
preparation of salts of the 3-Fe anion Fe3&(NO))s- using 
the published pro&dure2 yield instead the corresponding 
salts of the known and very stable 4-Fe anion 

Fe,S,(NO)r - . 

*Author to whom correspondence should be ad- 
dressed. 

Upon fo~o~ng.~e literature method, we have repeat- 
edly obtained black crystals, as reported, of the ammo- 
nium, sodium, and potassium salts, and additionally of 
the tetraphenylarsonium salt also. As judged by their 
electronic spectra (Table 1) these salts all contain the 
same chromophore: these spectra moreover are indistin- 
guishable from those of the corresponding salts of 
Fe,S;(NO), -. Using the tetraphenylarsomum salt as the 
preferred analysable form, microanalysis (Table 1) dem- 
onstrated clearly that this salt was PbAs + Fe4S3(NO)7-, 
rather than P&As + Fe,S,(NO),- , and hence that all the 
salts contained the anion Fe,S,(NO),-, rather than the 
reported anion Fe3S&?O), -. 

One plausible formulation of the anion Fe3S#IO),- 
can be derived, by loss of NO+ ,. from the as yet 
unknown Fe3S#J0)6 (I), formally derived from the 
isoelectronic Fe,S,(CO), (II), of known structum3 We 

Table 1. Eiectronic spectra and analvtical data 
~~~ 

Ii) Extinction coefficients of MI salts (Ej IImol-’ cm-l) 

?!! Solvent A/am: 560 350 260 

w + WJ 2400 15400 

Na+ &O 2380 14400 

KC H20 2460 15800 

EtOH 2660 16400 

Ph,Aa+ EtOH 2530 15500 

a/ Overlayed by fine structure from the PhrAs+ ion. 

* 

(ii) Analytical datk 

u&I H(/r) 

Found 51 s4 2.19 

Required for Ph&+FtsSs(NO)s- W.68 2.64 

Required for Ph+As+Fe&s (X0) 7- 31.57 2.21 

26700 

2ssO0 

27400 

28200 

29450 a 

m 

10.59 

9.15 

10.74 



have recently attempted the preparation of (I) by nitro- 
sylation of (II), where the Fe& group is already 
present! No 3-Fe compound was obtained, but instead 
the sole product from a variety of procedures was the 
4-Fe anion Fe&NO), - , in yields up to 80%. When very 
mild ~nditions were used, in an attempt to prevent 
molecular reorganisation, no nitrosylation occurred, and 
(II) was recovered unchanged. Thus, even when the 
Fe,& core is pre-formed, the only stable nitrosyl deriva- 
tive is Fe,S,(NO), -, entirely consistent with our failure 
to isolate any salt of the Fe,S,(NO),- ion. 
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~thou~ the anion Fe,S@JO)s - is an even-electron 
ion, it is reported2 to give ESR spectra under a wide 
variety of conditions: the five-tine spectrum in aqueous 
alkali bears a remarkable similarity to that reported5 for 
the species Fe(NO)* +, obtained by reaction of Fe(I1) 
salts with nitric oxide in alkaline solution. We find, in 
contrast, that the prepared product yields no ESR 
spectrum in neutral solution, but in alkaline solutions 
gives a spectrum characterized by coupling to a single 
i4N nucleus, with A,= 5 G. The reported spectrum2 is 

hard to understand: any fragmentation, in solution, of 
an iron-sulphur cluster nitrosyl to yield Fe(Nq+ or 
Fe(NO),+ ions must also yield S2- (or SH-), and it has 
been clearly demonstrated5 that in the presence of sul- 
phide ions, the sole paramagnetic iron nitrosyl species 
which can be detected by ESR contains one nitrogen 
atom, not two. This is consistent with our own obser- 
vations, but not with those reported for the supposed 
Fe,S,(NO),- ion, and we conclude that whatever the 
reported ESR spectrum’ may represent, it is not the 
fragmentation product of an iron-sulphur cluster nitro- 
syl derivative. 

Finally we note that the formula weight of the sup- 
posed salt k(lFe&(NO),] was reported to have been 
established by a mass spectral determination of 
m/z = 420 for M + , corresponding closely to the ion-pair 
cation [KFe,S,(NO),]+ (for which m/z = 421): we re- 
mark merely that we are unable to confirm this. 
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Ahstraet-When heated under reflux in CH,CI, solution with [Os(CO)$&, two nido-[B,H,J- units 
edge-fuse to form anti-[B,,H,,]- . 

Recent reports have described the use of metal centres 
in promoting the conjunction of both borane and carbo- 
rane clusters to produce conjuncto linked species, i.e. 
those joined by one straightforward two-electron, two- 
centre boron-boron a-bond. Thus the reaction of nido- 
B,H, with catalytic amounts of PtBr, results in a dehy- 
drodimerisation reaction giving [ 1,2-(B,H,)J in 92% 
yield’ and the reaction of nido-[2,3-Me,C,B.,H,]- with 
HgClr yields ~,~‘-(Me2C2B4H5)2Hg] which, upon heat- 
ing at 180°C gives the conjunct0 nido-carborane 
[5,5’-(Me,C,B4H5)2)].z Similarly, organometallic com- 
plexes such as [(RR’C,)Co,(CO)d and [Ir(CO)Cl(PPh,)J 
have been used to catalyze the addition of various 
alkynes to small carboranes with the formation of 
two-electron two-centre a-bonded linkages3 

We now wish to report the frrst example of the use of 
a transition metal complex to promote the fusion of two 
nonaborate clusters to form a higher boron hydride 
cluster in which two smaller sub-clusters are linked by 
two common boron centres, i.e by a common polyhedral 
edge rather than by an intercluster conjucto B-B u-bond. 

During attempts to synthesize novel polyhedral os- 
maboranes: we have found that the reaction of [NEt,] 
[nido-B,H,,] (84 mg, 0.3 mmol) with [Os(CO),Clrh 
(50 mg, 0.3 mmol) in refhtxing CH,Cl, under nitrogen 
(5 hr) produces a mixture which, when separated by 
preparative tic (mobile phase CH,Cl,/MeCN, 96:4; sta- 
tionary phase silica gel Fluka Type G.F. 254), gives a 
20% yield (11 mg, Rfl.3) of mEt,][anti-B,,H,,] (see 
Fig. 1). 

The product was readily identified by comparison with 
an authentic sample using “B NMR spectroscopy. Other 
compounds were present in small amounts which require 

*Author to whom correspondence should be ad- 
dressed. 

further identification although most appear to be vari- 
ous ionic and neutral derivatives of both the syn and anti 
isomers of [B,sHrJ (for the definition of syn and anti see 
Ref. 5). 

Unfortunately the osmium complex is not catalytic in 
action and doubling the borane to metal ratio did not 
increase the yield of [B,rH2,]-. This indicates that the 
osmium probably forms an intermediate metallaborane 
complex which subsequently reacts further to give the 
product. In this it may have some parallels to the 
bis(carboranyl)mercury(II) complex mentioned above 
which eliminates elemental mercury to form a B-B 
a-linked carborane when heated. Further work is 
planned to find the ultimate fate of the osmium complex 
in the reaction reported here. 

The fusion of an arachno -nonaborane cluster has been 
described previously where [B,H,,(OBu,)] is heated at 
140°C to give the syn isomer of [B,,Hd in 34% yield, 
and the reaction reported here therefore offers a useful, 
if ostensibly expensive, route to the anti-isomer since 
the anion readily yields neutral anti-[B,,H,J upon 
acidification.’ In the general case it also demonstrates the 
potential of transition metal centres for promoting 
fusions of this and other related cluster types. 

In this context it is of interest to note the recent report 
of the fusion of the nine-vertex compound arachno- 
[(PMe,Ph),PtBsH,rl in refluxing toluene to give a 
seventeen-vertex metallaborane [7-(PMe,Ph){7- 

L ” -I 

Fig. 1. 
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PtB,,H,,-9’-(PMe,Ph)}].* This is a further indication that 3. 
transition metal centres may be able to play an in- 
creasingly important role in the fusion of nine-vertex or 4. 
indeed other sized borane and metallaborane clusters to 
form novel macropolyhedral species. 5. 
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The Origin of de Chemical Elements and tke Oklo 
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3-540-l 1679-6. 

The origin of the world, the meaning of life, and all that 
sort of thing, have excited man’s imagination from time 
immemorial’ to the present day.* Speculation on these 
topics has spawned a vast literature of mythology, Friga 
who spun the clouds, Pele whose hair came from volca- 
noes and so on, whose chief characteristic has been its 
logical and reasonable unreasonableness. The reader has 
only to suspend his disbelief and all will be made clear. 
Has much changed now that the age of enlightenment 
has dawned, given rise to reason, and reached a pinnacle 
of achievement in our present scientific era? Do we not 
still tell stories fantastic, but now expressed in millibarns 
and megayears yet still fantastic speculation n’ertheless? 
The present book by Professor Kuroda is a valiant 
attempt to see what order, based on scientific facts, can 
be established in the heady bizarre and truly meta- 
physical world when there was no world. In general, he 
is concerned with the origin of the elements and in 
particular to rationalise the specific isotopic abundancies 
that can be observed both on earth and in the heavens- 
well those bits of the heavens that come our way like 
meteorites and samples of lunar rock-in terms of 
intricate patterns of nuclear reactions. It is, however, 
difficult to tell a clear and coherent story since the 
quality of theoretical speculation is inversely propor- 
tional to the possibility of experimental verification. 
Nowhere is this more clearly seen than in the field of 
cosmological nucleogenesis. Furthermore, much of this 
book deals rather too extensively with the minutae of 
specific problems: an overall picture fails to emerge. 
Thus such diverse topics as xenonology (a study truly of 
strange things!), the extinction of the dinosaurs and 
Nature’s own do-it-herself nuclear reactor at Oklo, all 
find some place in this monograph. 

-Fait de tout pour faire un monde . . . 

From: J. Effel, La C&uation du Mom%. La Livre de 
Poche, Paris (1974). 

Despite these short comings this is an interesting and 
fascinating book which gives a timely review of the 
literature of nucleogenesis and which enables the author 
to put his own considerable achievements and consid- 
ered opinions into a broader perspective. A personal 
book then, but one which can be read with profit by 
anyone interested in the beginnings of it all. 

D. S. URCH 

1. The Bible. 
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